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Providing an aerial wing with a fuselage attached to the aerial wing,
and a plurality of rotors each having a plurality of rotatable blades
positioned on the aerial wing, and having an electrically conductive
tether having a first end secured to the aerial wing and a second end
secured to a ground station positioned on a vehicle, wherein the aerial
wing is adapted to receive electrical power from the vehicle that is
delivered to the aerial wing through the electrically conductive tether;
wherein the aerial wing is adapted to operate in a flying mode to hamess
wind energy to provide a first pulling force through the tether to pull the
vehicle; and wherein the aerial wing is also adapted to operate in a
powered flying mode wherein the rotors may be powered so that the
turbine blades serve as thrust-generating propellers to provide a second
pulling force through the tether to pull the vehicle, and

704~ |

Operating the aerial wing in the powered flying mode to provide a pulling
force through the tether to pull the vehicle.

FIG. 9
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Operate at least one AWT to convert wind energy to electrical energy,
such that the AWT provides power to at least one of an electrolysis
system and an electrodialysis system

404
N\ Y
Operate the electrodialysis system to extract C0O, gas from sea water

406
A Y
Operate the electrolysis system to produce H, gas

408
N v

Operate a refinery system to: (a) receive both the H, gas and the
CO5 gas and (b) process a mixture of the Hy gas and the CO»
gas to produce a fuel or chemical

FIG. 10
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AIRBORNE RIGID KITE WITH ON-BOARD
POWER PLANT FOR SHIP PROPULSION

[0001] This Application claims priority U.S. patent appli-
cation Ser. No. 14/485,412 entitled “Airborne Rigid Kite with
On-Board Power Plant for Ship Propulsion” filed Sep. 12,
2014 and claims priority to U.S. Provisional Patent Applica-
tion No. 61/981,050 entitled “Airborne Rigid Kite With On-
Board Power Plant For Ship Propulsion” filed on Apr. 17,
2014, the contents of which is incorporated by reference in its
entirety.

BACKGROUND

[0002] Unless otherwise indicated herein, the materials
described in this section are not prior art to the claims in this
application and are not admitted to be prior art by inclusion in
this section.

[0003] Power generation systems may convert chemical
and/or mechanical energy (e.g., kinetic energy) to electrical
energy for various applications, such as utility systems. As
one example, a wind energy system may convert kinetic wind
energy to electrical energy.

SUMMARY

[0004] A wvehicle-based airborne wind turbine system
capable of pulling a ship is provided. The system include an
aerial wing having a plurality of rotors each having rotatable
blades positioned on the wing. The aerial wing is attached to
a ground station positioned on the ship with an electrically
conductive tether. The aerial wing is adapted to operate in a
flying mode where wind energy is harnessed by the wing
during flight and a pulling force is directed through the tether
to the ship. The aerial wing is also adapted to operate in a
powered flying mode where the rotors are powered to rotate
the blades that serve as thrust-generating propellers to pro-
vide additional pulling force to pull the ship. The aerial wing
may also operate in a power generation mode during the
flying mode or powered flying mode where air moving across
the rotatable blades of one or more of the rotors forces them
to rotate, thereby driving a generator to produce electrical
energy.

[0005] In another aspect, a vehicle-based airborne wind
turbine system is provided having an aerial wing, a plurality
ofrotors each having a plurality of rotatable blades positioned
on the aerial wing, an electrically conductive secured to the
aerial wing and to a ground station positioned on a vehicle,
wherein the aerial wing is adapted to receive electrical power
from the vehicle that is delivered through the electrically
conductive tether, wherein the aerial wing is adapted to oper-
ate in a flying mode to harness wind energy to provide a first
pulling force through the tether to pull the vehicle, and
wherein the aerial wing is also adapted to operate in a pow-
ered flying mode wherein the rotors may be powered so that
the turbine blades serve as thrust-generating propellers to
provide a second pulling force through the tether to pull the
vehicle.

[0006] Inanotheraspect, anairborne wind turbine system is
provided having an aerial wing, a plurality of rotors each
having a plurality of rotatable blades positioned on the aerial
wing, an electrically conductive tether having a first end
secured to the aerial wing and a second end secured to a
ground station positionable on a vehicle, wherein the aerial
wing is adapted to receive electrical power from the vehicle
that is delivered to the aerial wing through the electrically
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conductive tether, wherein the aerial wing is adapted to oper-
ate in a flying mode to harness wind energy to provide a first
pulling force through the tether to pull the vehicle, and
wherein the aerial wing is also adapted to operate in a pow-
ered flying mode wherein the rotors may be powered so that
the turbine blades serve as thrust-generating propellers to
provide a second pulling force through the tether to pull the
vehicle.

[0007] In a further aspect, a method of pulling a vehicle is
provided including the steps of providing an aerial wing, and
aplurality of rotors each having a plurality of rotatable blades
positioned on the aerial wing, and having an electrically con-
ductive tether having a first end secured to the aerial wing and
a second end secured to a ground station positioned on a
vehicle, wherein the aerial wing is adapted to receive electri-
cal power from the vehicle that is delivered to the aerial wing
through the electrically conductive tether; wherein the aerial
wing is adapted to operate in a flying mode to harness wind
energy to provide a first pulling force through the tether to pull
the vehicle; and wherein the aerial wing is also adapted to
operate in a powered flying mode wherein the rotors are be
powered so that the turbine blades serve as thrust-generating
propellers to provide a second pulling force through the tether
to pull the vehicle, and operating the aerial wing in the pow-
ered flying mode to provide a pulling force through the tether
to pull the vehicle. In a further aspect, means for pulling a
vehicle are provided.

[0008] These as well as other aspects, advantages, and
alternatives, will become apparent to those of ordinary skill in
the art by reading the following detailed description, with
reference where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1isa perspective view of airborne wind turbine
10 including aerial vehicle 20 attached to a ship 1000 with an
electrically conductive tether 30, according to an example
embodiment.

[0010] FIG. 2isa close-up perspective view of the airborne
wind turbine 10 and aerial vehicle 20 shown in FIG. 1.
[0011] FIG. 3 is a close-up perspective view of the aerial
vehicle 20 shown in FIGS. 1 and 2.

[0012] FIG. 4 is a simplified block diagram illustrating
components of an airborne wind turbine, according to an
example embodiment.

[0013] FIG. 5 is a side view of airborne wind turbine 10
with an aerial vehicle 120 positioned on a perch 54, with an
electrically conductive tether 30 attaching the ship 1000 to
aerial vehicle 120, according to an example embodiment.
[0014] FIG. 6 is a side view of airborne wind turbine 10
shown in FIG. 5, with the aerial vehicle 120 unreeling from
rotatable drum 53 positioned on ship 1000, according to an
example embodiment.

[0015] FIG. 7A is a top view of the perch platform 95 with
tether 30 extending from rotatable drum 53 with perch plat-
form 95 in a first position relative to extending arm 58 of the
perch platform 95, according to an example embodiment.
[0016] FIG. 7B is atop view of the perch platform 95 shown
in FIG. 7A with tether 30 extending from rotatable drum 53
with perch platform 95 in a second position relative to extend-
ing arm 58 of the perch platform 95, according to an example
embodiment.

[0017] FIG. 7Cis atop view of the perch platform 95 shown
in FIGS. 7A-7B with tether 30 extending from rotatable drum
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53 with perch platform 95 in a third position relative to
extendable arm 58 of the perch platform 95, according to an
example embodiment.

[0018] FIG. 8A is a simplified illustration of an ocean-
going vessel 300, according to an example embodiment.
[0019] FIG. 8B is an illustration showing an airborne wind
turbine installed on an ocean-going vessel 300 and operating
in a vessel-steering mode, according to an example embodi-
ment.

[0020] FIG.9is amethod of pulling a vehicle, according to
an example embodiment.

[0021] FIG. 10 is a flowchart illustrating a process that may
be implemented by one or more control systems on an ocean-
going vessel, according to an example embodiment.

DETAILED DESCRIPTION

[0022] Example methods and systems are described herein.
Any example embodiment or feature described herein is not
necessarily to be construed as preferred or advantageous over
other embodiments or features. The example embodiments
described herein are not meant to be limiting. It will be readily
understood that certain aspects of the disclosed systems and
methods can be arranged and combined in a wide variety of
different configurations, all of which are contemplated
herein.

[0023] Furthermore, the particular arrangements shown in
the Figures should not be viewed as limiting. It should be
understood that other embodiments may include more or less
of'each element shown in a given Figure. Further, some of the
illustrated elements may be combined or omitted. Yet further,
an example embodiment may include elements that are not
illustrated in the Figures.

1. OVERVIEW

[0024] Ships have been used to transport products for cen-
turies. Historically, ships were equipped with sails to harness
wind energy to propel the ship. More recently, wind powered
ships have given way to large modern cargo ships propelled
by underwater propellers driven by fuel powered engines.
The use of a traditional sail system on a modern cargo ship is
often not feasible due to the large physical size required for
such a sail system given that the propulsion requirements for
a modern cargo ship are often in the megawatt range. Addi-
tionally, the unpredictable nature of wind resources is often
not attractive for cargo ships because allocated timeslots in
ports often require strict adherence to scheduled arrival times.
Thus, conventional sail systems to harness wind energy are
not typically used with modern cargo ships.

[0025] Instead, modern cargo ships are typically propelled
using one or more underwater propellers that are driven by a
fuel powered engine. However, a typical modern cargo ship
has the drawbacks of having high fuel costs and the poten-
tially adverse environmental impact based on the use of fossil
fuels to provide ship propulsion.

[0026] The use of wind turbines as a means for harnessing
energy has been used for a number of years. Conventional
wind turbines typically include large turbine blades posi-
tioned atop a tower. An alternative to the costly conventional
wind turbine towers that may be used to harness wind energy
is to use an aerial vehicle attached to a ground station with an
electrically conductive tether. Such an alternative may be
referred to as an Airborne Wind Turbine or “AWT.”
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[0027] An AWT is a wind based energy generation device
that includes an aerial vehicle constructed of a rigid wing with
mounted turbines that flies in a path, such as a substantially
circular path, across the wind at, for example, between 250
and 600 meters above the ground (or water) to convert kinetic
wind energy to electrical energy. The aerial vehicle is
attached to a ground station via an electrically conductive
tether. In the cross wind flight, the aerial vehicle may fly
across the wind in a circular pattern similar to the tip of awind
turbine. The rotors attached to the rigid wing may be used to
generate power. In the power generating mode, air moving
across the turbine blades forces them to rotate, driving a
generator to produce electricity. The aerial vehicle is typically
connected to a ground station via an electrically conductive
tether that transmits power generated by the aerial vehicle to
the ground station, where it may be used for various purposes,
including powering the aerial vehicle or other auxiliary pur-
poses.

[0028] The aerial vehicle may be parked on a perch posi-
tioned with the ground station when not in use, for example
during poor weather conditions. In some embodiments, when
parked, the aerial vehicle may be perched in an upward posi-
tion with the axis of the fuselage positioned generally per-
pendicular to the ground. When it is time to launch the aerial
vehicle, the rotors may be operated in a thrust generating
mode, where the rotors may be powered so that the turbine
blades serve as thrust-generating propellers.

[0029] During launch, the aerial vehicle may operate in a
hover mode, with the fuselage generally perpendicular to the
ground (i.e., less than 45 degrees away from vertical), the
rotors may operate in the thrust generating mode, where the
thrust-generating propellers power the aerial vehicle to a
desired height. In some embodiments, the power to rotate the
turbine blades in the thrust generating mode is provided
through the electrically conductive tether from the ground
station, and in other embodiments the power to rotate the
turbine blades is supplied from power stored on the aerial
vehicle.

[0030] When a desired height is attained, the aerial vehicle
may transition from a hover mode to a cross-wind flight or
flying mode, and operate in the power generation mode. Dur-
ing cross-wind flight, the aerial vehicle may fly cross-wind in
a substantially circular path. When it is desired to land the
aerial vehicle, such as during inclement weather, the electri-
cally conductive tether is wound onto a spool or drum in the
ground station and the aerial vehicle is reeled in towards a
perch on the ground station. Prior to landing on the perch, the
aerial vehicle transitions from a flying mode to a hover mode.
The drum is further rotated to further wind the tether onto the
drum until the aerial vehicle eventually comes to rest on the
perch.

[0031] A drum may be used to store the tether as it is reeled
in towards the ground station during a landing procedure. In
an example embodiment, the drum may rotate about a hori-
zontal axis. The platform may include a perch that extends
from the ground station and includes perch supports. In some
embodiments, the perch and perch supports may rotate about
the top ofthe ground station to allow for a desired positioning
of the perch during landing and launch.

[0032] Example embodiments are directed to an airborne
wind turbine system positioned on a cargo ship, or other
seagoing vessel. It is known that airborne wind turbines may
fly at a distance of 500 meters above the ground where the
wind is significantly stronger than closer to the ground (e.g.
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70 meters). The wind at 500 meters may provide twice the
power as wind at 70 meters. Furthermore, strong, consistent
winds may be found in offshore locations.

[0033] Example embodiments are directed to an airborne
wind turbine system that may be positioned on the cargo ship
or seagoing vessel where an aerial vehicle is attached by an
electrically conductive tether that extends from the aerial
vehicle to a ground station located on the ship. The aerial
vehicle may be used to tow the cargo ship or other vessel by
harnessing wind energy during cross wind flight and/or by
propelling the aerial vehicle forward with its onboard propel-
lers.

[0034] In particular, the present embodiments are directed
to the use of a rigid airborne, powered, tethered craft (referred
to as an aerial wing hereafter) for ship propulsion. The air-
borne wind turbine system may be the same as that described
above that is used on a ground-based airborne wind turbine
system. The airborne wind turbine may include an aerial wing
having an aerodynamic surface designed to be propelled by
the wind using the crosswind principle in a flying mode, and
apower plant mounted on the aerial wing consisting of rotors
having propellers, electric motors and motor controllers. The
power plant is capable of both generating thrust (thrust gen-
erating mode) to tow the ship and also of generating drag to
generate electricity (power generating mode) that may be
transferred to the ground station or stored on the aerial wing
for later use. The airborne turbine system may include an
electrically conductive cable or tether capable of transferring
the generated tension to an anchor point on the ship and
capable of transferring electric power to and from the power
plant on the aerial vehicle. The airborne turbine system may
also include an anchor point on the ship capable of transter-
ring the tether tension in the ship hull, as well as active
autonomous control which maintains the aerial wing on a
predefined, stable trajectory.

[0035] When installed on a vessel, the following modes of
operation may be used:

[0036] (a)Under good wind conditions, the aerial wing is
propelled by the wind during cross wind flight in a flying
mode, thereby generating tension in the tether and
thereby pulling or towing the ship forward.

[0037] (b) Under very favorable wind conditions, the
onboard power plant slows the aerial wing down by
absorbing part of the wind energy and operating in
power generation mode while in flying mode, or power
generation mode. This mode of operation results in pull-
ing or towing power identical to (a) and the conversion of
wind energy to electrical energy which may be trans-
ferred through the electrically conductive tether to the
ship where it may be used or stored on the vessel for
either propulsive or auxiliary purposes, or used or stored
on the aerial wing for either propulsive or auxiliary

purposes.

[0038] (c) Under fair wind conditions, electric energy
stored or generated on the vessel (battery bank, main
engine with generator or auxiliary generator), or stored
on the aerial wing, can be delivered to the power plant on
the aerial wing through the electrically conductive tether
to operate the aerial wing in thrust generating mode
while in the flying mode (hereinafter referred to as pow-
ered flying mode). In this mode of operation, the energy
may be used to power the propellers on the aerial
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vehicle, thereby providing an additional pulling force

that generates tension in addition to the pulling force as

in (a).
[0039] As long as there is a component of the true wind
speed in the travel direction of the vessel, the net propulsive
efficiency using this powered flying mode is higher compared
to a marine propeller referencing against water. Although
electric energy is consumed in this mode, the propulsive
efficiency is significantly higher than using a marine propel-
ler. Under certain conditions, the net efficiency (electric
power in/propulsive power out) can be on the order of 200%-
300%. This can be achieved because the system is still
extracting energy from the available wind field while operat-
ing in the powered flying mode, thus the pulling force of the
harnessed wind from the flying mode is combined with the
pulling force from the rotating blades of the rotors.

[0040] It will be appreciated that the powered flying mode
of operation may also be used during many different types of
wind conditions, including the fair, good, and very favorable
conditions referred to above. Further, during the flying mode
of operation, power may be supplied to the rotors to provide
for steering and control purposes.

[0041] In some embodiments, the aerial wing could have
some rotors operating in power generating mode, and others
operating in powered flight mode, in which case the aerial
wing may operate in both power generation mode and pow-
ered flying mode at the same time.

[0042] Under unfavorable wind conditions, the aerial wing
may be reeled in and perched or parked on the ground station.

[0043] The aerial wing embodiments provide significant
advantages over a non-powered kite system. In particular, in
non-powered kite systems, there is a narrow operating range.
The propulsive power of the kite system is entirely dependent
on the wind conditions (speed and direction) and vessel
velocity.

[0044] Furthermore, the system efficiency of a non-pow-
ered kite system drops as vessel velocity increases, and there-
fore the non-powered kite system technology only makes
sense for slow vessels and/or windy routes. Moreover, only
wind-powered operation is possible, thus limiting the tech-
nology to a power-assisting system, which could not take the
place of marine propellers.

[0045] The present embodiments provide significant
advantages over a flexible kite system. Using a rigid structure
for the aerial wing compared to a flexible kite allows an order
of magnitude higher performance (pulling power) per unit
area of kite or aerial wing. In addition, using a powered aerial
wing allows operation in the power generation mode and/or
the powered flying mode as described above.

[0046] Thepowered flying mode advantageously increases
the range of wind directions in which the system can be used.
Furthermore due to the powered mode of operation, the sys-
tem performance is less sensitive to vessel velocity compared
to passive pulling only, i.e. such as provided by a non-pow-
ered flexible kite system. Moreover, because the present
embodiments may operate over a wider range of wind direc-
tions, they could prove a cost-effective power-assist system
for ships with power requirements ranging from kW’s to
MW’s. In addition, they may also be useful to serve as a
backup propulsion system in the event of an engine failure.
When implemented, the present embodiments may lead to
significant fuel savings and reduction in CO, emissions. In
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certain applications, because the present embodiments can be
powered, they could actually replace the marine propeller(s)
of a ship.

[0047] In addition, when the ship is docked, the airborne
wind turbines may also be used to generate energy that may
be used later for propulsion or other auxiliary purposes.
[0048] The present embodiments have been described with
respect to use with a water-based vehicle such as a vessel or
ship. However, the present embodiments may also be used in
connection with pulling land-based vehicles such as trains,
trucks, or buses, or even an aerial vehicle such as a balloon or
blimp. For example, a blimp in the jetstream may harvest
energy from surrounding air, or vice versa. Therefore as used
herein the term “vehicle” includes water-based vehicles such
as a vessel or ship, land-based vehicles such as a train, truck,
or bus, as well as aerial vehicles such as a balloon or blimp.

2. ILLUSTRATIVE VEHICLE-BASED
AIRBORNE WIND TURBINES

[0049] As disclosed in FIGS. 1-3, a vehicle-based airborne
wind turbine system 10 is disclosed, according to an example
embodiment. The airborne wind turbine system 10 is a wind
based energy harnessing and energy generation device that
includes an aerial vehicle 20 constructed of a rigid wing 22
with mounted turbines or rotors 40a, 405 that may fly in a
path, such as a substantially circular path, across the wind. In
an example embodiment, the aerial vehicle 20 may fly
between 250 and 600 meters above the water to harness wind
energy. However, an aerial vehicle may fly at other heights
without departing from the scope of the invention.

[0050] In the flying mode of operation during cross wind
flight, wind energy may be harnessed by the surface of the
wing 22 that is facing the direction of the wind and a pulling
force transmitted through the tether 30 to pull the ship.
[0051] Advantageously, electrical energy stored or gener-
ated on the ship 1000 can be delivered to the aerial wing 20
through the electrically conductive tether to operate the aerial
wing in thrust generating mode while in the flying mode
(powered flying mode). In some embodiments, the electrical
energy may come from a generator installed on the main
engine of a normal transport ship. In other embodiments,
power for the aerial wing comes from an auxiliary engine of
the ship, reducing required energy from the main engine, or
comes from a water turbine used to generate electricity due to
the boat’s forward velocity in the water. In any event, in the
powered flying mode, the energy may be used to power the
blades 45 on the rotors 40a-4056 on the aerial vehicle 20, such
that the blades 45 serve to operate as thrust generating pro-
pellers, thereby providing a pulling force transferred through
the tether 30 to the ship 1000.

[0052] As long as there is a component of the true wind
speed in the travel direction of the vessel, the net propulsive
efficiency using this powered flying mode mode is higher
compared to a marine propeller referencing against water.
Although electric energy is consumed in this mode, the pro-
pulsive efficiency is significantly higher than using a marine
propeller. Under certain conditions, the net efficiency (elec-
tric power in/propulsive power out) can be on the order of
200%-300%. This can be achieved since the system is still
extracting energy from the available wind field by harnessing
energy in the same manner as in the flying mode, but also
providing additional pulling force created by the power of the
rotating blades 45 on the rotors 40a-405. The powered flying
mode of operation may be used on a boat where it is desired
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to be run at a constant spped to make port at a given time, as
an example, or where speeds may be marginally increased or
decreased according to wind availability.

[0053] Insome embodiments, the power used to rotate the
blades 45 of the rotors 40a-405 on the aerial wing may be
delivered from the ship 1000 through the electrically conduc-
tive tether 30, and in other embodiments it may be from
energy stored on the aerial vehicle 20.

[0054] Inathird mode of operation, during the flying mode,
the aerial vehicle may be operated in a power generation
mode to convert kinetic wind energy to electrical energy. In
the power generation mode of operation, the aerial vehicle 20
flies across the wind in a circular pattern similar to the tip of
a wind turbine. The rotors 40a and 405 attached to the rigid
wing 22 are used to generate power by slowing the wing 22
down. Air moving across the turbine blades forces them to
rotate, driving a generator to produce electrical energy. The
aerial vehicle 20 is connected to ship 1000 via an electrically
conductive tether 30 that transmits power generated by the
aerial vehicle 20 to the ship 1000 where it may be used for
propulsive or auxiliary purposes. The energy generated dur-
ing power generation mode may also be stored on the aerial
wing and later used to power the rotors or other auxiliary
purposes.

[0055] As shown in FIG. 1, the aerial vehicle 20 may be
connected to the tether 30, and the tether 30 may be connected
to a ground station 50. In this example, the tether 30 may be
attached to the ground station at one location on the ground
station 50, and attached to the aerial vehicle 20 at three loca-
tions on the aerial vehicle 20 using bridle 324, 325, and 32c¢.
However, in other examples, the tether 30 may be attached at
different locations on the ship 1000 or the aerial vehicle 20.

[0056] The ground station 50 may be used to hold and/or
support the aerial vehicle 20 until it is in an operational mode.
The ground station 50 may include a vertically oriented main
member 52 that may extend above the deck 1010 of the ship
1000 on the order of 15 meters. However a main member is
not required and the ground station could be located so that
the end of the tether 30 extends into the hull of the ship to
reduce the moment created when a main member 52 is
extended above the deck 1010 of the ship 1000. The ground
station 50 may also include a drum 53 rotatable about drum
axis 55 that is used to reel in aerial vehicle 20 by winding the
tether 30 onto the rotatable drum 53. In this example, the
drum 53 is oriented horizontally, although the drum may also
be oriented vertically (or at an angle). Further, the ground
station 50 may be further configured to receive the aerial
vehicle 20 during a landing. For example, perch support
members 56a and 565 are attached to perch panel 54 and
extend outwardly from rotatable drum 53. When the tether 30
is wound onto drum 53 and the aerial vehicle 20 is reeled in
towards the ground station 50, the aerial vehicle 20 may come
to rest upon perch panel 54.

[0057] During power generation mode, the tether 30 may
transmit electrical energy generated by the aerial vehicle 20 to
the ground station 50, which may then be used for propulsive
or auxiliary purposes (e.g., stored). In addition, the tether 30
may transmit electricity to the aerial vehicle 20 in order to
power the aerial vehicle 20 during takeoff, landing, hover
mode, powered flying mode or other purposes, such as aileron
control. The tether 30 may be constructed in any form and
using any material which may allow for the transmission,
delivery, and/or harnessing of electrical energy generated by
the aerial vehicle 20 and/or transmission of electricity to the
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aerial vehicle 20. The tether 30 may also be configured to
withstand one or more forces of the aerial vehicle 20 when the
aerial vehicle 20 is in an operational mode. For example, the
tether 30 may include a core configured to withstand one or
more forces of the aerial vehicle 20 when the aerial vehicle 20
is inhover mode, flying mode, powered flying mode, or power
generation mode. The core may be constructed of any high
strength fibers or a carbon fiber rod. In some examples, the
tether 30 may have a fixed length and/or a variable length. For
example, in one example, the tether has a fixed length of 500
meters.

[0058] Theaerial vehicle 20 may include or take the form of
various types of devices, such as a kite, a helicopter, a wing
and/or an airplane, among other possibilities. The aerial
vehicle 20 may be formed of solid structures of metal, plastic
and/or other polymers. The aerial vehicle 20 may be formed
of any material which allows for a high thrust-to-weight ratio
and generation of electrical energy which may be used in
utility applications. Additionally, the materials may be cho-
sen to allow for a lightning hardened, redundant and/or fault
tolerant design which may be capable of handling large and/
or sudden shifts in wind speed and wind direction. Other
materials may be possible as well.

[0059] As shownin FIG. 1, and in greater detail in FIGS. 2
and 3, the aerial vehicle 20 may include a main wing 22, rotors
40a and 405, tail boom or fuselage 24, and tail wing 26. Any
of'these components may be shaped in any form which allows
for the use of components of lift to resist gravity and/or move
the aerial vehicle 20 forward.

[0060] The mainwing 22 may provide a primary lift for the
aerial vehicle 20. The main wing 22 may be one or more rigid
or flexible airfoils, and may include various control surfaces,
such as winglets, flaps, rudders, elevators, etc. The control
surfaces may be used to stabilize the aerial vehicle 20 and/or
reduce drag on the aerial vehicle 20 during hover mode, flying
mode, powered flying mode, and/or power generation mode.
The main wing 22 may be any suitable material for the aerial
vehicle 20 to engage in the operational modes and, for
example, the main wing 20 may include carbon fiber and/or
e-glass. Moreover, the main wing 22 may have a variety
dimensions. For example, the main wing 22 may have one or
more dimensions that correspond with a conventional wind
turbine blade. As another example, the main wing 22 may
have a span of 8 meters, an area of 4 meters squared, and an
aspect ratio of 15.

[0061] Rotor connectors 43 may be used to connect the
upper rotors 40a to the main wing 22, and rotor connectors 41
may be used to connect the lower rotors 405 to the main wing
22. In some examples, the rotor connectors 43 and 41 may
take the form of or be similar in form to one or more pylons.
In this example, the rotor connectors 43 and 41 are arranged
such that the upper rotors 405 are positioned above the wing
22 and the lower rotors 40a are positioned below the wing 22.
[0062] The rotors 40a and 405 may be configured to drive
one or more generators for the purpose of generating electri-
cal energy, such as in power generation mode. In this
example, the rotors 40a and 405 may each include one or
more blades 45, such as three blades. The one or more rotor
blades 45 may rotate via interactions with the wind and which
could be used to drive the one or more generators. In addition,
the rotors 40a and 405 may also be configured to provide a
thrust to the aerial vehicle 20 during powered flying mode.
With this arrangement, the rotors 40a and 406 may function
as one or more propulsion units, such as a propeller. Although
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the rotors 40a and 405 are depicted as four rotors in this
example, in other examples the aerial vehicle 20 may include
any number of rotors, such as less than four rotors or more
than four rotors, e.g. six or eight rotors.

[0063] Referring back to FIG. 1, when it is desired to land
the aerial vehicle 20, the drum 53 is rotated to reel in the aerial
vehicle 20 towards the perch panel 54 on the ground station
50, and the electrically conductive tether 30 is wound onto
drum 53. Prior to landing on the perch panel 54, the aerial
vehicle 20 transitions from a flying mode to a hover mode.
The drum 53 is further rotated to further wind the tether 30
onto the drum 53 until the aerial vehicle 20 comes to rest on
the perch panel 54.

3. ILLUSTRATIVE EXAMPLES OF A
VEHICLE-BASED AIRBORNE WIND TURBINE
SYSTEM

[0064] FIG. 4 is a simplified block diagram illustrating
components of the AWT 200, which may take the form of
AWT shown in FIG. 3. In particular, the AWT 200 includes a
ground station 210, a tether 220, and an aerial vehicle 230,
which may take the form of aerial vehicle 20 in FIGS. 1-3, or
aerial vehicle 120 shown in FIGS. 5 and 6. The ground station
210 may take the form of or be similar in form to the ground
station 50, the tether 220 may take the form of or be similar in
form to the tether 30, and the aerial vehicle 230 may take the
form of or be similar in form to the aerial vehicle 20 shown in
FIGS. 1-3, or aerial vehicle 120 shown in FIGS. 5 and 6.
[0065] As shown in FIG. 4, the ground station 210 may
include one or more processors 212, data storage 214, and
program instructions 216. A processor 212 may be a general-
purpose processor or a special purpose processor (e.g., digital
signal processors, application specific integrated circuits,
etc.). The one or more processors 212 can be configured to
execute computer-readable program instructions 216 that are
stored in a data storage 214 and are executable to provide at
least part of the functionality described herein.

[0066] The datastorage 214 may include or take the form of
one or more computer-readable storage media that may be
read or accessed by at least one processor 212. The one or
more computer-readable storage media may include volatile
and/or non-volatile storage components, such as optical,
magnetic, organic or other memory or disc storage, which
may be integrated in whole or in part with at least one of the
one or more processors 212. In some embodiments, the data
storage 214 may be implemented using a single physical
device (e.g., one optical, magnetic, organic or other memory
or disc storage unit), while in other embodiments, the data
storage 214 can be implemented using two or more physical
devices.

[0067] As noted, the data storage 214 may include com-
puter-readable program instructions 216 and perhaps addi-
tional data, such as diagnostic data of the ground station 210.
As such, the data storage 214 may include program instruc-
tions to perform or facilitate some or all of the functionality
described herein.

[0068] In a further respect, the ground station 210 may
include a communication system 218. The communications
system 218 may include one or more wireless interfaces
and/or one or more wireline interfaces, which allow the
ground station 210 to communicate via one or more networks.
Such wireless interfaces may provide for communication
under one or more wireless communication protocols, such as
Bluetooth, WiFi (e.g., an IEEE 802.11 protocol), Long-Term
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Evolution (LTE), WiMAX (e.g., an IEEE 802.16 standard), a
radio-frequency ID (RFID) protocol, near-field communica-
tion (NFC), and/or other wireless communication protocols.
Such wireline interfaces may include an Ethernet interface, a
Universal Serial Bus (USB) interface, or similar interface to
communicate via a wire, a twisted pair of wires, a coaxial
cable, an optical link, a fiber-optic link, or other physical
connection to a wireline network. The ground station 210
may communicate with the aerial vehicle 230, other ground
stations, and/or other entities (e.g., a command center) via the
communication system 218.

[0069] In an example embodiment, the ground station 210
may include communication systems 218 that may allow for
both short-range communication and long-range communi-
cation. For example, ground station 210 may be configured
for short-range communications using Bluetooth and may be
configured for long-range communications under a CDMA
protocol. In such an embodiment, the ground station 210 may
be configured to function as a “hot spot™; or in other words, as
a gateway or proxy between a remote support device (e.g., the
tether 220, the aerial vehicle 230, and other ground stations)
and one or more data networks, such as cellular network
and/or the Internet. Configured as such, the ground station
210 may facilitate data communications that the remote sup-
port device would otherwise be unable to perform by itself.
[0070] For example, the ground station 210 may provide a
WiFi connection to the remote device, and serve as a proxy or
gateway to a cellular service provider’s data network, which
the ground station 210 might connect to under an LTE ora 3G
protocol, for instance. The ground station 210 could also
serve as a proxy or gateway to other ground stations or a
command station, which the remote device might not be able
to otherwise access.

[0071] Moreover, as shown in FIG. 2, the tether 220 may
include transmission components 222 and a communication
link 224. The transmission components 222 may be config-
ured to transmit electrical energy from the aerial vehicle 230
to the ground station 210 and/or transmit electrical energy
from the ground station 210 to the aerial vehicle 230. The
transmission components 222 may take various different
forms in various different embodiments. For example, the
transmission components 222 may include one or more con-
ductors that are configured to transmit electricity. And in at
least one such example, the one or more conductors may
include aluminum and/or any other material that may allow
for the conduction of electric current. Moreover, in some
implementations, the transmission components 222 may sur-
round a core of the tether 220 (not shown).

[0072] The ground station 210 may communicate with the
aerial vehicle 230 via the communication link 224. The com-
munication link 224 may be bidirectional and may include
one or more wired and/or wireless interfaces. Also, there
could be one or more routers, switches, and/or other devices
or networks making up at least a part of the communication
link 224.

[0073] Further, as shown in FIG. 2, the aerial vehicle 230
may include one or more sensors 232, a power system 234,
power generation/conversion components 236, a communi-
cation system 238, one or more processors 242, data storage
244, and program instructions 246, and a control system 248.
[0074] The sensors 232 could include various different sen-
sors in various different embodiments. For example, the sen-
sors 232 may include a global a global positioning system
(GPS) receiver. The GPS receiver may be configured to pro-

Sep. 22, 2016

vide data that is typical of well-known GPS systems (which
may be referred to as a global navigation satellite system
(GNNS)), such as the GPS coordinates of the aerial vehicle
230. Such GPS data may be utilized by the AWT 200 to
provide various functions described herein.

[0075] As another example, the sensors 232 may include
one or more wind sensors, such as one or more pitot tubes.
The one or more wind sensors may be configured to detect
apparent and/or relative wind. Such wind data may be utilized
by the AWT 200 to provide various functions described
herein.

[0076] Still as another example, the sensors 232 may
include an inertial measurement unit (IMU). The IMU may
include both an accelerometer and a gyroscope, which may be
used together to determine the orientation of the aerial vehicle
230. In particular, the accelerometer can measure the orien-
tation of the aerial vehicle 230 with respect to earth, while the
gyroscope measures the rate of rotation around an axis, such
as a centerline of the aerial vehicle 230. IMUs are commer-
cially available in low-cost, low-power packages. For
instance, the IMU may take the form of or include a minia-
turized MicroElectroMechanical System (MEMS) or a Nano-
ElectroMechanical System (NEMS). Other types of IMUs
may also be utilized. The IMU may include other sensors, in
addition to accelerometers and gyroscopes, which may help
to better determine position. Two examples of such sensors
are magnetometers and pressure sensors. Other examples are
also possible.

[0077] While an accelerometer and gyroscope may be
effective at determining the orientation of the aerial vehicle
230, slight errors in measurement may compound over time
and result in a more significant error. However, an example
aerial vehicle 230 may be able mitigate or reduce such errors
by using a magnetometer to measure direction. One example
of'a magnetometer is a low-power, digital 3-axis magnetom-
eter, which may be used to realize an orientation independent
electronic compass for accurate heading information. How-
ever, other types of magnetometers may be utilized as well.

[0078] The aerial vehicle 230 may also include a pressure
sensor or barometer, which can be used to determine the
altitude of the aerial vehicle 230. Alternatively, other sensors,
such as sonic altimeters or radar altimeters, can be used to
provide an indication of altitude, which may help to improve
the accuracy of and/or prevent drift of the IMU.

[0079] As noted, the aerial vehicle 230 may include the
power system 234. The power system 234 could take various
different forms in various different embodiments. For
example, the power system 234 may include one or more
batteries for providing power to the aerial vehicle 230. In
some implementations, the one or more batteries may be
rechargeable and each battery may be recharged via a wired
connection between the battery and a power supply and/or via
a wireless charging system, such as an inductive charging
system that applies an external time-varying magnetic field to
an internal battery and/or charging system that uses energy
collected from one or more solar panels.

[0080] As another example, the power system 234 may
include one or more motors or engines for providing power to
the aerial vehicle 230. In some implementations, the one or
more motors or engines may be powered by a fuel, such as a
hydrocarbon-based fuel. And in such implementations, the
fuel could be stored on the aerial vehicle 230 and delivered to
the one or more motors or engines via one or more fluid
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conduits, such as piping. In some implementations, the power
system 234 may be implemented in whole or in part on the
ground station 210.

[0081] As noted, the aerial vehicle 230 may include the
power generation/conversion components 236. The power
generation/conversion components 236 could take various
different forms in various different embodiments. For
example, the power generation/conversion components 236
may include one or more generators, such as high-speed,
direct-drive generators. With this arrangement, the one or
more generators may be driven by one or more rotors, such as
the rotors 40a and 405. And in at least one such example, the
one or more generators may operate at full-rated-power wind
speeds of 11.5 meters per second, at a capacity factor which
may exceed 60 percent. As such, the one or more generators
may generate electrical power from 40 kilowatts to 600 mega-
watts.

[0082] Moreover, as noted, the aerial vehicle 230 may
include a communication system 238. The communication
system 238 may take the form of or be similar in form to the
communication system 218. The aerial vehicle 230 may com-
municate with the ground station 210, other aerial vehicles,
and/or other entities (e.g., a command center) via the com-
munication system 238.

[0083] In some implementations, the aerial vehicle 230
may be configured to function as a “hot spot”; or in other
words, as a gateway or proxy between a remote support
device (e.g., the ground station 210, the tether 220, other
aerial vehicles) and one or more data networks, such as cel-
Iular network and/or the Internet. Configured as such, the
aerial vehicle 230 may facilitate data communications that the
remote support device would otherwise be unable to perform
by itself.

[0084] For example, the aerial vehicle 230 may provide a
WiFi connection to the remote device, and serve as a proxy or
gateway to a cellular service provider’s data network, which
the aerial vehicle 230 might connect to under an LTE or a 3G
protocol, for instance. The aerial vehicle 230 could also serve
as a proxy or gateway to other aerial vehicles or a command
station, which the remote device might not be able to other-
wise access.

[0085] As noted, the aerial vehicle 230 may include the one
ormore processors 242, the program instructions 244, and the
data storage 246. The one or more processors 242 can be
configured to execute computer-readable program instruc-
tions 246 that are stored in the data storage 244 and are
executable to provide at least part of the functionality
described herein. The one or more processors 242 may take
the form of or be similar in form to the one or more processors
212, the data storage 244 may take the form of or be similar in
form to the data storage 214, and the program instructions 246
may take the form of or be similar in form to the program
instructions 216.

[0086] Moreover, as noted, the aerial vehicle 230 may
include the control system 248. In some implementations, the
control system 248 may be configured to perform one or more
functions described herein. The control system 248 may be
implemented with mechanical systems and/or with hardware,
firmware, and/or software. As one example, the control sys-
tem 248 may take the form of program instructions stored on
a non-transitory computer readable medium and a processor
that executes the instructions. The control system 248 may be
implemented in whole or in part on the aerial vehicle 230
and/or at least one entity remotely located from the aerial

Sep. 22, 2016

vehicle 230, such as the ground station 210. Generally, the
manner in which the control system 248 is implemented may
vary, depending upon the particular application.

[0087] While the aerial vehicle 230 has been described
above, it should be understood that the methods and systems
described herein could involve any suitable aerial vehicle that
is connected to a tether, such as the tether 230 and/or the tether
30.

[0088] FIGS. 5 and 6 show an example embodiment of
vehicle-based airborne wind turbine 10 that includes aerial
vehicle 120 having a fuselage 124. In FIG. 5, aerial vehicle
120 is shown perched on perch panel 54 extending from perch
support 56a attached to ground station 50. An electrically
conductive tether 30 is shown extending from rotatable drum
53 that rotates about horizontal drum axis 55 to aerial vehicle
120. The rotatable drum 53 is positioned atop upper end 52a
of main vertical member 52. An extending arm 58 extends
from the top 52a of main member 52 to provide additional
truss support to the main member 52.

[0089] FIG. 6 is a side view of the airborne wind turbine 10
shown in FIG. 5, with the aerial vehicle 120 unreeling from
rotatable drum 53. Rotatable drum 53 may be used to store the
tether 30 as it is reeled in towards the ground station 50 during
a landing procedure. In a one embodiment, the drum 53 may
rotate about horizontal axis 55.

[0090] FIG. 7A is a top view of the perch platform 95 that
may be used, with tether 30 extending from rotatable drum 53
with perch platform 95 attached to perch supports 56a and
564 attached to perch panel 54 and perch bar 54q¢ in a first
position relative to extending arm 58, according to an
example embodiment.

[0091] FIG. 7B is atop view of the perch platform 95 shown
in FIG. 7A with tether 30 extending from rotatable drum 53
with perch platform 95 attached to perch supports 56a and
564 attached to perch panel 54 and perch bar 544 in a second
position relative to extending arm 58, according to an
example embodiment.

[0092] FIG. 7Cis atop view of the perch platform 50 shown
in FIGS. 7A-7B with tether 30 extending from rotatable drum
53 with perch platform 95 attached to perch support 56a and
564 attached to perch panel 54 and perch bar 54a in a third
position relative to extending arm 58, according to an
example embodiment.

[0093] In the embodiments shown in FIGS. 7A-7C, perch
platform 95, perch supports 56a and 565 and perch panel 54
may rotate about the top 52a of main element 52 to allow for
a desired positioning of the perch panel 54 during landing and
launch.

[0094] It will be appreciated that the tether 30 must with-
stand significant tension forces. For example, the tension of
the tether during crosswind flight may be 15 kilonewtons
(KN), and even great during powered flying mode. Tether 30
may be constructed of a carbon fiber core surrounded by
aluminum conductors. The carbon fiber core and aluminum
conductors may be positioned within an outer insulation. In
an example embodiment that may be used in the present
embodiments, the diameter of the carbon fiber core is 14
millimeters and the diameter of the tether is 24 millimeters.
[0095] The positioning of the rotatable drum 53 and/or
rotation of the perch platform 95 may be used for purposes of
steering or turning the ship 1000. For example, the aerial wing
120 could fly in a direction perpendicular to the longitudinal
axis of the ship 1000, and when attached at the front of the
ship (as shown in FIGS. 1 and 2) would tend to turn or steer






