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FIG. 3C




U.S. Patent Dec. 15, 2015 Sheet 6 of 10

wwwww




US 9,214,022 B1

Sheet 7 of 10

Dec. 15, 2015

U.S. Patent

G 'Old

90%

(pnunzy)
majp doj

90¢s

{uopeaa;z)
MIIA BPIS

(e)

(@



U.S. Patent Dec. 15, 2015 Sheet 8 of 10 US 9,214,022 B1




U.S. Patent Dec. 15, 2015 Sheet 9 of 10 US 9,214,022 B1

710
r

i
AEf

@\_L
_,l 708-i

706~

704

FIG. 7

706

708

702



U.S. Patent Dec. 15, 2015 Sheet 10 of 10 US 9,214,022 B1

o
=4
=

{ START )

Y

DETERMINE A POINTING DIRECTION OF A POINTING AXIS OF A TETHER
TERMINATION UNIT AS A FUNCTION OF MEASURED ROTATION ANGLES
OF THE TETHER TERMINATION UNIT ABOUT A FIRST AXIS OF ROTATION
AND A SECOND AXIS OF ROTATION, WHEREIN ANGULAR MOTION OF THE 802
TETHER TERMINATION UNIT IS INDUCED BY A FLYING AERIAL VEHICLE
COUPLED BY A TETHER TO THE TETHER TERMINATION UNIT

Y

DETERMINE AN ANGULAR OFFSET BETWEEN AN IMAGE OF THE FLYING

AERIAL VEHICLE IN AN IMAGE PLANE OF A CAMERA DEVICE ATTACHED
TO THE TETHER TERMINATION UNIT AND A REFERENCE POINT ™

IN THE IMAGE PLANE 804

Y

DETERMINE A LOCATION OF THE FLYING AERIAL VEHICLE
WITH RESPECT TO THE TETHER TERMINATION UNIT BY APPLYING THE

DETERMINED ANGULAR OFFSET AS A CORRECTION TO ™~
THE DETERMINED POINTING AXIS DIRECTION 806
Y
END

FIG. 8



US 9,214,022 B1

1
ENHANCED ACCURACY FOR TRACKING
TETHERED AIRBORNE VEHICLES

BACKGROUND

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.

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

In one aspect, an apparatus includes: a tether termination
mount system comprising a tether termination unit config-
ured for rotation about a first axis of rotation and a second axis
ofrotation, the first and second axes of rotation being oriented
at an angle to one another; a tether configured for coupling an
aerial vehicle to the tether termination mount system, the
tether having a proximal end emanating from the tether ter-
mination unit along a pointing axis of the tether termination
unit and distal end attached to the aerial vehicle, wherein the
pointing axis is configured for tracking angular motion of the
proximal end of the tether induced by flight motion of the
aerial vehicle; an imaging device attached to the tether termi-
nation unit and having an image plane oriented at a fixed angle
with respect to the pointing axis, and a reference point in the
image plane corresponding to the pointing axis direction in a
field-of-view (FOV) of the image plane; and a vehicle track-
ing subsystem configured for tracking a location of the aerial
vehicle with respect to the tether termination mount system
during tethered flight of the aerial vehicle by (i) determining
the pointing axis direction as a function of measured rotation
angles of the tether termination unit about the first and second
axes of rotation, (ii) determining an angular offset between an
image of the aerial vehicle in the image plane and the refer-
ence point in the image plane, and (iii) applying the deter-
mined angular offset as a correction to the determined point-
ing axis direction.

In another aspect, a method involves: determining a point-
ing direction of a pointing axis of a tether termination unit as
a function of measured rotation angles of the tether termina-
tion unit about a first axis of rotation and a second axis of
rotation, wherein the tether termination unit is configured for
terminating a proximal end of a tether that is coupled at a
distal end with an aerial vehicle, and wherein the pointing
axis is configured for tracking angular motion of the proximal
end of the tether induced by flight motion of the aerial vehicle;
determining an angular offset between an image of the aerial
vehicle in flight in an image plane of an imaging device
attached to the tether termination unit and a reference point in
the image plane, wherein the image plane is configured at a
fixed angle with respect to the pointing axis, and the reference
point corresponds to the pointing axis direction in a field-of-
view (FOV) of the image plane; and determining a location of
the aerial vehicle in flight with respect to the tether termina-
tion unit by applying the determined angular offset as a cor-
rection to the determined pointing axis direction.

In yet another aspect, a non-transient computer-readable
storage medium have instructions stored therein, that when
executed by one or more processors of an apparatus compris-
ing a tether termination unit, cause the apparatus to perform
functions including: determining a pointing direction of a
pointing axis of the tether termination unit as a function of
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measured rotation angles of the tether termination unit about
a first axis of rotation and a second axis of rotation, wherein
the tether termination unit is configured for terminating a
proximal end of a tether that is coupled at a distal end with an
aerial vehicle, and wherein the pointing axis is configured for
tracking angular motion of the proximal end of the tether
induced by flight motion of the aerial vehicle; determining an
angular offset between an image of the aerial vehicle in flight
in an image plane of an imaging device attached to the tether
termination unit and a reference point in the image plane,
wherein the image plane is configured at a fixed angle with
respect to the pointing axis, and the reference point corre-
sponds to the pointing axis direction in a field-of-view (FOV)
of the image plane; and determining a location of the aerial
vehicle in flight with respect to the tether termination unit by
applying the determined angular offset as a correction to the
determined pointing axis direction.

These as well as other aspects, advantages, and alterna-
tives, 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

FIG. 1 illustrates an Airborne Wind Turbine (AWT),
according to an example embodiment.

FIG. 2 illustrates a simplified block diagram illustrating
components of an AWT, according to an example embodi-
ment.

FIG. 3A illustrates a first perspective view of an example
ground station for an aerial vehicle of an AWT, according to
an example embodiment.

FIG. 3B illustrates a second perspective view of an
example ground station for an aerial vehicle of an AWT,
according to an example embodiment.

FIG. 3C illustrates a cross-sectional view of an example
tether with insulated electrical conductors, according to an
example embodiment.

FIG. 4illustrates a perspective view of an example embodi-
ment of a tether termination mount system for a ground sta-
tion of an aerial vehicle of an AWT.

FIG. 5 is schematic illustration of example operation of a
tether termination mount system, according to an example
embodiment.

FIG. 6 illustrates a perspective view of an example tether
termination mount system, according to an example embodi-
ment.

FIG. 7 is schematic illustration of an example image plane
during example operation of a tether termination mount sys-
tem, according to an example embodiment.

FIG. 8 is a flow chart illustrating an example method of
tracking an aerial vehicle, according to an example embodi-
ment.

DETAILED DESCRIPTION

Example methods and systems are described herein. It
should be understood that the words “example,” “exemplary,”
and “illustrative” are used herein to mean “serving as an
example, instance, or illustration.” Any embodiment or fea-
ture described herein as being an “example,” being “exem-
plary,” or being “illustrative” is not necessarily to be con-
strued 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 the
aspects of the present disclosure, as generally described
herein, and illustrated in the figures, can be arranged, substi-
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tuted, combined, separated, and designed in a wide variety of
different configurations, all of which are explicitly contem-
plated herein.

1. OVERVIEW

Example embodiments relate to aerial vehicles, which may
be used in a wind energy system, such as an Airborne Wind
Turbine (AWT) system. In particular, example embodiments
may relate to, or take the form of, methods and systems for
facilitating an aerial vehicle in the process of conversion of
kinetic energy to electrical energy. As used herein, the term
“aerial vehicle” generally refers to a type of vehicle that is
capable of, or configured for flight, and does not necessarily
refer to an operational state in which such a vehicle is in flight.
The operational state of an aerial vehicle may be specified
herein explicitly, such as in a “flying aerial vehicle” or “an
aerial vehicle in flight,” although in some instances of the
discussion herein, the operational state may be apparent or
implicit from context.

An AWT system (or just AWT for short) may include an
aerial vehicle configured for flying in a path, such as a sub-
stantially circular path, while converting kinetic wind energy
to electrical energy via onboard turbines. In an example
embodiment, the aerial vehicle may be connected to a ground
station via a tether. While tethered, the aerial vehicle may: (i)
fly at a range of elevations and substantially along the path,
and return to the ground, and (ii) transmit electrical energy to
the ground station via the tether. In some embodiments, the
ground station may transmit electricity to the aerial vehicle
for take-off and/or landing, for example.

Inan AWT, an aerial vehicle may rest in and/or on a ground
station, for example, when the wind is not conducive to power
generation. When the wind is conducive to power generation,
such as when a wind speed may be 10 meters per second (m/s)
at an altitude of 200 meters (m), the ground station may
deploy (or launch) the aerial vehicle. In addition, when the
aerial vehicle is deployed and the wind is not conducive to
power generation, the aerial vehicle may return to the ground
station.

An aerial vehicle of an AWT may be configured for hover
flight and crosswind flight. Crosswind flight may be under-
taken for travel in a motion, such as in a substantially circular
motion, and thus may be the primary technique that is used for
generating electrical energy. Hover flight in turn may be used
by the aerial vehicle to prepare and position itself for cross-
wind flight. In particular, the aerial vehicle could ascend to a
location for crosswind flight based at least in part on hover
flight. Further, the aerial vehicle could take-off and/or land
via hover flight.

In hover flight, a span of a main wing of the aerial vehicle
may be oriented substantially parallel to the ground, and one
or more propellers of the aerial vehicle may cause the aerial
vehicle to hover over the ground. In some embodiments, the
aerial vehicle may vertically ascend or descend in hover
flight.

In crosswind flight, the aerial vehicle may be propelled by
the wind substantially along a path on which, as noted above,
it may convert kinetic wind energy to electrical energy. In
some embodiments, the one or more propellers of the aerial
vehicle may generate electrical energy by slowing down the
incident wind.

The aerial vehicle may enter crosswind flight when (i) the
aerial vehicle has attached wind-flow (e.g., steady flow and/or
no stall condition (which may refer to no separation of air
flow from an airfoil)) and (ii) the tether is under tension.
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Moreover, the aerial vehicle may enter crosswind flight at a
location that is substantially downwind of the ground station.

In an example embodiment, the ground station can include
a tether termination mount system for terminating a proximal
end of the tether at the ground side, and tracking and measur-
ing angular motion of the tether caused by flight motion ofthe
aerial vehicle at a distal end of the tether. In an example
embodiment, the tether can be of fixed length during a phase
of generally stable flight, such as cross-wind flight. For
example, a fixed length tether may be approximally 500
meters long and approximally 20 millimeters in diameter. The
tether may include one or more insulated conductors to trans-
mit electrical energy, or other electrical signals, along the
tether length. Additionally or alternatively, the tether may
include one or more optical fibers to transmit optical signals
along the tether length.

By using a fixed length tether, the tether termination mount
system can be used to measure two dimensions of tether angle
and tether velocity. A tether termination mount system can
also be used to measure the orientation of the tether, the rate
of rotation of the tether, and the precession motion and nuta-
tion angles of a distal end of the tether. Angular orientation
and motion of the tether can, in turn, be used in monitoring the
position of the aerial vehicle with respect to the ground station
during flight.

A tether termination mount system (or just a tether termi-
nation mount, for short) at the ground station may be desir-
able for various reasons. For example, the aerial vehicle in
cross-wind flight may oscillate many times over the life of the
system (for e.g., 30 million cycles of aerial vehicle and tether
rotation), so a tether termination mount that does not wear or
rub the tether may facilitate robust and reliable operation. In
the case of rigid or semi-rigid tethers, a tether termination
mount that does not impart significant bending loads onto the
tether may similarly be desirable.

In the case of a tether with one or more conductors, a tether
termination mount that does not accumulate twists in the
tether may be desirable. Tether twisting can have an adverse
effect on performance, because a twisted tether may have
reduced conductivity due to the twisting or eventual breaking
of the conductor(s), and/or may also have reduced tensile
breaking strength. For example, the tether termination mount
may either actively or passively rotate to align the tether at the
ground-side system with the motion of the aerial vehicle. The
tether termination mount may include a servomotor or other
drive mechanism to manually rotate the tether and reduce the
likelihood of significant tether twisting. Additionally in the
case of a tether with one or more conductors, a tether termi-
nation mount that communicates power either into the ground
side system or out to the aerial vehicle may be desirable.

In an example embodiment, the tether termination mount
system can include a tether termination unit for terminating
the proximal end of the tether. The tether termination unit can
have a pointing axis direction along which the proximal end
of the tether is aligned during the phase of generally stable
flight. The tether termination unit can be configured for rota-
tion about two axes, such that its angular motion induced by
the tether motion responsive to flight motion of the aerial
vehicle can provide the angular orientation and motion mea-
surements of the tether termination system.

In an example embodiment, the tether termination unit can
include a physical channel or tube-like structure through
which the tether is threaded, and out from which the proximal
end of the tether emerges or emanates toward the distal end
where it couples to the aerial vehicle. As such, the tether
termination unit can accommodate length adjustments of
tether as necessary (e.g., for take-off and landing), while
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maintaining a physical termination that can track angular
motion of the proximal end of the tether. In this configuration,
the angular orientation and motion of the pointing axis of the
tether mount can be used to track the proximal end of the
tether.

In some embodiments, a tether termination mount system
of'the ground station can include a ground-side gimbal (GSG)
comprising a set of bearings that allow the angles of connec-
tion of the tether to the ground station to change, and that help
to reduce the flex within the tether. For example, the GSG can
support two axes of rotation of the tether termination unit. In
some embodiments, the GSG can also include a bearing that
allows the tether to rotate about the tether axis, thereby allow-
ing the tether to de-twist in cases in which the flight path of the
aerial vehicle is topologically circular. In some embodiments,
the GSG can further comprise a slip ring that allows electrical
signals to be passed from the tether to the ground station as the
GSG allows the tether to rotate about the tether axis.

An example embodiment of a GSG can include a two-axis
mount, such as an altitude-azimuth mount, in which one axis
is an altitude axis for rotation with respect to a local horizon,
and the other axis is the azimuth axis for rotation with respect
to a local vertical axis. Each axis can include a bearing to
allow for alow overturning moment for easy rotation and one
or more encoders for measuring angular position and rotation
rate about the axis.

In an example embodiment, the ground station can include
animaging device configured for imaging the aerial vehicle in
flight within an image plane. For example, the imaging device
could be a digital camera. The ground station can further
include a vehicle tracking subsystem configured for analyz-
ing imaging of the vehicle in the image plane, in order to
enhance the accuracy of the vehicle’s position as otherwise
determined by angular measurements of the tether measured
by the tether termination mount system.

More particularly, the imaging device can be attached to
the tether termination unit in a fixed orientation such that the
pointing axis is perpendicular to the image plane and corre-
sponds to a reference line-of-sight (LOS) direction in the
image plane. For example, the pointing axis can correspond to
the center of the field-of-view (FOV) of the image plane. In
this configuration, the aerial vehicle can be viewed within the
FOV of the image plane at least during a phase of generally
stable flight. That is, physical tracking of the proximal end of
the tether can provide a sufficiently accurate fix on the posi-
tion of the aerial vehicle during stable flight to align the FOV
with region that includes the aerial vehicle.

In example embodiments, the position of an image of aerial
vehicle in the image plane can be analyzed in order determine
an accurate location of the aerial vehicle with respect to the
ground station (or the tether termination mount system).
More particularly, the location of the aerial vehicle in the
image plane can be rendered with respect to the center of the
FOV, which can correspond to the pointing axis, as described
above. Examples of analysis techniques for determining the
location of the aerial vehicle’s image in the image plane can
include detection and/or recognition of predetermined pat-
terns or markings on the aerial vehicle’s surface. In addition,
the aerial vehicle can be equipped with light-emitting diodes
(LEDs) or other lights to aid or enhance image-plane detec-
tion. The relative location of the aerial vehicle’s image can
then be converted to a linear distance in a rectangular coor-
dinate system (e.g., x and y), for example by geometry (and/or
trigonometry). This linear distance can then be used as a
correction to an estimated location of the aerial vehicle
obtained from the pointing axis direction alone.
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In an example embodiment, the ground station can include
a distance ranging device, such a RADAR or LIDAR, which
can be used to determine a LOS distance from the ground
station to the aerial vehicle. A measured LOS distance can
then be used to further improve a geometrically-determined
(and/or trigonometrically-determined) correction to the loca-
tion of the aerial vehicle with respect to the ground station (or
the tether termination mount system). By way of example, the
aerial vehicle could include one or more reflective spots con-
figured for enhancing RADAR and/or LIDAR detection and
ranging. RADAR and/or LIDAR devices can also provide
imaging capabilities as well. Other techniques for LOS dis-
tance determination can be used as well. For example, propa-
gation delay of a radio-frequency (RF) signal between a
ground station and an aerial can be used to determine LOS
distance. In addition to, or possibly in place of, signal-based
distance measurement, the length of an extended tether can
provide a measure of LOS distance. Tether length can be
determined as the tether is unwound from a drum or spool, for
example.

In an example embodiment, the imaging device and the
distance ranging device could be integral components of
single distance-imaging device. For example, imaging could
be based on ranging data, such that LOS distance is inherent
in the imagining data.

In an example embodiment, the imaging device could be
configured for rotation of the image plane about the pointing
axis, while the image plane still remains perpendicular to the
pointing axis. In this configuration, the image plane can rotate
about the pointing axis in response to twisting and de-twisting
of'the tether. This can further help alignment of the FOV of the
image plane with the observed position of the aerial vehicle,
thereby facilitating approximal siting of the aerial vehicle in
the image plane.

In an example embodiment, the tether termination unit can
include, or take the form of, a spindle. A spindle can be a
cylindrical length of housing that extends from the tether
termination mount system and through which the tether
passes. The spindle can have two ends, a proximal spindle end
and a distal spindle end. The proximal spindle end can be
attached to the tether termination mount system. The distal
spindle end can then extend towards the distal end of the
tether for some distance. The distal spindle end can be con-
nected to a bearing or some other type of sensor, such as a
strain gauge or load cell to measure force. The tether may
slide in and out of an inner race of the bearing to help accom-
modate elongation of the tether when the tether is loaded.

In a further aspect, the spindle can help to reduce bending
loads on the tether termination mount system. The spindle
may also increase the leverage the tether has on the two-axis
mount, which in turn can help to increase the ability of the
mount to follow the tether. Additionally, the spindle can help
align the tether and the two-axis mount, which in turn can help
to reduce the likelihood of binding forces on the bearings of
the two-axis mount.

2. ILLUSTRATIVE SYSTEMS

a. Airborne Wind Turbine (AWT) system

FIG. 1 depicts an AWT system 100, according to an
example embodiment. In particular, the AWT 100 includes a
ground station 110, a tether 120, and an aerial vehicle 130. As
shown in FIG. 1, the aerial vehicle 130 may be connected to
the tether 120, and the tether 120 may be connected to the
ground station 110. In this example, the tether 120 may be
attached to the ground station 110 at one location on the
ground station 110, and attached to the aerial vehicle 130 at



US 9,214,022 B1

7

two locations on the aerial vehicle 130. However, in other
examples, the tether 120 may be attached at multiple loca-
tions to any part of the ground station 110 and/or the aerial
vehicle 130.

The ground station 110 may be used to hold and/or support
the aerial vehicle 130 until it is in an operational mode. The
ground station 110 may also be configured to allow for the
repositioning of the aerial vehicle 130, for example to facili-
tate deploying of the aerial vehicle 130. Further, the ground
station 110 may be further configured to receive the aerial
vehicle 130 during a landing. The ground station 110 may be
formed of any material that can suitably keep the aerial
vehicle 130 attached and/or anchored to the ground while
transitioning between hover and crosswind flight.

In addition, the ground station 110 may include one or
more components (not necessarily shown), such as a winch,
that may vary a length of the tether 120. Such components
will be described in greater detail later in this disclosure. For
example, when the aerial vehicle 130 is deployed, the one or
more components may be configured to pay out and/or reel
out the tether 120. In some implementations, the one or more
components may be configured to pay out and/or reel out the
tether 120 to a predetermined length. As examples, the pre-
determined length could be equal to or less than a maximum
length of the tether 120. Further, when the aerial vehicle 130
lands in the ground station 110, the one or more components
may be configured to reel in the tether 120.

The tether 120 may transmit electrical energy generated by
the aerial vehicle 130 to the ground station 110. In addition,
the tether 120 may transmit electricity to the aerial vehicle
130 in order to power the aerial vehicle 130 for takeoff,
landing, hover flight, and/or forward flight. The tether 120
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 130 and/or
transmission of electricity to the aerial vehicle 130. The tether
120 may also be configured to withstand one or more forces of
the aerial vehicle 130 when the aerial vehicle 130 is in an
operational mode. For example, the tether 120 may include a
core configured to withstand one or more forces of the aerial
vehicle 130 when the aerial vehicle 130 is in hover flight,
forward flight, and/or crosswind flight. The core may be
constructed of any high strength fibers. In some examples, the
tether 120 may have a fixed length and/or a variable length.
For instance, in at least one such example, the tether 120 may
have a length of 140 meters. However other lengths may be
used as well.

The aerial vehicle 130 may be configured to fly substan-
tially along a path 150 to generate (or while it generates)
electrical energy. The term “substantially along,” as used in
this disclosure, refers to exactly along and/or one or more
deviations from exactly along that do not significantly impact
generation of electrical energy as described herein and/or
transitioning an aerial vehicle between certain flight modes as
described herein.

The aerial vehicle 130 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 130 may be formed of solid structures of metal, plas-
tic and/or other polymers. The aerial vehicle 130 may be
formed of any material which allows for a high thrust-to-
weight ratio and generation of electrical energy that may be
used in utility applications. Additionally, the materials may
be chosen to allow for a lightning hardened, redundant and/or
fault tolerant design which may be capable of handling large
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and/or sudden shifts in wind speed and wind direction. Other
materials may be used in the formation of aerial vehicle as
well.

The path 150 may be various different shapes in various
different embodiments. For example, the path 150 may be
substantially circular. And in at least one such example, the
path 150 may have a radius of up to 265 meters. The term
“substantially circular,” as used in this disclosure, refers to
exactly circular and/or one or more deviations from exactly
circular that do not significantly impact generation of electri-
cal energy as described herein. Other shapes for the path 150
may be an oval, such as an ellipse, the shape of a jelly bean,
the shape of the number of 8 (“figure eight), among others.

As shown in FIG. 1, the aerial vehicle 130 may include a
main wing 131, a front section 132, rotor connectors 133A-B,
rotors 134A-D, a tail boom 135, a tail wing 136, and a vertical
stabilizer 137. Any of these components may be shaped in any
form which allows for the use of components of lift to over-
come gravity and/or move the aerial vehicle 130 forward.

The main wing 131 may provide a primary lift for the aerial
vehicle 130. The main wing 131 may be one or more rigid or
flexible airfoils, and may include various control surfaces,
such as winglets, flaps, rudders, elevators, an so on. The
control surfaces may be used to stabilize the aerial vehicle
130 and/or reduce drag on the aerial vehicle 130 during hover
flight, forward flight, and/or crosswind flight.

The main wing 131 may be any suitable material for the
aerial vehicle 130 to engage in hover flight, forward flight,
and/or crosswind flight. For example, the main wing 131 may
include carbon fiber and/or e-glass. Moreover, the main wing
131 may have a variety dimensions. For example, the main
wing 131 may have one or more dimensions that correspond
with a conventional wind turbine blade. As another example,
the main wing 131 may have a span of 8 meters, an area of 4
meters squared, and an aspect ratio of 15. The front section
132 may include one or more components, such as a nose, to
reduce drag on the aerial vehicle 130 during flight.

The rotor connectors 133A-B may connect the rotors
134 A-D to the main wing 131. In some examples, the rotor
connectors 133A-B may take the form of or be similar in form
to one or more pylons. In example illustrated in FIG. 1, the
rotor connectors 133A-B are arranged such that the rotors
134A-D are spaced between the main wing 131. In some
examples, a vertical spacing between corresponding rotors
(e.g., rotor 134A and rotor 134B or rotor 134C and rotor
134D) may be 0.9 meters.

The rotors 134A-D may be configured to drive one or more
generators for the purpose of generating electrical energy. In
this example, the rotors 134A-D may each include one or
more blades, such as three blades. The one or more rotor
blades may rotate via interactions with the wind and which
could be used to drive the one or more generators. In addition,
the rotors 134A-D may also be configured to provide a thrust
to the aerial vehicle 130 during flight. With this arrangement,
the rotors 134A-D may function as one or more propulsion
units, such as a propeller. Although the rotors 134A-D are
depicted as four rotors in this example, in other examples the
aerial vehicle 130 may include any number of rotors, such as
less than four rotors or more than four rotors that may be
spaced along main wing 131.

The tail boom 135 may connect the main wing 131 to the
tail wing 136. The tail boom 135 may have a variety of
dimensions. For example, the tail boom 135 may have a
length of 2 meters. Moreover, in some implementations, the
tail boom 135 could take the form of a body and/or fuselage
of the aerial vehicle 130. And in such implementations, the
tail boom 135 may carry a payload.
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The tail wing 136 and/or the vertical stabilizer 137 may be
used to stabilize the aerial vehicle and/or reduce drag on the
aerial vehicle 130 during hover flight, forward flight, and/or
crosswind flight. For example, the tail wing 136 and/or the
vertical stabilizer 137 may be used to maintain a pitch of the
aerial vehicle 130 during hover flight, forward flight, and/or
crosswind flight. In this example, the vertical stabilizer 137 is
attached to the tail boom 135, and the tail wing 136 is located
on top of the vertical stabilizer 137. The tail wing 136 may
have a variety of dimensions. For example, the tail wing 136
may have a length of 2 meters. Moreover, in some examples,
the tail wing 136 may have a surface area of 0.45 meters
squared. Further, in some examples, the tail wing 136 may be
located 1 meter above a center of mass of the aerial vehicle
130.

While the aerial vehicle 130 has been described above, it
should be understood that the methods and systems described
herein could involve any suitable aerial vehicle that is con-
nected to a tether, such as the tether 120.

b. Illustrative Components of an AWT System

FIG. 2 is a simplified block diagram illustrating compo-
nents of an AWT 200. The AWT 200 may take the form of or
be similar in form to the AWT 100. In particular, the AWT 200
includes a ground station 210, a tether 220, and an aerial
vehicle 230. The ground station 210 may take the form of or
be similar in form to the ground station 110, the tether 220
may take the form of or be similar in form to the tether 120,
and the aerial vehicle 230 may take the form of or be similar
in form to the aerial vehicle 130.

As shown in FIG. 2, 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 data storage 214 and are executable to provide at least part
of the functionality described herein.

The data storage 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 inte-
grated 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.

As noted, the data storage 214 may include computer-
readable program instructions 216 and perhaps additional
data, such as diagnostic data of the ground station 210. As
such, the data storage 214 may include program instructions
to perform or facilitate some or all of the functionality
described herein.

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 Evolution (LTE),
WiMAX (e.g., an IEEE 802.16 standard), a radio-frequency
1D (RFID) protocol, near-field communication (NFC), and/or
other wireless communication protocols. Such wireline inter-
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faces may include an Ethernet interface, a Universal Serial
Bus (USB) interface, or similar interface to communicate via
awire, 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.

In an example embodiment, the ground station 210 may
include communication systems 218 that may allow for both
short-range communication and long-range communication.
For example, ground station 210 may be configured for short-
range communications using Bluetooth and may be config-
ured for long-range communications under a CDMA proto-
col. 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.

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.

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 configured 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 com-
ponents 222 may include one or more insulated conductors
that are configured to transmit electricity. And in at least one
such example, the one or more conductors may include alu-
minum and/or any other material which may allow for the
conduction of electric current. Moreover, in some implemen-
tations, the transmission components 222 may surround a
core of the tether 220 (not shown).

The ground station 210 may communicate with the aerial
vehicle 230 via the communication link 224. The communi-
cation 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 net-
works making up at least a part of the communication link
224.

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 communication
system 238, one or more processors 242, data storage 244,
and program instructions 246, and a control system 248.

The sensors 232 could include various different sensors in
various different embodiments. For example, the sensors 232
may include a global a global positioning system (GPS)
receiver. The GPS receiver may be configured to provide 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.

As another example, the sensors 232 may include one or
more wind sensors, such as one or more pitot tubes. The one



US 9,214,022 B1

11

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.

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 orientation
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. Some IMUs may be
commercially 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.

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. For example, vehicle
230 may employ drift mitigation through fault tolerant redun-
dant position and velocity estimations. One example of a
magnetometer is a low-power, digital 3-axis magnetometer,
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.

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 accu-
racy of and/or prevent drift of the IMU.

As noted, the aerial vehicle 230 may include the power
system 234. The power system 234 could take various differ-
ent 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 implemen-
tations, 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.

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
conduits, such as piping. In some implementations, the power
system 234 may be implemented in whole or in part on the
ground station 210.

As noted, the aerial vehicle 230 may include the power
generation/conversion components 236. The power genera-
tion/conversion components 326 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 gen-
erators. With this arrangement, the one or more generators
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may be driven by one or more rotors, such as the rotors
134A-D. And in at least one such example, the one or more
generators may operate at full rated power in wind speeds of
11.5 meters per second at a capacity factor which may exceed
60 percent, and the one or more generators may generate
electrical power from 40 kilowatts to 600 megawatts.

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 communi-
cation system 218. The aerial vehicle 230 may communicate
with the ground station 210, other aerial vehicles, and/or other
entities (e.g., a command center) via the communication sys-
tem 238.

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 cellular 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.

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 ora 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.

As noted, the aerial vehicle 230 may include the one or
more 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
formto the data storage 214, and the program instructions 246
may take the form of or be similar in form to the program
instructions 216.

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 func-
tions described herein. The control system 248 may be imple-
mented with mechanical systems and/or with hardware, firm-
ware, and/or software. As one example, the control system
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
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.

While the aerial vehicle 230 has been described above, it
should be understood that the methods and systems described
herein could involve any suitable vehicle that is connected to
a tether, such as the tether 230 and/or the tether 110.

c. [llustrative Components of a Ground Station

FIG. 3A illustrates a first perspective view of an example
ground station for an aerial vehicle of an AWT, such as the
aerial vehicle 130 illustrated in FIG. 1. The ground station
300 may be the same or similar to the ground station 210 of
FIG. 2, or the ground station 110 of FIG. 1. FIG. 3A is






