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ACTIVE POSITION CONTROL OF TETHERED HOOK

BACKGROUND

{0001} An unmmannced vehicle, which may alse be reterred 160 as an autonomous
vehicle, 18 a vehicle capable of travel without a physicallv-present human operator. An
unmanoed vehicie mav operate i a remote~control made, n an autononious mode, or 10 a
partially autonomous mode.

{O002] When an unmanned vehicle operates i a remote-control mode, a piot or
driver that 1s at a remote location can control the unmanned vchicie via commands that are
sent to the unmanned vehicle via a wirgiess hink. When the unmanned vehicle operates n
autonomous mode, the wnmanned vehicle typically moves based on pre-programmed
navigation waypoints, dvnanuc automation systems, or a combination of these. Further, some
unmanned vehicies can operate m both a remote-control mode and an autonomous mode, and
i some mstances may do so concurrently. For mstance, a remote pulot or driver may wish to
tcave navigation to an autonomous svstem while manually perfornung another task, such as
operating a mechanical svstem for picking up objects, as an example.

{0003] Vanous tvpes of unmanned vehicies exast for vanous different environments.
For instance, unmanned vehicles exist for operation i the air, on the ground, underwater, and
in space. bExamples include quad-copiers and tail-sitter UAVs, among others. Unmamned
vehicles also exist for hvbrid operations 1 which multi-environment operation 1s possible.
Examples of hybnd unmanned vehicles mclude an amphibious cratt that 1s capable of
operation on land as well as on water or a tloatplane that is capable of landing on water as
well as on land. Other examples are also possible. Furthermore, unmanned vehicles may
require physical landing structure(s) to pick up or drop oft payload. to charge batteries, or to

compiete other tasks.



SUMMARY

[0003a] According to a first aspect of the present invention, there is provided a system
comprising:

an aerial vehicle;

a sensor coupled to the aerial vehicle;

a winch system coupled to the aerial vehicle, wherein the winch system comprises a
tether disposed on a spool, a motor operable to apply a torque to the tether, and a payload
coupling apparatus coupled to a leading end of the tether and configured to mechanically couple
to a payload;

a repositioning apparatus mounted on the payload coupling apparatus and configured
to reposition the payload coupling apparatus in at least a horizontal direction by applying at
least a horizontal force directly to the payload coupling apparatus; and

a control system comprising a processor and a non-transitory computer readable
medium having stored thereon instructions that, when executed by the processor, cause the
processor to perform operations comprising:

identifying the payload to be picked up by the aerial vehicle within an
environment;

controlling the aerial vehicle to hover above the payload;

controlling the winch system to deploy the payload coupling apparatus by
unwinding the tether from the spool;

receiving, while the aerial vehicle hovers above the payload and from the
sensor, sensor data indicative of a position of the payload coupling apparatus in relation

to the payload; and



while the aerial vehicle hovers above the payload, repositioning, using the

repositioning apparatus and based on the sensor data, the payload coupling apparatus

in the horizontal direction to mechanically couple to the payload.
[0003b] According to a second aspect of the present invention, there is provided a method
comprising:

identifying, by a control system, a payload to be picked up by an aerial vehicle within
an environment, wherein a winch system is coupled to the aerial vehicle, wherein the winch
system comprises a tether disposed on a spool, a motor operable to apply a torque to the tether,
and a payload coupling apparatus coupled to a leading end of the tether and configured to
mechanically couple to the payload;

controlling, by the control system, the aerial vehicle to hover above the payload;

controlling, by the control system, the winch system to deploy the payload coupling
apparatus by unwinding the tether from the spool;

receiving, by the control system, while the aerial vehicle hovers above the payload,
from a sensor on the aerial vehicle, sensor data indicative of a position of the payload coupling
apparatus in relation to the payload; and

while the aerial vehicle hovers above the payload, providing instructions, based on the
sensor data and by the control system, to reposition, using a repositioning apparatus mounted
on the payload coupling apparatus and configured to reposition the payload coupling apparatus
in at least a horizontal direction by applying at least a horizontal force directly to the payload
coupling apparatus, the payload coupling apparatus in the horizontal direction to mechanically

couple to the payload.
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[0003c] According to a third aspect of the present invention, there is provided a non-transitory
computer readable storage medium having stored thereon instructions that, when executed by
a computing device, cause the computing device to perform operations comprising:

identifying a payload to be picked up by an aerial vehicle within an environment,
wherein a winch system is coupled to the aerial vehicle, wherein the winch system comprises
a tether disposed on a spool, a motor operable to apply a torque to the tether, and a payload
coupling apparatus coupled to a leading end of the tether and configured to mechanically couple
to the payload;

controlling the aerial vehicle to hover above the payload;

controlling the winch system to deploy the payload coupling apparatus by unwinding
the tether from the spool;

receiving, while the aerial vehicle hovers above the payload, from a sensor on the aerial
vehicle, sensor data indicative of a position of the payload coupling apparatus in relation to the
payload; and

while the aerial vehicle hovers above the payload, providing instructions based on the
sensor data to reposition, using a repositioning apparatus mounted on the payload coupling
apparatus and configured to reposition the payload coupling apparatus in at least a horizontal
direction by applying at least a horizontal force directly to the payload coupling apparatus, the

payload coupling apparatus in the horizontal direction to mechanically couple to the payload.

[0004] In an example embodiment, an unmanned aerial vehicle (UAV) may be
configured to pick-up, transport, and drop-off payloads. The UAV may include a winch system
having a tether disposed on a spool, driven by a motor, and configured to deploy a payload
coupling apparatus coupled to the tether so as to engage a payload before pick-up or disengage

the payload before drop-off. When picking up a payload, a control system of the UAV may,
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using one or more sensors coupled thereto, identify the payload within the environment and
deploy the payload coupling apparatus by unwinding the tether from the spool. The UAV may
be repositioned in coordination with the winch system so as to bring the payload coupling
apparatus to within a threshold distance of the payload. The position of the UAV may then be
fixed above the payload so as not to have movement of the UAV induce oscillations or other
movements in the payload coupling apparatus hanging therebelow on the tether.

[0005] A repositioning device or apparatus may be used to reposition the payload
coupling apparatus in at least a horizontal direction to mechanically couple the payload to the
tether using the payload coupling apparatus. A distance between the repositioning device and
the payload coupling apparatus may be smaller than a distance between the UAV and the
payload coupling apparatus. Thus, the repositioning device may offer more direct control over
the payload coupling apparatus, allowing the payload to be mechanically coupled to the tether
faster, with fewer oscillations or unwanted movements of the payload coupling apparatus. The
repositioning device may be controlled in coordination with the winch system to
simultaneously control both the horizontal and vertical position of the payload coupling
apparatus.

[0006] In a first embodiment, a system is provided that includes an aerial vehicle, a

sensor coupled to the aerial vehicle, and a winch system coupled to the aerial vehicle. The
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winich system mchudes a tether disposed on a spool, a motor operable {0 apply a torguc to the
tether, and a pavload coupling apparatus coupled to a lcading end ot the tether and configured
to mechamcally couple to a paylead. The system also mciudes a repositioning apparatus
configured to reposition the pavload couphing apparatus in at least a honzontal direction and a
control system. The control system 15 contigured to identity the pavioad to be picked up by
the acnal vehicie within an environment. 'The control systent 15 also condigured 1o control the
acrial vehicle 1o hover above the pavicad. The control system 1s additionally configured to
control the winch svstem to deploy the pavioad coupling apparatus by unwinding the tether
from the spool. The control system 1s turther configured to receive, while the acrial vehicle
hovers above the pavicad and from the scmsor, sensor data mdicative of a posttion of the
payload coupling apparatus 1 relation to the pavicad. the control system s yet further
configured to, while the aenal vehicle hovers above the paviead, reposition, using the
repositioning apparatus and based on the sensor data, the pavioad couphing apparatus in the
honzontal direction o mechanically couple to the pavicad.

{0007] In a second embodiment, a svstem 1s provided that involves wdentifving, by a
control system, a pavicad to be picked up by an aecnal vehicie within an environment. A
winch system 18 coupled to the acrial vehicle. The winch system mcludes a tether disposed on
a spool, a motor operable to apply a torgue to the tether, and a pavicad coupling apparatus
coupled 1o a leading end of the tether and configured to mechamcally couple to the paviocad.
The method also involves controlling, by the control system, the aerial vehicle to hover above
the pavicad. The method additionally mvolves controlling, by the control system, the winch
system o deploy the pavicad coupling apparatus by unwmding the tether from the spool. The
method further mmvolves receiving, by the control system, while the acnal vehicic hovers
above the payioad, from a sensor on the aenal vehicle. sensor data mdicative of a posttion of

the pavioad coupling apparatus mn relation to the pavicad. The method vet turther mvolves,
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while the aerial vehicle hovers above the pavicad, providing mstructions by the control
system (o repostion, using a repositioning apparatus configured to reposition the pavioad
coupling apparatus i at least a honzontal direction, based on the sensor data. the payload
coupling apparatus i the horizontal direction to mechamcally couple to the pavioad.

{HO08] In a thurd embodiment, a non-transitory computer readable storage medium 1s
provided having stored thercon wmstructions that, when oxeccuted by a computing device,
causc the computing device to perform operations. The operations include identitving a
pavicad to be picked up by an acnal vehicle within an environment. A winch svystem 1s
coupled to the acnal vehicle. The winch system includes a tether disposed on a spool, a motor
operable to apply a torque to the iether, and a pavioad coupling apparatus coupled o a
fcading end of the tether and conhigured to mechamcally couple to the pavicad. The
operations also mclude controlhing the aenal vehicle to hover above the pavicad. The
operations additionallv mclude controliing the winch system to deplov the pavioad coupling
apparatus by unwinding the tether tfrom the spool. The operations further include receiving,
while the acrial vehacle hovers above the pavload, from a sensor on the acnal vehicle, sensor
data indicative ot a posttion of the paviocad coupling apparatus m relation to the pavicad. The
operations yet further mclude, while the acnial vehicle hovers above the pavicad, providing
mstructions 1o reposition, using a repositioming  apparatus configured to reposition the
navioad couphng apparatus m at least a horizontal dircction, based on the sensor data, the
payload coupling apparatus 1n the honzontal direction to mechanically couple to the pavioad.

{8009 In a fourth cmbodiment, a system 15 provided that mcludes an acnal vehicle, a
sensor coupled to the aenal vehicle, and a winch svstem coupled to the acnal vehicle. The
winch system mncludes a tether disposed on a spool, a motor operabie to apply a torque to the
tether, and a pavioad coupling apparatus coupled to a leading end of the tether and configured

to mechanically couple to a pavioad. The system also includes a reposifioning apparatus
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configured 1o reposition the payload coupling apparatus in at least a honzontal direction. The
system additionally mcludes means for wdentifving the pavioad to be picked up by the acnal
vehicle within an environment. The system vet addittionally includes means tor controlling
the acnial vehicle to hover above the pavioad and means for controlling the winch system to
deplov the pavicad coupling apparatus by unwinding the tether from the spool. The system
further includes means for recerving, wiile the acrnial vehicle hovers above the payvload and
from the scnsor, sensor data indicative of a posttion of the pavioad coupling apparatus in
relation to the pavicad. The system vet further mcludes means for, while the aenal vehicle
hovers above the pavioad. reposition, using the repositioning apparatus and based on the
sensor data, the payioad couphng apparatus in the honizontal direction to mechanically couple
to the pavicad.

{1 0] These as well as other embodiments, aspects, advantages, and alternatives will
becomic apparcnt to those of ordimary skill i the art by rcading the following detailed
description, with reference where appropriate to the accompanving drawings. Further, o
should be understood that this summmary and other descrniptions and figures provided heremn
arc 1ntended to illustrate embodiments by wav of example onlv and. as such, that numcrous
variations arc possible. For mnstance, structural elements and process steps can be rearranged,
combined, distributed, ehnunated, or otherwise changed, while remaining within the scope of

the embodiments as claimed.
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BRIEF DESCRIPTION OF THE DRAWINGS

{3011 Fioure 1A 15 an illustration of an unmanned acral vehicle, i accordance with
exampic embodiments.

{012 qgure 1B 1s a simphbed sllustration of an unmanned aenal vehicle, n
accordance with example embodiments.

{0013] Fisure 10 15 a sumphified illustration of an unmanned acnal vehicle, mn
accordance with example embodiments.

10014} bFigure 1D 15 a sumpbfied illustration of an unmanned aenal vehacle, n
accordance with example embodiments.

{0015] Iagure 1E 15 a simplihed dlustration of an unmanned aenal vehicle, m
accordance with example embodiments.

{081 6] Figure 2 15 a stmphified block diagram dlustrating components of an unmanned
acrial system, in accordance with example embodiments.

10017] Figure 3 1s a ssmphiied block diagram iHustrating a distnibuted UAY system,
in accordance with cxampic embodiments.

{318] Figure 4 15 a block diagram showing an ¢xample arrangement for an aenal
transport provider control system, m accordance with example embodiments.

{019) Figures SA, 5B, 3C, 5D, 5E, and 5F illustrate a UAY picking up a payload
from a pickup location, in accordance with example cmbodiments.

00201 Figures 6A, 6B, and 6C dlustrate a payload coupling apparatus with wheels,
accordance with example embodiments.

({B021] Fieures 7A and 7B illustrate another pavioad coupling apparatus with wheels,
i accordance with example embodiments.

{022] Ficares 3A, 8B, 8C, 8D, and 3E idlustrate a payload coupling apparatus with

wheels being used o engage a payload. in accordance with example embodiments.
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10023] Figures 9A, 9B, 9(, and 9D illustrate a robotic arm being used {o reposition a
pavioad coupling apparatus, m accordance with example embodiments.

{324) Foure 10 idlustrates a pavicad coupling apparatus with fins, in accordance
with example embodiments.

{025] Figures 11A and 118 illustrate fins on a pavioad coupling apparatus being
used to reposition the pavioad coupling apparatus, 1n accordance with example embodiments.

{0026] Figure 12 illustrates a flow chart, 1n accordance with examplie embodiments.
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DETAILED DESCRIPTION

{3027] Example methods, devices, and systems are described hercin. it should be
understood that the words “example” and “exemplary” are used herein to mean “serving as an
example, mstance, or lustration.” Anyv embodiment or teature described herein as beimng an
“example” or “exemplary 1s not necessartly to be construcd as preferred or advantageous
over other embodiments or features unless mdicated as such. Other embodiments can be
utihzed, and other changes can be made, without departing from the scope of the subject
matter presented hergin,

{G28] Thus, the example embodiments described heremn are not meant to be hmiting.
It will be readily understood that the aspects of the present disclosure, as gencrally descnibed
heremn, and ulustrated in the figures, can be arranged, substituted, combined, separated, and
designed 1 a wide varnety of different configurations.

{0029] Throughout this descnption, the articles 3" or “an’ arc used to introduce
clements of the example embodiments. Any reference to 7a” or “an’ refers to “at least one,”
and any reference to “the” refers to “the at least one,” unless otherwise specified, or unless
the context clearly dictates otherwise. The intent of usmg the conjunction “or within a
described hist of at least two terms 18 to mdicate any of the listed terms or any combination of
the histed terms.

{030] The use of ordinal numbers such as “hirst,” “sccond,” “third ™ and so on 15 1o
distinguash respective elements rather than to denote a particular order of those clements. For
purpose of this description, the terms “multiple” and “a plurality of " refer to “two or more” or
“more than one.”

{331 ] Further, unless context suggests otherwise, the features dlustrated 1n cach of
the figures may be wvsed in combmation with on¢ another. Thas, the figures should be

ocencrally viewed as component aspects of one or more overali embodiments, with the
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understandimg that not all llustrated features are necessary for cach embodiment. In the
figures, similar symbols typically wdentity sipular components, unless context dictates
otherwise. Further, unless otherwise noted, tigures are not drawn to scale and are used for
tlustrative purposes only. Morcover, the figures are representational only and not all
components are shown. For example, additional structural or restraming components maght
not be shown.

ly
-

{00321 Additionally., any ecnumeration of elements, blocks, or steps in this
specification or the claims 1s for purposes of clanty. Thus, such enumeration should not be
interpreted to require or mmply that these elements, blocks, or steps adhere to a particular
arrangement or arc carrted out m a particular order.

. Overview

{033] Dhisclosed herem are example implementations of devices and apparatuses for
assisting a UAY 1 coupling a tethered hook to a payload to pick-up the paviocad, and for
stabilizing or suppressing osciliations of the tethered hook and the pavioad during pickup or
drop-ott of the pavicad. A UAYVY, operating autonomously or sem autonomously, may be
contigured to pick-up, transport, and drop-oif various pavioads throughout a geographic arca.
the pavicads may inciude or mayv be contained mm packages, crates, bags, or other containers
that protect the pavicad and provide an attachment pomt for engagement by the UAV. In
order to avoid having to land on the ground or on the pavicads to pick-up or drop-oft the
payloads, the UAV may use a tether wound around a motor-driven spool to lower a hook.
clasp, grapnel, crook, claw, hasp, or other paviocad couphing apparatus to the ground to pick-
up of drop-off the pavload.

{3334] When picking up a pavioad without a human user on the ground to couple the
hook to the pavicad, the UAY mav have to steer the hook onto the attachment pomt on the

pavioad. This mav mvolve controlling a horizontal and a vertical position of the hook. The
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honzontal and vertical positions of the hook may be autonomously controlied by a control
system of the UAY based on sensor data. The sensor data may be recerved from sensors
coupled to the UAV. The sensors mav be coupled to the UAV directly {e.g.. connected to the
UAV body), or mdirectly {(e.g., connected {o the hook, which 1s tethered to the UAV), among
other possibilifics. The sensor data may mclude perception data, such as that from a depth
camera or @ light detection and ranging device, UAYV height data, GPS data. magnetometer
data. and onentation data. among other possibilities. The data may represent or may be used
to determine a position of the pavioad, of the UAYV relative to the pavioad, and of the hook
relative to the pavicad, among other possibiiitics.

{I335] The vertical posttion of the hook may be controlled by adjusting a height at
which the UAY hovers above the ground, as well as spooling and unspooling the tether, The
vertical position of the hook may closely, without much delay, follow the vertical motion of
the UAY and the spooling or unspoohing of the tether.

{0036] The horizontal position of the hook may be adjustable by repostioning the
UAY honzontally with respect to the pavicad. However, positioning the hook m this way
may mvolve a delay between the honzontal motion of the UAV and corresponding motion of
the hook. This delav mav be caused by the UAV s motion having to be transfcrred to the
hook along the tether, rather than being generated on or transierred (o the hook directly {¢.g.,
through a ngid connection). Additionally, the extent to which motion of the UAV g
transierred to the hook may vary based on the kinematics of the UAY . Namely, because the
tethered hook torms a pendulum suspended from the UAYVY, the pendulum may be moved or
excited to a different extend depending on how gquickly the UAVY moves (1., the dniving
frequency, and how this driving frequency compares to the resonant frequency of the

pendulum), and the phase relationship between motion of the UAV and anv swinging of the
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pendulum. The hook may be more difficalt to steer and control as the vnspooled length of the
tether mcreases.

{37] In order to more directly control a position of the hook, the UAV system may
employ a repositioming device or apparatus configured (o control at least the horizontal
posttion of the hook more duectly. The reposithoning device may be positioned closer {o the
hook than the UAYV and may therefore have more direct control over the horzontal position
of the hook than the UAV. The repositioning device may be used i combunation with or
instead of repositioning the UAY honizontally to steer the hook onto an attachment pomt on
the pavioad. In addifion o controiling the horizontal position of the hook, the repositioning
device may control an orientation of the book s¢ as to ortent an opening of the hook (rather
than the back thercol) to face the attachment point. thus, as the position of the hook
comncides with the position of the attachment pomt on the pavlcad, the two will become
mechanically coupled. rather than colliding m a way that does not produce couphing. The
repositioning device may be controlled by the control system bascd at lcast on sensor data
mdicative of a position of the hook relative to the pavicad.

{058] In one example, the repositioning device may take the form of two or niore
wheels coupled to the hook. In order to pick up an object, the hook may be lowered to the
ground by the UAV, and mav use the wheels to drnive isclf towards the pavicad to
mechanically couple to an attachment point thereon. The wheels may allow for direct control
over the horizontal position and the ortentation of the hook. Thus, maccuracies and
oscillattons resulting from repositionming the hook horizontally via UAY motion may be
reduced or eliminated. After the hook 1s lowered to the ground onto the wheels, the UAY
may mamtain a small amount of tension of the tether {¢.2., bv actuatimg the spool, or
repositioning the UAV) so as to keep it from going slack and getting i the way of the

wheels, In an implementation where the hook mcludes only two wheels, tension may be kept

t



WO 2019/125724 PCT/US2018/063223

on the tether, and the UAV' s horizontal positton may be adjusted, so as to keep the hook
upright over the two wheels.

{3039 Nevertheless, 1n some implementation, the UAY mayv et the tether go slack
and the hook may be capable of using the wheels to drive over or around the tether. Further,
the hook may be balanced 1 other wavs. For example, the hook may mclude three or more
wheels {1.¢., the hook may be mherently balanced) or may actuate the motors that drive the
wheels based on sensor data from one or more gyroscopes 1o keep the hook upnight over the
wheels.

{3040] In another example, the repositioning device may take the form of an arm
coupled at a first end thereot to the UAVY. The arm may include. at a second end thereot, a
guide through which the tether extends. The position and ornentation of the arm may be
adjustable with respect to the UAV mn one or more degrees of freedom to control a position of
the tether guide. The arm may be posttioned undemeath the UAY so that the guide encircies
or engages the tether at a point closer to the hook than the pomt at which the UAV engages
the tether (i.¢., at the spool). Thus, by repositioning the tether guide honzontally with respect
to the UAV, the hornizontal position of the hook may be controlled more directly than it could
e controlled by reposttionming the UAV. Repositioning of the hook by way of the arm may
steer the hook onto the attachment pont on the pavicad and may also be used o suppress
oscillations of the pavioad dunng pickup and drop-oft {(¢.g., dunng winch-up and winch-
down}.

10041] In a further example, the repositioming device may take the form of a plurality
of adjustable fins, amrfoils, or other acrodynamic features on the hook. Since the hook 1s
positioned below the UAY, the fins on the hook may be actuated to steer the hook using the
downwash of air generated by the UAV as it hovers. The fins mayv be actuated mn

coordmation with one another to adjust a honzontal position of the hook (1.e., by generating a
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force on the hook) and an orentation of the hook (1.€., by generating a torque on the hook). In
some implementations, the tins may be passive (.¢., not actuated) and mav operate to
suppress oscillations of the hook by (1} keeping the hook approximately centered underncath
the UAY as a result of the downwash of air generated by the UAVY and {11} generating
additional drag on the hook m a honzontal direction as the hook swings. The passive fins
mayv be biased mto a deployed position or configuration by one or more springs. The fins may
be pushed into a hidden or stowed-awav configuration when the hook s retracted mio the
UAYVY orif it snags on an obstacie m the environment.

{3042] In a vet further example, the repositioning device may be implemented as one
or morc thrusters posittioned on the hook or on the ftether near the hook. In some
inplementations, the one or more thrusters may be stecrable relative to the hook, and thus the
hook may be repositioned 1 a given honzontal duection by pointing the one or more
thrusters so as to apply a force to the hook 1n the given duection. Alicmatively, when the
thrusters arc fixed. a combmnation of the thrusters may be actuated to generate a force that
will displace the hook n the desired divection. In some mmplementation, a UAV may use a
combination of thrusters, fins, robotic arms, and wheels to control the position of the hook.

{3043 As previcusly mentioned, repositioning devices may be used to control the
hook m combmation with changes m the position of the UAVY, or mav obviate the need to
reposition the UAY at all. For example, aticr the UAYV arnives at a target pickup location, the
UAYVY may deploy the hook and coordinate 1ts own position with the winch svstem {1.¢., with
the unwinding of the spool) to bring the hook to within a threshold distance of the payload.
Within examples, the threshold distance may mclude a distance withim which the
repositionming  device and the winch svstem are capabic of repositioning the hook to
mechanically couple it to the pavicad without further adjustments 1n the position of the UAYV.

The threshold distance may depend on the type of repositiomng device used by the UAY.
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Thus, after bringing the hook to within the threshold distance, the UAY may hover m a fixed
position above the pavicad to mamntain the hook within this threshold distance. The UAVY
mayv perform minor adjustiments to s position to compensate for disturbances caused by
wind, movement of the tether, and other ambient conditions.

{044] With the UAVY hovermmg m the fixed position above the payleoad, the
reposifioning device may be used to guide the hook onto the attachment point on the pavicad.
The control svstem may determine, based on a current position and ornentation of the hook n
relation o the attachment pomt, a trajectory for the hook to {ollow to comcide with the
attachment point on the pavioad and become coupled thereto. The repositioning device may
then be used to move the hook along the trajectory.

{0045] Alternatively, 1 some mmplementations, the repositioning device may operate
m coordination with movements of the UAYV. That s, the UAV mught not hover m a fixed
postiion above the pavioad, but may mstead reposition itselt to move the hook along the
determined trajectory. The repositionmg device may operate in coordmation with changes in
the position of the UAVY to keep the hook centered on the trajectory and prevent it from
osciliating. 'Thus approach may allow the accurate and precise control over the hook to be
combingd with the UAV’'s abiudy to move the hook over larger distances than the
reposiiioning device.

il. Example Unmanned Vehicles

{0046] Herein, the terms unmanned aertal system” and "UAVT refer to any
autonomous or semi-autonomous vehicle that 15 capable of performing some funchons
without a phvsically present human pilot. A UAYVY can take vanous forms. For example, a
UAVY may take the form of a fixed-wing aircraft, a glider awrcraft. a tail-sitter aurcrafi. a jot
atrcraft, a ducted fan amrcrait, a ighter-than-atr dirigible such as a blimp or steerable balloon,

a rotorcraft such as a hehicopter or mullicopter, and/or an ormithopter, among other
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possibilities. Fuarther, the terms “drone,” “unmanned aecnal vehicle system”™ (UAVYS), or
“unmanned aenal vehicle” may also be used to refer to a UAVY,

{347] Fioure 1A 15 an sometric view of an example UAY 100, UAYV 100 mcludes
wing 102, booms 104, and a fuselage 106. Wings 102 may be stationary and may generate hift
based on the wing shape and the UAV s forward awrspeed. For mstance, the two wings 102
mayv have an airtoil-shaped cross section to produce an acrodvnamic torce on UAVY 100, in
some embodiments, wing 102 may carry hornizontal propulsion units 108, and booms 104
may carry vertical propulsion units 110, In operation, power for the propulsion units may be
provided from a battcry compartment 112 of fusclage 100, In some ecmbodunents, fuselage
106 also inciudes an avionics compartment 114, an additional battery compartment (not
shown) and/or a dehivery und (not shown, ¢.g., a winch svstem} for handling the payvicad. In
some embodiments, fusclage 106 1s modular, and two or more compartments {¢.g., battery
compartment 112, avionics compartment 114, other pavload and dehivery compartments) are
detachable from cach other and securable to ¢ach other {e.g.. mechamcally, magnetically, or
otherwise) to contiguously torm at least a portion of fuselage 106.

{3348] In some embodiments, booms 104 ternunate m rudders 116 for improved vaw
control of UAYV 100, Fuarther, wings 102 may termmnate m wing tips 117 tor improved control
of lift of the UAYV.

{349] In the illustrated contiguration, UAY 100 mcludes a structural frame. The
structural frame may be referred to as a "structural H-frame” or an "H-trame" {not shown}) of
the UAV. The H-frame may include, within wings 102, a wing spar {not shown) and, within
booms 104, boom carniers (not shown). In some embodiments the wing spar and the boom
carricrs may be made of carbon fiber, hard plastic, alununum, light metal aliovs, or other

materials. The wing spar and the boom carricrs may be connected with clamps. The wing
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spar may include pre-drilled holes for horizontal propulsion vnits 103, and the boom carriers
may imnclude pre-drilied holes for vertical propulsion units 110,

{350 In some embodiments, fusclage 106 mayv be removably attached to the H-
frame {¢.g., atltached to the wing spar by clamps, configured with grooves, profrusions or
other features to mate with corresponding H-frame features, etc.). In other embodiments,
fuselage 106 sipularly may be removablv attached to wings 102, The removable attachment
of fusclage 106 mav mmprove quality and or modulanty of UAV 100, For example,
clectncal/mechanical components and/or subsvstems of tfuselage 106 mav be tested
separately from, and before being attached to, the H-frame. Simnularly, printed circuit boards
(PCBs) 118 may be tested scparately from, and before being attached to. the boom carriers,
therefore eliminating defective parts/subassemblies prior to completing the UAVY. For
example, components of fuselage 106 {(¢.g.. avionics, batterv umt, dehvery umis, an
additional batterv compartment, eic.} mav be clectrically tested before fusclage 106 1s
mounted to the H-frame. Furthermore, the motors and the electronics of PUBs 118 may also
be electncally tested before the final assembly. Generally, the wdentification of the defective
parts and subassemblies carly 1 the assembly process lowers the overall cost and lead time of
the UAV. Furthermore, different types/models of fusclage 106 may be attached to the H-
frame, therctore mmproving the modulanty of the design. Such modularity allows these
various parts of UAVY 1040 to be upgraded without a substantial overhaul to the manufactuning
PrOCEss.

10051 ] In some embodiments, a wing shell and boom shells may be attached to the H-
frame by adhesive elements {e.g., adhesive tape, double-sided adhesive tape. glue, etc.).
Therefore, multipic shells may be attached to the H-frame instead of having a monolithic
body spraved onto the H-frame. In some embodiments, the presence of the multiple shells

reduces the stresses induced by the coethicient of thermal expansion of the structural frame of
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the UAV. As a result, the UAV may have better dimensional accuracy and/or mmproved
rehiability .

{I352] Moreover, in at least some embodiments, the same H-trame mayv be used with
the wing shell and/or boom shells havimg ditferent size and/or design, therefore improving the
modularty and versatility of the UAYV designs. The wing shell and/or the boom shells may be
made of relatively light polvimers {¢.g., closed cell foam}) covered by the harder, but relatively
thin, plastic skins.

10053] The power and/or control signals from fuselage 106 may be routed to PUBs
118 through cables runnmmg through tusclage 106, wings 102, and booms 104. in the
ilfustrated embodiment, UAVY 100 has four PCBs, but other numbers of PCBs are also
possible. For example, UAY 100 may mclude two PUBs, one per the boom. The PUBsS carry
clectronic components 119 including, for exampie, power converters, controliers, memory,
passive components, ¢tc. In operation, propuision umts 108 and 110 of UAY 100 are
clectrically connected to the PCBs.

{0054] Manyv vanations on the illustrated UAYV are possible. For mstance, fixed-wing
UAVs may mciude more or fewer rotor umits {vertical or horizontal), and/or may utihize a
ducted fan or multiple ducted fans for propulsion. Further, UAVs with more wings {¢.g., an
“x-wing contiguration with four wings), are also possible. Although FIG. 1 dlustrates two
wings 102, two booms 104, two hornizontal propulsion units 108, and six vertical propulsion
units 110 per boom 104, it should be appreciated that other vanants of UAVY 100 mav be
mnplemented with more or less of these components. For example, UAY 100 may include
four wings 102, four booms 104, and more or less propulsion units (honzontal or vertical}.

{055) Sumidarty, Figure 1B shows another example of a tixed-wing UAV 120, Fixed-
wing UAV 120 mchudes tuselage 122, two wings 124 with an airfoil-shaped cross section to

provide hift for UAY 120, vertical stabihizer 126 {(or fin) to stabilize the plane’s vaw (fhurn left

b/
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or right}, horizontal stabilizer 128 {also referred 10 as an clevator or taplane) (o stabilize
pitch (tilt up or down), landing gear 130, and propulsion umt 132, which can mclude a motor,
shaft, and propeiler.

{056] Figure 1O shows an example of UAV 140 with a propeller 1 a pusher
configuration. The term “pusher” refers to the tact that propulsion umit 142 1s mounted at the
back of UAV 140 and “pushes” the vehicle forward, in contrast to the propulsion unit 147
being mounted at the front of UAV 140, Simular to the description provided for Figures 1A
and 1B, Figure 1€ depicts comumon structures used in a pusher plane, including fuselage 144,
two wings 146, vertical stabilizers 148, and propulsion unit 142, which can mclude a motor,
shaft, and propelier.

{US7] Figare 1D shows an example tail-sitter UAY 160, In the dlustrated example,
tari-sitter UAY 160 has fixed wings 162 to provide hift and allow UAV 160 to ghde
hornizontally (¢.g.. along the x-axis, 1 a posthion that is approximaiely perpendicular to the
posttion shown 1 Figure 113). However, fixed wimmgs 162 also allow tail-sitter UAY 160 to
take off and land vertically on its own.

{058 For exampie, at a launch site, tail-sitter UAV 160 may be positioned vertically
{as shown} with fins 164 and/or wings 162 resting on the ground and stabilizing UAVY 160 m
the vertical position. Tail-sitter UAY 160 mav then take oftf by operating propeliers 166 to
gencrate an upward thrust (¢.g., a thrust that 15 generally along the v-axas). Unce at a suitable
altitude, tal-sitter UAY 160 may use flaps 168 to reonient itselt 1n 3 horizontal position, such
that fuselage 170 1s closer to beng aligned with the x-axas than the y-axis. Positioned
honzontally, propellers 166 may provide forward thrust so that tail-sitter UAY 160 can flv n
a simiiar manner as a typical anplane.

{I359] Many vanations on the thlustrated fixed-wing UAVs are possible. For mstance,

fixed-wing UAVs may include more or fewer propellers, and/or may utihize a ducted fan or
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multiple ducted fans for propulsion. Further, UAVs with more wings {¢.g., an “x-wing’
contiguration with four wings), with fewer wings, or even with no wings, are also possible.

{II60] As noted above, some embodiments may involve other types of UAVs,
addition to or in the alternative to fixed-wing UAVs. For mstance, Figure 1E shows an
example of rotorcraft 180 that 1s commonly referred to as a multicopter. Multicopter 180 may
also be referred 1o as a quadcopter, as it ncludes four rotors 182, It should be understood that
exampie embodiments may mvolve a rotorcraft with more or fewer rotors than multicopter
180. For example, a helicopter tvpically has two rotors. Other exampies with three or more
rotors are possibie as well, Herem, the term “nuiticopter refers to any rotorcraft having
more than two rotors, and the term “helicopter™ refers to rotorcraft having two rotors.

{0061 ] Retferring to multicopter 180 1 greater detarl, four rotors 182 provide
propuision and mancuverabibity for multicopter 180, More specifically, c¢ach rotor 182
mcludes blades that arc attached to motor 184, Configured as such, rotors 182 may allow
multicopter 180 to take off and land vertically, o mancuver 1n any direction, and/or to hover.
Further, the pich of the blades may be adjusted as a group and/or differentially, and may
aliow mulficopter 180 to control 1ts pitch, roll, vaw, and/or alfitude.

{3621 It should be understood that references herein to an "unmanned’” aernal vehicle
or UAVY can apply cqually to autonomous and semi-avtonomous acnal vehicles. In an
autonomous implementation, all functionality of the aenal vehicle 15 automated. e.g., pre-
programmed or controlled via real-tume computer functionality that responds to mput from
various sensors and/or pre-determined mformation. In a semi-avtonomous mmplementation,
some functions of an aenal vehicle may be controlled by a human operator, while other
functions are carned out autonomously. Further, in some cmbodiments, a UAY may be
contigured to allow a remote operator to take over tunctions that can otherwise be controlied

autonomously by the UAV. Yet further, a given type of tunction may be controllied remotely
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at one level of abstraction and performed autonomously at another level of abstraction. For
cxample. a remote operator could control high level navigation decisions tor a UAVY, such as
by specifving that the UAY should travel from one location to ancther {¢.g.., from a
warchouse m a suburban area to a delvery address m a nearby city), while the UAV' s
navigation svstem autonomously controls more fime-gramned navigation decisions, such as the
specttic route to take between the two locations, specitic thght controis to achieve the roufe
and avotd obstacles while navigating the route, and so on.

{0063] More generally, 1t should be understood that the example UAYVYs descnibed
herem are not mtended to be hmating. Example embodiments may relate to, be implemented
within, or take the form of any tvpe of unmanned acnal vehicle.

{ii. Example UAY Components

{0064] Figure 2 15 a simphified block diagram 1llustrating components of UAY 200,
according to an example embodiment. UAY 200 may take the form of, or be similar n form
to, one of UAVs 100, 120, 140, 160, and 180 described i reference to Figures 1A-1E.
However, UAY 200 may also take other forms.

{0065] UAY 200 may mclhude various tvpes of sensors, and mayv mclude a computing
system  configurced to provide the functionality described heremn. In the ilustrated
embodiment, the sensors of UAVYV 200 mclude mertial measurement wmt {(IMU} 202,
ultrasonic sensor(s} 204, and GPS receiver 206, among other possible sensors and sensing
SYSICIS.

10066] In the illustrated embodiment, UAVY 200 also mncludes processor{s} 2038.
Processor 208 may be a general-purpose processor or a special purpose processor {e.g.,
digital signal processors, application specific mitegrated circuits, ¢tc.). Processor{s} 208 can
be configured to exccute computcr-readabie program mstructions 212 that are stored i data

storage 210 and are exceutable to provide the functionality of a UAV described herem.
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10067] Data storage 210 may mclude or take the form of one or more computer-
readable storage media that can be read or accessed by at least ong processor 208, The one or
more computer-readable storage media can include volatile and/or non-volatile storage
components, such as optical, magnetic, organic or other memory or disc storage, which can
be mitegrated i whole or 1 part with at least one of processor(s) 20¥. In some embodiments,
data storage 210 can be mmplemented using a single physical device {c.g.. onc optical.
magnetic, organic or other memory or disc storage unit). while m other embodiments, data
storage 210 can be implemented using two or more physical devices.

{0068] As noted, data storage 210 can include computer-readable program
mstructions 212 and perhaps additional data, such as diagnostic data of UAY 200, As such,
data storage 210 may mclude program mstructions 212 1o pertorm or faciltate some or all of
the UAY functionality described hereimn. For mstance, mn the dlustrated embodiment, program
mstructions 212 mchide navigation module 214 and tether control module 216,

A. Sensors

{0069 In an lustrative embodiment, IMU 202 may mnclude both an accelerometer
and a gvroscope, which mayv be uscd together to determine an onentation of UAVY 200, In
particular, the aceelerometer can measure the orientation of the vehicle with respect to carth,
while the gvroscope measures the rate of rotation around an axis. IMUs are commercually
available mn low-cost, low-power packages. For mstance, IMU 202 may take the form of or
mchide  a  nmuniatunized  MicroElectroMechanical  System (MEMS)  or a
NanoklectroMechanical System (NEMS). Other types of IMUs may also be utihized.

{00701 IMU 202 wmav nclude other sensors, m addition to accelerometers and
gyroscopes, winch may help to beticr determine position and/or help to mcercase autonomy of
UAY 200, Two examples of such sensors are magnetometers and pressure sensors. In some

embodiments, a UAY may mclude a low-power, digital 3-axas magnetometer, which can be
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used to reabize an onentation ndependent electronic compass for accurate heading
information. However, other tvpes of magnetometers may be utilized as well. Other exampies
arc also possible. Further, note that a UAY could include some or all of the above-described
merlia sensors as separate components from an IMU.

{O071] UAV 200 may also include a pressure sensor or barometer, which can be used
to determane the aititude of UAY 200, Altcrnativelv, other sensors, such as sonic alfimeters or
radar altimeters, can be used to provide an ndication of altitude, which may help to tmprove
the accuracy of and/or prevent dritt of an IMUJ,

{072) In a further aspect, UAY 200 may 1nclude one or more sensors that allow the
UAYV to sense objects m the environment. For imnstance, in the thustrated embodiment, UAY
200 includes ultrasonic sensor(s) 204, Ultrasonic sensor{s} 204 can determne the distance to
an object by generating sound waves and determinung the tme interval between transmission
ot the wave and receiving the corresponding echo oft an object. A typical application of an
altrasonic sensor for unmanned vehicles or IMUs 15 low-level altitude control and obstacle
avoidance. An ultrasomic sensor can also be used for vehicles that need to hover at a certain
height o1 need to be capable of detecting obstacles. Uther systems can be used to determne,
sense the presence of, and/or determine the distance to nearby objects, such as a light
detection and rangmg (LIDAR) system, laser detection and ranging (LADAR) system, and/or
an mfrared or forward-looking infrared (FLIR) system, among other possibilities.

{0073] In some embodiments, UAV 200 may also include one or more imaging
system{s}. For example, one or more still and/or video cameras may be utilized by UAY 200
to capture 1mage data trom the UAV s environment. As a specihic example, charge~coupled
device {(CCD) cameras or complementary metai~-oxide-semiconductor (CMOS) cameras can
e used with unmanned vehicles. Such i1maging sensor{(s} have numercus possible

applications, such as obstacle avoidance, localization technigues, ground tracking for more
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accurate navigation {e,g., by applving optical flow technigues to mnages), video fecedback,
and/or image recognition and processmg, among other possibilities.

{74 UAVY 200 may also mclude GPS recerver 206, GPS recerver 206 mayv be
conficured to provide data that is typical of well-known GPS sysiems, such as the GPS
coordinates of UAY 200. Such GPS data may be utilized by UAY 200 {or vanous functions.
As such, the UAV mav use GPS recciver 206 to help navigate to the caller's location. as
indicated, at least in part, by the GPS coordinates provided by their mobile device. Other
cxamples are also possible.

B. Navigation and Location Determination

{G75] Navigation module 214 may provide functionality that aliows UAY 200 to, for
example, move about its environment and reach a desired location. To do so, navigation
module 214 may control the altitude and/or direction of thight by controllmg the mechanical
featurcs of the UAYV that affcct fhight {c.g.. its rudder(s), clevator{s), ailcron(s). and/or the
speced of 1ts propelier{s}).

1{0076] In order to navigate UAVY 200 to a target location, navigation module 214 may
impiement various navigation techniques, such as map-based navigation and localization-
bascd navigation, for mstance. With map-based navigation, UAV 200 mayv be provided with a
map of its environment, which may then be used to navigate to a particular location on the
map. With localization-based navigation, UAY 200 may be capable of navigating m an
unknown environment using localization. Localization-based navigation may involve UAY
200 buildmng s own map of its environment and calculating s position within the map
and/or the position of objects mn the environment. For example, as UAV 200 moves
throughout its environment, UAY 200 mav contmucusly use localization to update its map ot
the environment. This confinuous mapping process may be referred to as simultancous

focahization and mapping (SLAM). Other navigation techniques may also be utihized.
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{0077] In some embodiments, navigation module 214 mayv navigate using a technigue
that relies on waypomnts. In particular, wavpomnts are sets of coordinates that identify poimnts n
physical space. For mstance, an air-navigation waypomnt may be defined by a certam lafitude,
tongitude, and altitude. Accordingly, navigabon module 214 may cause UAY 200 {0 move
from wayvpoint to waypoint, n order to ultimately fravel to a fimal destination {e.g., a final
wavpoint i a sequence of waypoimis).

{0078] In a further aspect, navigation module 214 and/or other components and
systems of UAY 200 may be configured for “localization™ to more precisely navigate to the
scene of a target locanion. More spectficaliv, it may be desirable m certain situations for a
UAYVY to be within a threshold distance of the target iocation where pavioad 22% is being
delivered by a UAYV {e.g., withun a tew fcet of the target destination). To this end, a UAY
may use a two-tiered approach m which it uses a more-general location-determunation
techrique to navigate to a general area that s associated with the target location, and then use
a more-retmed location-determunation technigue to wdentify and/or navigate to the target
location within the general arca.

{G79] For exampie, UAV 200 mav navigate to the general arca of a target destination
where payicad 228 1s bemg delivered using wayvpoints and/or map-based navigation. The
UAYV may then switch {0 a mode i which it utilizes a localization process to locate and travel
to a more specific location. For mstance, it UAY 200 15 to deliver a pavioad to a user’s home,
VAV 200 may need to be substantially close to the target location in order to avoid dehivery
of the payload to undesired areas {(e.g., onto a root, mto a pool, onto a neighbor’s property,
cte. ). However, a GPS signal may only get UAY 200 so far (¢ g., within a block of the user’s
home). A more precise iocation~determination techmigue may then be used to find the spectfic

target location.
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{00840] Vanous types of location-deternunation techmigues may be used to accomplish
localization of the target delivery location once UAY 200 has navigated to the general area of
the target debvery location. For mstance, UAV 200 may be equipped with one or more
sensory systems, such as, for example, ultrasonic sensors 204, mnfrared sensors {not shown},
and/or other sensors, which may provide mput that navigation module 214 utilizes to navigate
autonomously or semi-autonomousiy 1o the spectiic target location.

{0081] As another example. once UAVY 200 reaches the general area of the target
delivery location {or of a moving subject such as a person or their mobiie device), UAVY 200
may switch to a “fly-bv-wure” mode where it i1s controlled, at least in part, by a remote
operator, who can navigate UAY 200 o the specific target location. To this end, sensory data
from UAY 200 may be sent to the remote operator to assist them 1 navigating UAY 200 to
the specific location.

{082] As vet another example, UAYV 200 may inciude a module that 15 able 1o signal
to a passer-by for assistance i reachig the specific target delivery location. For example, the
UAY 200 mav display a visual message requesting such assistance m a graphac display or
play an audio message or tone through speakers to mdicate the need for such assistance,
among other possibilitics. Such a visual or audio message might indicate that assistance is
needed mn deliverimg UAVY 200 to a particalar person or a particular location, and mught
provide mformation to assist the passer-by m delivening UAV 200 to the person or location
{c.g., adescrniption or picture of the person or location, and/or the person or location s name).
among other possibilitics. Such a feature can be usetul m a scenario m which the UAY 15
unable to use sensory functions or another location-deternunation technigue to reach the
spectiic target location. However, this feature 1s not iumited to such scenarnios.

{M83] In some embodiments, once UAVY 200 arnives at the gencral area of a target

delivery location, UAY 200 may utiize a beacon from a user’ s remote device {€.¢., the user's
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mobile phone) to locate the person. duch a beacon may take varous forms. As an example,
consider the scenano where a remote device, such as the mobile phone of a person who
requested a UAY dehvery, 15 abic 1o send out duectional signals {¢.¢., via an R¥ signal, a
light signal and/or an audio signal). In this scenano, UAV 200 mayv be configured to navigate
oy “sourcing’ such directional signals — in other words, by determimning where the signal 1s
strongest and navigating accordingly. As another example, a mobile device can enut a
frequency, either m the human range or outside the human range, and UAYVY 200 can listen for
that frequency and navigate accordingly. As a related example, of UAY 200 15 histening tor
spoken conumands, then UAY 200 could utilize spoken statements, such as 1 m over here!”
to source the specitic location of the person requesting delivery of a payload.

{0084] In an alternabive arrangement, a navigation module may be implemented at a
remote computing device, which commumicates wirelessly with UAVY 200, The remote
computing device may recerve data indicating the operational state of UAY 200, sensor data
from UAVY 200 that allows if to assess the environmental conditions bemng experienced by
UAY 200, and/or location mdormation for UAV 200. Provided with such mformation, the
remote computing device may deternune altitudinal and/or directional adjustments that
should be made by UAVY 200 and/or may determme how UAVY 200 should adjust its
mechanical features {e.g., s rudder(s), clevator(s), aderoni(s), and/or the speed of its
propelier(s)) in order to ettectuate such movements. The remote computing system may then
communicate such adjustments to UAYV 200 so it can move m the deternmined manner.

C. Communication Systems

{00851 In a turther aspect, UAY 200 includes one or more commumication system(s)
218, Conmumunications system(s} 218 mayv include one or more wircless miertaces and/or one
or more wirchine mtertaces, which allow UAY 200 to communicafec via onc or niore

networks. Such wireless mterfaces may provide for communication under one oOr more
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wirgless communcation protocols, such as Bluetooth, Wik {(e.g., an IEEE 802.11 protocol),

Long-~Term Evolution (LTE), WiMAX (¢.g.. an IEEE 802,16 standard), a radio-frequency 1D
(RFID) protocol, near-field communication {(NF{), and/or other wircless communication
protocols. Such wirgline mterfaces may mclude an Ethemet interface, a Umversal benal 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 wirchne
network.

10086] In some embodiments, UAVY 200 may mclude communication systems 218
that allow for both short-range communication and long-range conununication. For example,
UAY 200 mayv be configured tor short-range communications using Bluetooth and for long-
range communications under a CDMA protocol. In such an embodiment, UAY 200 may be
configured to function as a “hot spot;” or in other words, as a gateway or proxy between a
remote support device and one or more data networks, such as a cellular network and/or the
Intemet. Contigured as such, UAV 200 may facilitatc data communications that the remote
support device would otherwise be unable o perform by itsclt.

{087] For exampie, UAVY 200 mav provide a WiF1 connection to a remwote device,
and serve as a proxy or gateway to a ¢clhular service provider s data network, which the UAY
might connect to under an LTE or a 30 protocol, for mstance. UAY 200 could also serve as a
proxy or gatewayv to a high-~altitude balloon network, a satellite network, or a combmation of
these networks, among others, which a remote device nught not be able to otherwise access.

B. Power Systems

{0088] In a further aspect, UAVY 200 mayv mclude power svstem(s) 220. Power
system{s} 220 mayv mchide onc or more batieries for providing power to UAV 200, in one
example, the one or more batteries may be rechargeable and cach baticry may be recharged

via a wired connection between the battery and a power supply and/or via a wireless charging
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system, such as an mductive charging system that apphes an external ime-varving magnetic
fiecld to an internal battery,
E. Pavicad Delivery

{0089] UAV 200 mav cemplov various svstems and configurations m order to
transport and deliver pavioad 228, In some implementations, pavioad 228 of UAY 200 may
mclude or take the form of a “package” designed to transport vanous goods to a target
delivery location. For example, UAV 200 can mclude a compartment, m which an item or
items mayv be transported. Such a package may one or more food items, purchased goods,
medical ttems, or any other object(s) having a sizc and weight suitable to be transporicd
between two locations by the UAVY. In other embodiments, pavioad 228 may simply be the
one or more iems that are bemng delivered {e.g., without any package housing the items).

{090] In some embodiments, pavioad 228 mav be attached to the UAV and located
substantially outside of the UAY during some or all ot a flight bv the UAV. For examiple, the
package may be tethered or otherwise releasably attached below the UAVY durning fheht to a
target location. In an embodiment where a package cames goods below the UAVY, the
packagze may include vanous features that protect its contents from the cnvironment, reduce
acrodynamic drag on the system. and prevent the conients of the package from shifting
during UAYV thight.

{091 ] For instance, when payvioad 223 takes the torm of a package tor fransporting
items, the package may imnclude an outer shell constructed of water-resistant cardboard.
plastic, or any other lightweight and water-resistant matenal. Further, m order to reduce drag,
the package may feature smooth surtaces with a pointed front that reduces the frontal cross-
sectional arca. Further, the sides of the package may taper trom a wide bottom {0 a narrow
top. which allows the package to serve as a narrow pvlon that reduces mterterence effects on

the wing(s) of the UAV. This may move some of the frontal area and volume of the package
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away from the wing(s) of the UAYVY, thereby preventing the reduction of Iift on the wing{s)
cause by the package. Yet turther, m some embodiments, the outer shell of the package may
be constructed from a single sheet of matenial 1n order to reduce air gaps or extra maicrial,
both of which may mcrease drag on the system. Additonally or alternatively, the package
may mnclude a stabilizer to dampen package tlutter. This reduction m flutier may allow the
package to have a less nigid connection to the UAY and mav cause the contents of the
package to shift less duning tlight.

106921 In order to dehiver the pavicoad, the UAVY may mclude winch svstem 221
controlicd by tether control moduie 216 1 order to lower pavicad 228 to the ground while
UAY 200 hovers above. As shown m Figure 2. winch system 221 may include tether 224,
and tether 224 mayv be coupled to pavioad 228 by pavicad coupling apparatus 226. Tether 224
may be wound on a spool that 1s coupled to motor 222 of the UAV. Motor 222 may take the
form of a DO motor {¢.g2., a servo motor} that can be actively controlied by a speed controlier,
Tether control module 216 can conitrol the speed controlier to cause motor 222 to rotate the
spool, thereby unwinding or retracting tether 224 and lowernng or raising pavioad coupling
apparatus 226. In practice, the speed controlier may output a desired operating rate {¢.g., a
desired RPM) tor the spool, which mav correspond to the speed at which tether 224 and
payload 228 should be lowered towards the ground. Motor 222 may then rotate the spool so
that it mamntamns the desired operating rate.

{0093] In order to control motor 222 via the speed controlier, tether control module
216 mav receive data from a speed sensor {e.g., an encodery configured to convert a
mechamical position to a representative analog or digital signal. In particular, the speed sensor
may mciude a rotary encoder that mav provide information related to rotary position {and/or
rotary movement) of a shaft of the motor or the spool coupled to the motor, among other

possibilitics. Moreover, the speed sensor may take the torm of an absohute encoder and/or an

PAY;
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meremental encoder, among others. So m an example mmplementation, as motor 222 causes
rotation of the spool, a rotary ¢ncoder may be used to measure this rotation. in domg so, the
rotary encoder may be used to convert a rotary position to an analog or digital clectronic
signal used by tether control module 216 (o determune the amount of rotatton of the spool
from a fixed reference angle and/or to an analog or digital electronic signal that s
representative of a new rotary position, among other options. Uther cxampies are also
possible.

10094] Based on the data trom the speed sensor, tether control module 216 may
deternune a rotational speed of motor 222 and/or the spool and responsively control motor
222 {e.g.. by increasing or decreasing an electrical current supplied to motor 222} to cause the
rotational specd of motor 222 to match a desired speed. When adjusting the motor current,
the magnitude of the current adjustment may be based on a proportional-integral-denvative
{PID)) calculation using the determuned and desired speeds of motor 222, For wmstance, the
magnitude of the current adjustment may be based on a present differcnce, a past difference
{based on accumudated crror over tune}, and a future difference {based on current rates of
changc) between the determined and desired speeds of the spool.

{3U95] In some embodiments, tether control module 216 may vary the rate at which
tether 224 and pavicad 228 are lowered {o the ground. For example, the speed controller may
change the desired operating rate according to a vanable deplovment-rate profile and/or
response 1o other factors in order to change the rate at which payload 228 descends toward
the ground. To do so, tether control module 216 may adjust an amount of brakmg or an
amount of fnction that 15 apphied to tether 224. For example, to vary the tether deployment
rate. UAV 200 may nclude frniction pads that can apply a vanabie amount of pressure to
tether 224, As ancther example, UAY 200 can include a motonized braking system that varies

the rate at whach the spool fets out tether 224. Such a braking system may take the form of an
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clectromechanical system in which motor 222 operates o slow the rate at which the spool lets
out tether 224. Further, motor 222 may vary the amount by which it adjusts the speed {(e.g.,
the RPM) of the spool, and thus may vary the deployment rate of tether 224, Uther examples
are also possible.

{096] In some embodiments, tether control module 216 may be configured (o it
the motor current supphied to motor 222 to a maxamum value. With such a limit placed on the
motor current, there may be situations where motor 222 cannot operate at the desired rate
specified by the speed controller. For instance, there may be situations where the speed
controller specifies a desired operating rate at which motor 2227 should retract tether 224
toward UAY 200, but the motor current mayv be himuted such that a large enough downward
force on tether 224 would counteract the retracting force of motor 222 and cause tether 224 to
unwind mstead. A bt on the motor current mav be wmposed and/or altered depending on an
operational state of UAY 200,

{0097] In some embodiments, tether control module 216 may be configured to
deternune a status of tether 224 and/or payioad 228 based on the amount of current supphied
to motor 222, For mstance, it a downward force 15 apphied to tother 224 {e.z., if pavioad 228
1s attached to tether 224 or if tether 224 gets snagged on an object when retracting toward
UAY 200}, tether control module 216 may need to mcrease the motor current m order {o
cause the deternuned rotational speed of motor 2272 and/or spool to maitch the deswred speed.
simiarly, when the downward force is removed from tether 224 {e.g.. upon delivery of
payviocad 228 or removal of a tether snag), tcther control module 216 may need to decrease the
motor current i order to cause the determined rotational speed of motor 222 and/or spool to
match the desired speed. As such, tether control module 216 may be configured to monitor
the current supphied to motor 222, For mstance. tether control module 216 could determing

the motor current based on sensor data received from a current sensor of the motor or a
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current sensor of power system 220, In any case, based on the current supplied to motor 222,

tether control module 216 mav determine 1f payvload 228 1s attached to tether 224, it someone
or something 1s pulling on tether 224, and/or if payload coupling apparatus 226 1s pressing
agamnst UAY 200 after retracting tother 224 Other examples arc possible as well.

{098] During dehivery of paviecad 228, pavicad coupling apparatus 226 can be
configured to sccure payvioad 228 while bemg lowered from the UAV by tether 224, and can
be turther configured to release pavioad 228 upon reaching ground level. Pavicad couphing
apparatus 226 can then be retracted to the UAYV by recling in tether 224 using motor 222,

{099] In some unplementations, pavicad 228 may be passively released once it 1s
fowcered to the ground. For example. a passive relcase mechanism mayv clude one or more
swing arms adapted to retract into and extend from a housmg. An extended swing arm may
form a hook on whach payload 228 may be attached. Upon lowermg the release mechanism
and pavicad 228 o the ground via a tether, a gravitatnional force as well as a downward
mertial torce on the release mechamism may cause pavicad 228 to detach trom the hook
allowmg the relecase mechanism to be raised upwards toward the UAVY. The iclease
mechamism may further include a spring mechanism that biases the swing arm to retract into
the housing when there are no other external forces on the swing arm. For mstance, a spring
may exert a force on the swing arm that pushes or pulls the swing arm toward the housing
such that the swing arm retracts imnto the housing once the weight of pavioad 228 no longer
forces the swing arm to extend from the housing. Retracting the swing arm into the housing
may reduce the likehihood of the release mechanism snagging pavicad 228 or other nearby
objects when raising the release mechanism toward the UAY upon delivery of payload 228,

{3188] Active pavioad release mechanisms are also possible. For example, sensors
suich as a barometric pressure based altimeter and/or accelerometers mayv help to detect the

position of the release mechanism {and the pavload) relative to the ground. Data from the
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sensors can be commumcated back to the UAV and/or a control system over a wireless lnk
and used to bhelp m determining when the release mechamism has reached ground level (g,
by detecting a measurement with the accelerometer that 1s characteristic of ground impact}. In
other examples, the UAVY may determunge that the pavioad has reached the ground based on a
weight sensor detecting a threshold low downward force on the tether and/or based on a
threshold low measurement of power drawn by the winch when lowering the pavioad.

{0101} Other systems and techmiques for delivering a pavicad, m addition or in the
alternative to a tethered delivery system are also possible. For example, UAV 200 could
include an air-bag drop system o1 a parachute drop system. Altemnatively, UAY 200 carryving
a pavlcad could simply land on the ground at a delivery location. {ther examples are also
possible.

iV. Exampie UAYVY Deplovment dystems

{0102] UAY svstemis may be unplemented in order to provide vanous UAV-related
services. In particular, UAVs may be provided at a number of dufferent launch sites that may
be m communication with regional and/or central control systems. Such a distnbuted UAY
systent may allow UAVs to be quickly deployed to provide services across a large geographic
arca {c¢.g.. that 1s much larger than the thight range of any single UAV). For example, UAVs
capable of carrying pavicads may be distrtbuted at a number of launch sites across a large
geographic arca (possibly even throughout an entire country, or even worldwide), m order (o
provide on-demand transport of various niems to locations throughout the geographic area.
Figure 3 1s a stmphified block diagram illustrating a distnbuted UAY system 300, according
to an example embodiment.

{0103) In the ilustrative UAVY system 300, access system 302 may allow for
inferaction with., control of, and/or utilization of a network of UAVs 304, In some

embodiments, access system 302 may be a computing systemn that allows for human-
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controlled dispatch of UAVs 304, As such, the control system may include or otherwise
provide a user intertace through which a user can access and/or control UAVs 304,

{3104} In some ecmbodiments, dispatch of UAVs 304 may additionally or alternatively
ve accomplished via one or more automated processes. For mstance, access sysiem 302 may
dispatch one of UAVs 304 {o transport a pavioad to a target location, and the UAY may
autonomously navigate to the target location by ufilizing vanous on-board sensors, such as a
(GPS recerver and/or other various navigational sensors.

0105} Further, access system 302 may provide for remote operation of a UAV. For
instance, access svstem 302 may aliow an operator to control the flight of a UAY wvia 1is user

.r"“"}
2

interface. As a specific example, an operator may use access system 302 to dispatch one of
UAVs 304 to a target location. The dispaiched UAY may then autonomously navigate 1o the
gencral area of the target location. At thas pomnt, the operator may use access svstem 302 to
take control of the dispatched UAV and navigate the dispatched UAYVY to the target location
{c.g., to a particular person to whom a payioad is being transported)}. Other examples of
remote operation of a UAV are also possible.

{31061 In an illustrative embodiment, UAVs 304 mav take various forms. For
cxample, cach of UAVs 304 may be a UAV such as those dlustrated 1o Figures 1A, 1B, 1C,
1D, 1k, or 2. However, UAV system 300 may also utilize other types of UAVs without
departing from the scope of the mvention. In some implementations, all of UAVs 304 may be
of the same or a sumtlar configuration. However, in other implementations, UAVs 304 may
mclude a number of different types of UAVs. For mstance, UAVs 304 may mchude a number
of tvpes of UAVs, with each type of UAY bemng contigured for a different tyvpe or types of
payvioad delivery capabilities.

{107) UAV system 300 may further mclude remote device 306, which may take

various forms. Generally, remote device 306 may be anv device through which a direct or
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mdirect request to dispaich a UAY can be made. Note that an mdirect request may mvolve
any communication that mav be responded to by dispaiching a AV, such as regquesting a
package delivery. In an cxample cmbodiment, romote device 306 may be a mobile phone,
tablet computer, laptop computer, personal computer, or any network-connected computing
device. Further, in some mstances, remote device 306 may not be a computing device. As an
cxampie, a standard telephone, which allows for communication via plain oid telephone
service (POTS), mav serve as remote device 306. Other types of remote devices are also
possible.

{138] Further, remote device 306 may be contigured to communicate with access
system 302 via one or more types of communication network{s}y 30%. For example, remotc
device 306 may communicate with access system 302 {or a haman operator of access system
302} by commumicating over a POTS network, a cellular network, and/or a data network such
as the Internet. Other types of networks may also be utidized.

{0109 In some embodiments, remote device 306 may be contigured to allow a user to
request pick-up of one or more items from a certain source location and/or delivery of one or
more ems to a desired location. For cxample, a user could request UAV delivery of a
package to thewr home via their mobile phone. tablet, or laptop. As another example, a user
could request dvnamic dehivery (o wherever they are located at the time of dehvery. To
provide such dyvnanuc dehvery, UAV system 300 may receive location mformation {¢.g.,
GPS coordinates, etc.) from the user's mobile phone. or any other device on the user's
person, such that a UAVY can navigate to the user’s locabion {as mdicated by their mohile
phone}.

{3119] In some cmbodiments, a business user {¢.2., a restaurant) could ufilize onc or
more remote devices 306 o request that a UAVY be dispatched to pick-up one or more items

{(¢.£., a food order) from a source location (¢.g., the restaurant’ s address), and then dehiver the
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one or more iems 1o a target location {€.g.. a customers address). Further, m such
cmbodiments, there may be multiple mstances of remote device 306 associated with a
common item provider account {¢.g., an account used by multiple emplovees and/or owners
of a particular restaurant). Additionally, in such embodiments, remote device 306 may be
utihized to send iem provider subnussions to a transport provider computing svstem {€.g.,
central dispatch system 310 and or local dispatch system 312), which cach mdicate a
respective quantitattve measure for a given amount of UAVY transport service at a given future
time. For example, remote device 306 may be utilized {o generate and send an item provider
sutbmission that specifics a level of desired UAV transport scrvices {¢.g., number and/or rafc
of expected UAV delwvery tlighis), and/or a monetary value corresponding to the item
provider's need for UAYV transport services, at a particular ime or during a particular period
of time in the future.

{3111 In an illustrative arrangement, contral dispatch system 310 mav be a server or
oroup of scrvers, which 1s configured to receive dispatch messages requests and/or dispatch
mstructions from access system 302, duch dispatch messages may request or mstruct central
dispatch system 310 to coordimmatc the deplovment of UAVs to various target locations.
Central dispatch system 310 may be further configured to route such requests or instructions
to one or more local dispatch systems 312, To provide such functionality, central dispatch
systermn 31U may communicate with access system 307 via a data network, such as the Internet
or a private network that 1s established for communications between access systems and
automated dispaich systems.

10112] In the illustrated configuration, central dispatch system 310 may be configured
to coordinate the dispatch of UAVs 304 from a number of difterent {ocal dispatch systems
312. As such, central dispatch svstem 310 may keep track of which ones of UAVS 304 are

tocated at which ones of local dispatch svstems 312, which UAVs 304 are currently available
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for deployvment, and/or which services or operations cach of UAVs 304 15 conhigured for (in
the event that a UAY tleet immcludes multiple types of UAVs configured for different services
and/or operations). Additionally or altematively, cach local dispaich system 312 may be
contfigured to track which of its associated UAVs 304 are currently available for deployment
and/or ar¢ currently n the nudst of 1tem transport.

{0113} In somce cases, when central dispateh system 310 receives a request for UAV-
related service {e.g., transport of an item) from access svstem 302, central dispatch system
310 may select a specific one of UAVs 304 to dispatch. Central dispatch system 310 may
accordingly mstruct local dispaich system 312 that s associated with the sclected UAV to
dispatch the sclected UAV. Local dispatch svstem 312 mav then operate s associated
deployment system 314 to launch the selected UAV . In other cases, central dispatch system
310 may forward a request for a UAV-related service to one of local dispatch svstems 3172
that 1s near the location where the support 1s requested and leave the selection of a particular
ong of UAVs 304 to local dispatch system 312

10114] In an cxample configuration, focal dispatch system 312 mav be implemented
as a computing system at the same location as deplovment systems) 314 that 1t controls. For
cxample, a particular ong of local dispaich system 312 may be tmpliemented by a computing
system mstalled at a building, such as a warchouse, where deployment svstem(s) 314 and
UAVY{(s}) 304 that are associated with the particular one of local dispatch svstems 312 are also
focated. In other embodiments, the particular one of local dispatch systems 312 may be
mnplemented at a location that is remote to s associated deplovment systemfs) 314 and
UAV(s) 304,

{0115] Numecrous vanations on and altcrnatives to the dlustrated configuration of
UAYV system 300 are possible. For example, in some embodiments, a user of remote device

306 could request delivery of a package directly from central dispatch system 310. To do so,
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an apphcation may be implemenied on remote device 306 that allows the aser to provide
information regarding a requested delivery, and generate and send a data message 1o request
that UAV system 300 provide the delivery. In such an embodiment, central dispatch system
310 may include automated functionahity to handle rcquests that arc generated by such an
application, evaluate such requests, and, if approprniate, coordinate with an approprniate local
dispatch system 317 to deploy a UAYV.

{0116] Further, some or all of the functionality that is atirtbuted herein to central
dispatch systemn 3140, local dispatch systemds) 312, access system 302, and/or deployment
systeni(s) 314 mayv be combmned i a single system, implemented m a more complex system
{¢.g.. having more lavers of control}. and/or redistnibuted among central dispatch system 310,
focal dispatch systems} 312, access system 302, and/or deployvment systemd{s} 314 i various
Wavs.

{0117} Yet turther, while cach local dispatch svstem 312 1s shown as having two
associated deplovment svstems 314, a given local dispatch system 312 may alternatively have
more or fewer associated deployment systems 314, Smularly, while central dispatch system
310 1s shown as being i commumication with two local dispatch systems 312, central
dispatch system 310 may alternatively be in communication with more or fewer local
dispatch systems 312,

{0118} In a further aspect, deployment svstems 314 may take varnous forms. In some
implementations, some or all of deployment systems 314 may be a structure or system that
passwvely facthitates a UAYV taking off from a resting position (o begmn a theht, For example,
some or all of deployment systems 314 may take the form of a landing pad, a hangar, and/or a
runway, among other possibilities. As such, a given deplovment system 314 may be arranged
to facilitate deployvment of one UAV 304 at a time, or deployment of multipie UAVs{eg.. a

tanding pad large enough to be utilized by nultiple UAVs concurrently).
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10119] Additionally or alternatively, some or all of deployvment systems 314 may take
the form of or mnclude systems for actively launching one or more of UAVs 304, duch launch
systems may include features that provide for an automated UAY launch and/or features that
allow for a human-assisted UAYV launch. Further, a given deployment svstem 314 may be
configured to launch one particular UAYV 304, or to launch multiple UAVs 304

{3120] Note that deplovment systems 314 mayv also be configured to passively
facihitate and/or actively assist a UAV when landimg. For example. the same landing pad
could be used tor take-off and landing. Additionally or altemnatively, a deployment system
could mclude a robotic arm operable 1o receive an mcoming UAY. Deployment system 314
could also mclude other structures and/or systems to assist and/or facilitate UAV landing
processes. Further, structures and/or systems to assist and/or facihitate UAVY landing
processes may be mmplemented as separate structures and/or systems, so long as UAVs can
move or be moved from a landing structure or svstem to deplovment system 314 tor re-
deployment.

10121} Deplovment svstems 314 mayv turther be contigured to provide additional
functions, mcluding for example, diagnostic-related functions such as venifving svstem
functionahlity of the UAV, vernitving tunctionality of devices that are housed within a UAY
{e.g., a pavicad dehivery apparatus), and/or mamtaining devices or other items that are housed
m the UAV (¢.g., bv monitoning a status of a pavioad such as ifs temperature, weight, etc.).

10122] In some embodiments. local dispatch systems 312 {(along with their respective
deployment system{s) 314 mayv be strategically distributed throughout an area such as a aity.
For example, local dispatch systems 312 may be strategically distributed such that each local
dispatch systems 317 1s proximate to onc or more pavicad pickup locations {¢c.¢., necar a
restaurant, store, or warchouse}. However, local dispaich svstems 312 may be distributed

other ways, depending upon the particular implementation.



WO 2019/125724 PCT/US2018/063223

10123] As an additional example, kiosks that allow users to transport packages via
UAVs may be mstalled m vanous locations. duch kiosks may include UAV launch systems,
and may allow a user to provide their package tor loading onto a UAV and pay tor UAY
shipping services, among other possibilities. Other examples are also possibic.

{0124] In a further aspect, UAV system 300 may mclude or have access 1o user-
account database 316. User-account database 316 may mclude data for a number of user
accounts, and which are cach associated with one or more person. For a given user account.
user-account database 316 may mclude data related to or useful mn providing UAV-related
services. Tvpically, the user data associated with cach user account 1s optionally provided by
an associated user and/or is collected with the associated user s permission.

{0125] Further, 1 some embodiments, a person may be required to register for a user
account with UAY system 300, if they wish to be provided with UAV-related services by
UAVs 304 trom UAVY gystern 300, As such, user-account database 316 mayv mclude
authonzation miormation for a given user account {¢.g.. a uscr name and password), and/or
other information that may be used to authorize access 1o a user account.

({3126] In some embodiments, a person may associate one or more of their devices
with their user account, such that they can access the services of UAV system 300, For
cxample, when a person uses an associated mobile phone to, e.g., place a call to an operator
of access system 302 or send a message requesting a UAV-related service to a dispatch
system, the phone mav be identified via a unique device dentification number, and the call or
message may then be attnbuoted to the associated user account. {ther examples are also
possible.

{3127) Additionally or alternatively, an item provider that wishes to deliver their
products using UAYV transport services provided by an acnal fransport service provider

{(ATSP) to deliver, can register for an e provider account with UAV systern 300, As such,

44)
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user-account database 316 mayv include authorization mformation for a given iem provider
account {€.g., oneg or more user name and password combinations}, and/or other information
that mayv be used fo authorize access to a given item provider account. Alternatively, data for
item provider accounts mayv be kept in a separate database from recipient user accounts.
{ther data structures and storage contigurations for storing such account data are also
possibic.

V. UAY Transport Services with Separately Located ltem Providers and UAY
Hubs

{0128] An ATSP mav be a separate entity from the enfity or entitics that provide the
items bemng transported and/or wterface with the recipients who request delivery of these
items. For example, a company that operates a tleet of UAVsS conhigured for wem delivery
mayv provide dehvery services for third-party entities, such as restaurants, clothing stores,
oroccry stores, and other “brick and mortar™ and/or online retailers, among other possibilitics.
These third-party enfities may have accounts with the ATSP. via which the thurd-parties can
request and/or purchase UAV transport services from the ATSP. Further, the third-party
entitics could mierface with recipients {e.g., customers) directly, or through computing
systems {¢.g., applications and/or server systems) provided by the ATSP.

{129] Figure 4 15 a block diagram showing an exampie arrangement for an aeral
transport service provider control svstem 401, which coordinates UAV transport services for
a plurality of item providers that are located remotely from the service provider s central
UAYV dispatch locations {¢.g., UAV nests). The ATSP may be a scparaic entity from the item
providers. As shown, ATSP control svsiem 401 mav be communicatively coupled to
computing or control systems of UAV nests 404a, 404b, 404c, and 404d (1.c.. UAVY nests
404a-d), and communicatively coupled to computing svstems of item providers 406a, 406b,

406¢, and 406d (.¢.. tem providers 406a-d). duch commumcative couplings may be
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mmplemented using various types of wired and/or wirgless commumcation protocols and
networks.

{3138] Each of UAV nests 404a-d 1s a facility where UAVs can be stored for af least a
short penod of time, and from which UAVs can begin carrving out a UAYVY tfransport task
{e.g., where UAVs can take off). In some implementations, some or all of the UAYV nests may
take the form of a local dispatch sysiem and one or more deplovment sysiems, such as thosc
described n reference to Figure 3 above. Of course, some or all of the UAV nests could also
take other forms and/or perform ditferent functions.

{3131] Each of the computing systems of item providers 406a-d may be associated
with a different tem provider account. As such. one or more of the computing systems
associated with item providers 406a-d may mclude one or more computing devices that are
authonized to access the comresponding item provider account with the ATSP. Further, the
ATSP may store data for item provider accounts m an t#iem provider account database 407,

10132] In practice, one or more of the computing svstems of item providers 406a-d
may mciude one or more remote computing devices (€.g., such as one or more remote devices
306 described in reference to Figure 33, which have logged 1n o or otherwise been authorized
to access the same tem provider account (¢.g.. cell phones, laptops, and/or computing
devices of a business's employees). Additionally or alternatively, one or more of the
computing syvstems of item providers 406a~-d may be mmplemented with less of an ad-hoc
approach; ¢.g.. with one or more user-interface termunals installed at the tem provider's
facthities. Other types of ttem provider computing systems are also possible.

10133] In order to provide UAYVY transport services to vanous iem providers in an
cificient and flexibie manner, ATSP control svstem 401 mav dvnanucally assign different
UAVS to transport tasks for difterent ttem providers based on demand and/or other factors,

rather than permanently assigning cach UAVY {o a particular item provider. As such, the
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particular UAY or UAVs that carry out transport tasks for a given thard-party item provider
may vary over time.

{1134] The dvnamic assignment of UAVS to flights for a number of difterent item
providers can help an ATSP (o more efhiciently utilize a group of UAVs {e.g., by reducing
unnecessary UAVY downtime), as compared 1o an arrangement where specific UAVS are
permanently assigned to specitic item providers. More specifically, to dynamically assign
UAVs to transport requests trom third-party item providers, ATSP control svstemy 401 can
dynamically redistribute UAVs amongst a number of UAY deplovment locations {(which may
be referred to as, ¢.g., “hubs” or “nests’} through a service arca, according to time-varying
fevels of demand at various locations or sub-areas withm the service area.

{0135] Each respective UAV nest of UAV nests 404a-d 15 shown as having associated
therewith a correspondimng geographuc area 405a, 405b, 403¢, and 405d. respechively (e,
geographuc arcas 405a-d}, within which UAVs of the respective UAV nest provide transport
services to ttem providers and/or fem recipients. The geographic arca served by a given
UAY nest may be defined, at least in part, by the flight range(s) of the UAVs that are located
at or scheduled to be located at the given UAVY nest. In some uuplementations, the
geographic arcas 405a-d corresponding to UAVY nests 404a-d may cach have a fixed size,
which does not vary over time. In other implementations, the size of cach of geographic areas
4(05a-d could vary over time based on vanous factors, such as demand for UAV transport
services in the geographic arca and/or nearby geographic areas, the number and/or
capabilitics of UAVs allocated to operate from the corresponding UAY nest, and/or the
number and/or characteristics of item providers located near to the UAV nest, among other
possibiiitics.

{3136] Additionally or alternatively, the size of each of geographic arcas 403a-d could

vary on an order-by-order basis, and/or vary by item provider. More specifically, when a
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transport task mvolves three or more thght legs {(¢.g., a thight from the UAYVY nest to the tem
provider for pick-up, a flight from the item provider to a debivery location, and a return flight
to the UAYV nest}. there may be two or more thight legs before delivermg an tem. Thus, the
evaluation of whether or not a given em provider 1s withan the geographic service area of a
DAV nest tor a given transport task may depend on a combination of the distance from the
UAV nest to the e pick-up location, the distance from the pick-up location to the delivery
focation, and the distance from the delivery location to the UAYVY nest. As a result, a given
UAY nest may be able to serve a given item provider for ong transport task, but not for
another. In this context, it 1s possibic that the notion of a defined “geographic service area’
might not be utithized at all. Instead, ATSP control system 401 mayv sumply evaluate whether a
UAYV transport task can be mmplemented on a task-by-task basis, given all of the parameters
for completion of the task.

{3137] Since certain tfem providers can only be served by {or are better served bv) a
certain UAY nest or nests, and because demand for UAV transport services can vary between
item providers, ATSP control svstemi 401 mavy, for a given geographic/service area,
implement an ongoing process o distrnibute and redistrtbute UAVs amongst the UAV nests
404a-d that coliectively serve the given arca. In particular, ATSP control system 401 may
continually, penodically, or from time-to-time evaluate demand and/or other tactors for cach
item provider 406a-d, and determine a respective number of UAVs that are deswirable at cach
of UAV nests 4{04a-d. mm order to mect the demand for UAV fransport tasks m the
corresponding geographic area. Additionally or alternatively, A'TSP control system 401 could
deternune a respective number of UAVs that are deswrable at each of UAV nest 404a-d such
that UAY nests 404a-d can collectively meet demand for UAYV transport services i the large

arca collectively served by the UAY nests 404a-d.
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Vi. Example Payload Pick-Up Operations

{0138] Figures SA, 5B, 5C, 53D, 53k, and 5F show UAYVY 300 that includes a winch
system configured for pickup and drop-oft of pavicads, and which mcludes tether 502
coupled to spool 304, pavicad latch 306, and pavicad coupling apparatus 512, Figures SA -
SE show UAY 500 and the winch svstem bemng used to pick up pavioad 5308, However, UAY
300 and the winch system may also be used to drop-off paviocad 308,

{0139} Pavicad latch 506 can function to secure pavicad 308 to UAVY 300 dunng
transport of pavicad 308, For mstance, as shown, pavioad laich 506 may take the form ot one
or more pins that can cngage payioad coupling apparatus 312 {¢.g.. by shding mto onc or
more receiving slots in payiocad couphing apparatus 512). Inserting the pims of payload latch
U6 mio pavioad coupling apparatas 512 may secure payload coupling apparatus 512 withm
receptaclie 514 on the underside of UAYV 300, thereby preventmg payload 308 from being
towered from UAY 300 and/or from moving {¢.g. oscillating} with respect to UAY 500, In
some embodiments, pavicad latch 506 may be arranged 1o engage spoot 504 or pavlead 508
rather than pavload coupling apparatus 3127 i order to prevent pavioad SU8 from lowering.

{31448] Spool 304 may be operated to unwind tether 502 to lower payioad 303 from
UAY 300 to the ground using tether 302 and pavioad coupling apparatus 312, or to wind
tether 302 to Lt paviocad 508 from the ground to UAVY 500 using tether 302 and payload
coupling apparatus 312, Payload 508 may be an item tor transport from the pickup location to
a delivery destination, and may be housed within {or otherwise incorporate} a parcel.
contamner, or other structure that 1s configurcd to micrtace with paviocad coupling apparatus
512 and/or pavioad latch 506, The winch system of UAY 500 mav operate to autonomousty
pick-up or drop-oft pavicad 508 m a controlicd manner while UAV 300 hovers above

payload 308.
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10141] As shown m Figure SA, during fheht from a launch site to target location 520
from which pavload 308 18 to be picked up, pavicad latch 506 may be i a closed position
{¢.g.. pms engaging pavioad coupling apparatus 312} to hold pavioad coupling apparatus 512
agamst or ¢lose to the bottom of UAY 300, or even partially or completely mside UAY 500
Target location 520 may be a point in space above a desired pickup location. Then, when
VAV 300 reaches target location 320, the UAVY s control system {e.g., the tether control
module 216 of Figure 2} may toggle pavload latch 306 to an open position (¢.g., disengaging
the pins from pavioad coupling apparatus 312), thereby allowing pavioad coupling apparatus
512 to be lowered from UAY 500 to pick up payvicad 308, as shown m Figure 5B, Also, the
control system may operate spool 504 {(¢.g., by controliing motor 222 of Figure 2} such that
payload coupling apparatus 512 15 lowered to the ground.

(3142] As pavioad coupling apparatus 512 18 lowered toward pavicad 308, the control
system may recewve data from one or more sensors on UAY 300 or on pavicad couphing
apparatus 512 to monttor the descent of paviocad coupling apparatus 312, The control system
may, based on this sensor data, adjust a position of UAV 500 m coordimation with the winch
system to mancuver pavicad coupling apparatus 312 to within a threshold distance of pavioad
508 and mechanically couple pavicad 5U8 to tether 502 using pavicad coupling apparatus
512, as shown m Figures 30 and 3D, The posttion of UAY 500 may be adjusted while UAY
U0 remains in hover mode, or altermatively, UAY 300 may be temporanly reverted to thght
mode to perform the adjustments. Coordinating UAY 500 with the winch svstenm: may mvolve
adjusting a vertical position of UAY 300, a honizontal position of UAYV 300, and an extent to
which tether 302 15 unwound from spool 304 to guwmide pavicad coupling apparatus 312 to
comncide with and thereby engage an attachment pount on pavioad 308

{3143] Within examples, the control system may use varicus types of data, and

various techmgues, to deternune where payicad coupling apparatus 5312 18 posiioned in
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relation (o the ground or to UAY 500, The data may mclude, for example, sensor data from
one or more perception sensors on UAY d0U (¢.g., time-of-flight camera, sterco camera, hight
detection and ranging device, RADAR, c¢tc)). In some embodiments. the data may be data
from an encoder mdicative of rotation of spool 5304, Based on data from the encoder, the
control svstem may determine how many rotations spool 344 has undergone and, based on
the number of rotations, deternune a length of tether 302 that 1s unwound trom spool 504
{¢.g., by multiplving the number of rotations of spool 504 by the circumference of tether 502
wrapped around spool 504). In some embodiments, the circumterence of tether 502 on spool
5804 may vary as tether 502 winds or unwinds from spool 304, and so the control svsicm may
be configured to account for these vanations when deternunmg the vowound tether length.

{0144} After attaching pavicad coupling apparatus 512 1o pavioad 508, the control
system may operate spool 504 {o retract tether 302, pavioad coupling apparatus 512, and
pavicad 308 toward UAY 500, as shown in Figure 5E. Once pavicad coupling apparatus 5172
recaches or nears UAVY 500, the control system may operate spool 304 to pull pavicad
coupling apparatus 312 mto receptacie 514, and the control system mav toggle pavioad latch
506 to the closed position, as shown in Figure 3F. UAY 500 mav then return to thght mode
and proceed to deliver payioad 508 to its target destination.

{0145] Referring back to Figure 5C, mn order to mechanically couple tether 502 to
payvioad 508 using pavlcad coupling apparatus 512, the control system of UAV 30U may
determine a trajectory through which to move paviocad coupling apparatus 312 to gumde i
onto or mto the attachment pomt on payicad 508, Notably, m addition to physically
comnciding with the attachment point on pavioad 308, pavioad coupling apparatus 512 may, in
some tmpilementations, need to be onented 1 a specific way i order to ¢ngage with the
attachment pomt on pavload 50%. For example, as shown, when pavicad coupling apparatus

312 1s a hook or a hook-like device, the opening of the hook mav need to face the attachment
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point (¢.g., handic) on pavlcad 508 to engage therewith. The trajectory may therefore define a
path mn space for pavicad coupling apparatus 312 to travel, as well as onentations of payioad
couphing apparatus 512 along that path. The path 1n space may be defined mm one, two, or
three dimnensions, depending on the mnplementation.

13146] The process of deternuning the trajectory may be based on and facilitated by
one or more visual marking on pavioad coupling apparatus 5172 and on paviocad 308
Markings on pavicad 308 mayv help the control system identify the location of the paviocad
and the attachment pomt thercon, while markings on pavicad coupling apparatus 512 may
assist m localizing pavicad coupling apparatus 512 relative to payload 308, The markings
may be designed such that when the markings on pavicad coupling apparatus 312 become
ahgned with the markings on pavicad 303, as viewed from the perspective of one or morg
sensors on UJAY 500, pavicad coupling apparatus 512 will be aligned with the attachment
point on pavicad 308 so as to be successtully coupled thercto.

10147} The control system may control a position and onentation of UAY 300,
coordination with spool 5304, to move pavicad coupling apparatus 312 along the determined
trajectorv. The control svstem may mclude, for example, a proportional-intcgral-denvative
(PiD) controllier that adjusts a position of UAY 500 based on a differcnce between an actual
posifton of payicad coupling apparatus 512 and a posifion mdicated by the trajectory, a
denivative of this difference, and an integral of this difference.

10148] As UAYV 500 1s repositioned, there may be a delay between motion of UAVY
300 and when this motion 18 transterred to payload coupling apparatus 312, This delay may
depend on the vnwound length of tether 502 and mayv cause pavioad coupling apparatus 312
to oscitlate with respect to UAY 500, as indicated by arrow 516, if the position of UAY 300
is abruptly adjusted. Accordingly, as pavicad couphling apparatus 512 nears the end of the

trajectory toward the attachment point on payioad 508, a rate at which the position of UAY
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300 15 adjusted may be reduced o suppress oscillatbions and mannnze or reduce a ditference
between an actual position of pavicad coupling apparatus 512 and a target position indicated
by the trajectory. Reducmg the rate at which posttion of UAY 500 15 adjusted may wmclude
timiting UAVY 300 to move with 3 maxsmum velocity and a maxamum acceleration, and/or
adjusting gain values of the PID controller to produce more gradual adjustments in the
postiion of UAY 300,

10149] In some instances, osciliations of pavicad couphing apparatus 512 may make i
difficult to accurately control pavioad couphing apparatus 512 to guide 1t onto the attachment
on pavioad 308, For cxample, osciliations may be difficult to avoid, suppress, or control
when a long length of fether 502 1s unwound to reach pavicad 308 {1.¢.. when UAV 300
hovers high above pavicad 508), or when wind pushes pavicad coupling apparatus 312
around m an unpredictable manner. In other mstances, adjusting the position of UAY 500
stowly enough to avord osciliations and accurately guide pavicad coupling apparatus 512
onto the attachment point on pavicad 5038 may take a long time {¢.g.. more than a threshold
amount of time such as 10, 20, or 30 seconds). Keeping the pavioad coupling apparatus 312
and UAY 300 close to the ground for more than the threshold amount of tune may be risky
and theretore undesirable {¢.g., duc to increascd potential for collision between UAY 500 or
payload coupling apparatus 512 and objects near the ground}.

{01580 Theretore, in addition to or mstead of adjusting position of UAY 300 o guide
payload coupling apparatus 512 onto the attachiment point on pavioad 508, UAV 500 may
atihize a repositioning device configured to reposition pavicad coupling apparatus 512 mn at
feast a honizontal direction. The reposihioning device may allow for more accurate control
over the borizontal position of pavioad coupling apparatus 512 than could be achieved by
repositioning UAY 500 to sicer pavload couphing apparatus 312 connected thercto via tether

U2
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Vii. Example Devices for Repositioning the Pavlead Coupling Apparatus

{0151] bigures 6A, 6B, and 6 illustrate an cxample mmplementation of a
repositioning device for a pavicad coupling apparatus. Namely, Figures 6A - 6C 1ilustrate
payload coupling apparatus 600 having wheels 604 {(onc on each side, with only one wheel
shown i the side views) and a self-latching mechanism for connecting to attachment point
6U8 {of which oniy a cross-section is shown) of a payicad. Bach wheel may be driven by a
corresponding motor to allow pavicad couphing apparatus 600 to move about the
cnvironment. The self-latching mechanism includes aperture or opeming 612, body 606,
stopper 602 for lumiting a range of motion of body 606, and pivot 610 about which body 606
pivots. Attachment point 608 may be part of a handle or other mating mechanism configured
to be mechanically coupled with the sclf-latching mechanmsm.

{0152] Rather than having the UAYVY steer pavicad coupling apparatus 600 onto
attachment pownt 608 while pavioad coupling apparatus 600 1s 1n nud-air, payload coupling
apparatus 600 mayv be sct down on the ground and wheels 604, which may constitute the
reposttioning device or apparatus, may be used to dnive pavioad coupling apparatus 600
toward the pavicad o engage attachment pomt 6U8 using the iatching mechanism. As
payload coupling apparatus 600 1s driven toward attachment point 608, attachment point 608
may push agamst body 606, as shown m Figure 6B, causing body 606 to pivot out of the way
about pivot 610, When pavload coupling apparatus 600 15 dnven suthiciently close to the
payiocad, as shown in Figure 6, body 606 mav drop back down, latching attachment point
608 to payioad couphing apparatus 600. In some mmplementations, the latching mechanism
may be passive (1.e., non-actuated). Alternatively, the laiching mechamism may be active (¢,
actuated), allowing the control system to selectively close and open the latch to engage and

disengage pavicads.
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10133] Figures 7A and 7B illustrate an aliernative implementation of a payiocad
coupling apparatus. Namely, pavicad coupling apparatus 700 may have wheels 704, dniven
by corresponding motors, onto which pavioad couphling apparatus mayv be set down on the
ground and which mav be used to reposition payload coupling apparatus 700 within the
environment, Pavicad coupling apparatus 700 may mclude aperture or opening 712 and lock
706 operable between a closed position, as shown 1 Figure 7B, and an open position, as
shown 1 Figure 7A. Lock 706 may be actuated and may thus be controliable by the control
system 1o engage and disengage pavicoads from pavicad coupling apparatus 700, In some
impicmentations, the shape, size, and other design aspects of the paviocad coupling apparatus,
as weil as the design or type of the latching or locking mechamism, may vary from those
shown m Figures 6A - 7B (¢.g., based on the design of the handle or mating mechamsm on
the pavioad to which the paviocad couplmg apparatus 1s to be coupled) without departing from
the scope of this disclosure.

{0154] Fisures 8A, 8B, 8C, 8D, and SE illustratc pavicad coupling apparatus 700,
having a reposibioning device in the form of wheels 704, used to couple pavioad 5038 to tether
502, First, the control svstenm may cause UAY to hover above pavicad 308 and deplovy
payload coupling apparatus 700 by unwinding tether 502 from spool 304, as shown n Figure
3A. This may mvolve controlling the position of UAV 300 m coordination with the winch
system to mancuver pavicoad coupling apparatus 700 to within a threshold distance {¢.g.,
several mnches or feet) of the pavicad so that payvicad coupling apparatus 700 does not have to
traverse more than the threshold distance to reach payload 308, thus speeding up the pavicad
cngagement procedure. Notably, by setting pavload coupling apparatus 700 on the ground to
perform pavicad pickup, osciilation of pavioad coupling apparatus 700 may be reduced,

minimuzed, or elmunated. In some impiecmentations, the attachment point may be on top of
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pavicad 503 and payload coupling apparatus 700 may thus be set down atop payload 308 to
reach the attachment pomnt.

{355 When pavioad coupling apparatus 700 1s mancuvered to within the threshold
distance of pavicad 508 and 15 set down on the ground, as shown mn Figure 8B, UAV 300
may be caused to hover i a fixed or approxamately fixed location {¢.g., within several
centimeters of a set location) above pavicad 502 to mamtain pavload coupling apparatus 700
within the threshold distance of the pavioad. That 1s, a postiton of UAY 500 may be fixed in
space so as not to madveriently reposition pavioad couphng apparatus 700 with respect to
pavioad 308, allowing pavioad coupling apparatus 700 to be repositioned with respect to
pavload 308 using wheels 704, Hovering mm the fixed location may mvolve entermg a “Fixed-
Position Hover Mode,” which may be a subset of the "Hover Mode™ or a separate mode
altogether,

{3136] Notably, hoverimng UAY 300 n the fixed position and relving on wheels 704 to
honzontally reposition pavicad coupling apparatus 700 may simplity the process of
mechamically coupling paviocad 308 to tether 302, Controlling the position of pavicad
couplmg apparatus 700 by repositionmg UAY 500 may, under some conditions, be ditticult
and maccurate because movements of UAVY 500 may, duc to tether 5302, induce movements i
payload coupling apparatus 700 with a delay. That 15, a horizontal position of payioad
coupling apparatus 700 might not change mnmediately after UAY 500 15 repositioned
honzontally due to the compliance of tether 502. Wheels 704, however, mduce movements in
pavicad coupling apparatus 700 directly, without any delay due to {cther 502, That s, by
situating the repositioning apparatus closcr 1o payioad coupling apparatus 700, the delay can
be reduced or chnunated, and the horizontal position of payioad coupling apparatus 700 can
theretore be controlied more accurately than by repositioning UAV 300, Nevertheless, the

repositioning devices and the operations thereotf may be used m combmation with
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reposiiioning of UAY 500 io conirol the honzontal position of the paviecad coupling
apparatus.

{1E57] The control system may control spool 304 to mamtam tension 802 on tether
502 The magnitude of this tension {¢.¢., T1} may be such that tether 502 remains taut {1.¢..
does not slack to the ground) and wheels 704 of payload couphing apparatus 700 remamn on
the ground, allowmg payioad coupling apparatus 700 to be repositioned, as shown wn close-up
i Figures 80 and 8D, Keeping tether 502 oft the ground while pavioad coupling apparatus
700 1s driven thereon mayv prevent tether 502 from becoming an obstacie to {¢.g., tanghng
with} pavioad couphing apparatus 700. The magmtude of tension 802 may be adjusted {¢.2.,
from T1 to T2} as payioad coupling apparatus 700 15 repositioned 1o move toward pavioad
508

{0158] In implementations where payload coupling apparatus 700 uses only two
wheels, tension on tether 302 may also operate to keep pavicad couphing apparatus 700
apngeht on the two wheels, thus preventing pavioad couplmg apparatus 700 trom tipping over
and potentially losing traction. Notably, usmg tension on tether 502 to balance pavioad
coupling apparatus 700 as it moves through the environment allows pavicad coupling
apparatus 700 to remain balanced without using additional motors, sensors, and control
operations for such motors, thereby reducing cost and complexaty.

{3159 In some mmplementations, however, tether 502 mayv be allowed to go slack
and/or fall to the ground. Paviocad coupling apparatus 700 mayv be configured o use wheels
704 to dnve over or around the portion of tether 502 that rests on the ground. Additionally,
pavicad coupling apparatus 700 may be kept balanced over wheels 704 m other ways. For
cxampic, paviocad couplmg apparatus 700 may mclude threc or more wheels such that it
remains mherently balanced over the wheels. In another example, payload coupling apparatus

700 mav mclude therein one or more gyvroscopes or IMUs, Data from the gyvroscopes or
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IMUs may be used to control the motors that drive wheels 704 50 as 16 keep payload coupling
apparatus balanced over wheels 704,

{3160] Atter payioad coupling apparatus 700 1s set down on the ground, wheels 704
may be dnven to move payicad couphing apparatus 700 toward attachment pomnt 300 on
pavioad 308, Attachment pomt 800 may be a handle or other mating mechamsm contigured
to mitcerface or couplec with payload coupling apparatus 700. In some instances, a tvpe of
pavicad coupling apparatus used by UAV 300 may depend on a tvpe of attachment point on
the pavload that UAY 300 15 planned to transport. That 1s, the pavioad couphing apparatus
may be sclected or swapped before the UAV 1s deploved based on the type of payioad
attachment point on the payicads that the UAYV 1s planned to transport.

{0161} The trajectory along which pavicad coupling apparatus 700 moves may be
determined based on sensor data from one or more sensors on UAY 300 or on pavioad
coupling apparatus 700, For example, m some impicmentation, the control system of UAV
500 may, based on sensor data trom sensors on UAY 500 and/or sensors on payioad coupling
apparatus 700, determine the trajectory and provide control mputs to cause wheels 704 to
follow the trajectorv. In other implementations, attier UAV 500 sects pavicad coupling
apparatus 700 down on the ground, a control system of pavioad coupling apparatus 700,
wndependently of the control system of UAY 500 and mmplemented, for example, on payload
coupling apparatus 700, mav autonomously control wheels 704 to move payload coupling
apparatus toward the attachment point on pavicad 508. That is, pavicad coupling apparatus
700 may, afier bemng set down on the ground, operate as a separate autonomous vehicle to
identify pavioad 508, identify the attachment pomnt thereon, and move toward the attachment
point to couple itselt to payioad 508.

{1E62] Pavicad coupling apparatus 700 may mechamically attach uself to attachment

point 800 on pavicad 308 using lock 706, as shown 1 Figures 8D and 8E. Thercatier, spool
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304 may be actuated to retract {ether 302 and ift pavicad 508. Once pavicad coupling
apparatus 700 15 retracted mnto receptacle 514, UAY 500 may enter flight mode and may
procecd to deliver pavioad 508 to 1is destination.

{01631 kgures 9A, 9B, 9C, and 9D illustrate another example repositioning device for
controlling the honzontal position of pavioad coupling apparatus 512, Namely, the horizontal
position of pavioad coupling apparatus 312 relative to UAV 500 may be controlied using a
robotic arm connected to UAVY 300, The arm may include barrel {or body) 900, rod 902, and
guide 904, Body Y00 may be rotatable or pivotable with respect to UAY 304, rod 902 may be
retractable and extendable with respect to body Y00, and guide 904 may be pivotabie relative
to rod 902, The arm may thus be adpustable to push or pull on tether 302 extending through
tether guide 904 to control a horizontal position of pavicad coupling apparatus 512, and, to
some extent, the vertical postbion as well. In alternative mmplementations, the arm may
mciude additional articulations and degrees of frecdom to allow for more complex
repositioning operations of payload coupling apparatus 312 relative to UAY 500

10164] Somilarty to Figures 8A - 8E, upon arniving at the pick up location of pavioad
508, UAY 300 may deploy pavioad coupling apparatus 312 by unspooling tcther 302 from
spood 304 and repositioning tself, i coordination with the unspooling, to guide payload
coupling apparatus 312 to within the threshold distance of pavicad 503, as shown in Figure
YA. Additionally, body Y00, rod 907, and guide 904 of the repositioning arm may be
extended from a resting position (€.2.. as shown m Figure 9D} to allow tether 302 to extend
down through guide 904, Guiding payioad coupling apparatus 312 to withm the threshold
distance may mvolve guiding pavload coupling apparatus 312 to a fixed vertical height and to
a fixed honzontal distance away from the attachment point on paviocad 508, The vertical
height and horizontal distance mayv be such that, when the reposifioning arm pushes tether

U2 1o the side, as shown m Figure 9B, pavicad couphing apparatus 312 will swing along an
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arc, as mdicated by arrow 906, to engage the attachment pomt on pavicad 308, In some
implementations, as arm pushes or pulls on tether 302, additional length of {ether mayv be
unspooled to allow paviocad coupling apparatus 312 to travel horizontally along a hine, rather
than an arc.

{3165] Unce pavicad couphing apparatus 312 1s brought to withain the threshold
distance of payviocad 208, UAV 300 may be locked mito a fixed position such that it does not
produce movements that would inadvertently mnduce oscdlations m pavicad coupling
apparatus 700. Although wind, vanations m air density, and other ambient condifions may
operate to perturb UAVY 500, the control svstem may operate to counteract such perturbations
and maintain UAY 300 as ¢lose to the fixed postton as possible. With UAY 300 m the fixed
postfion, the positioning arm may be used to pull tether 502 towards the rnight, causing
pavioad coupling apparatus 312 to swing towards pavioad 308 and connect to the attachment
point thercon, as shown m Figures 8B and 8C. Body 900 may be pivoted relative to UAY
300, rod 902 may be retracted wnto body 900, and guide 904 may be pivoted relative to rod
902 to produce the desired movement of pavicad coupling apparatus 312, In some mstances,
spocd 304 may be operated to unspool an additional length of tether 302 to allow pavioad
couphing apparatus 312 o comcide with the attachment point on paviocad 508.

{1166] Notably, the posttioning amm may allow for more accurate control over the
hornizontal position of paviocad coupling apparatus 312 than could be achieved wia
repositroning of UAVY 300 because the repositioning arm pushes or pulls on tether 502 at a
point closer to pavioad couphng apparatus 512. That 15, the motion of the repositioning arm is
transterred to pavioad couphing apparatus along a shorter effective length of tether 302 than
motion of UAY 500, thus allowing for more direct contral over pavioad coupling apparatus
512. Addittonally, as the position of UAY 500 varies around the fixed position due to various

sources of perturbation, the vertical height of paviocad coupling apparatus 312 and the extent
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to which the positioning arm pulls on tether 502 may be adjusted to compensaie for the
vanations mn position of UAV 500 so as to control pavioad coupling apparatus 312 to
coincide with the attachment point on pavioad 503%.

{167] When pavicad couphling apparatus 512 engages with the attachment point on
pavioad 508, as shown in Figures 9C and YD, spool 504 may be actuated to retract tether 5072,
thus hooking and Ufting paviocad 208 off the ground. The reposiioning arnt may aiso be
retracted or tolded mito a more compact form, as shown m Figure 9D, s0 as not to generate
addifional drag during transport. Pavicoad 308 and pavicad coupling apparatus 512 may be
secured to UAVY 500, as previously descnbed, and UAY 300 may procced to transport
payload 308 to s destination.

{0168] Igure 10 dlustrates a perspective view, a side view, and a top view ot an
additional implementation of a repositioning device. Namely, Figure 10 sHustrates pavioad
coupling apparatus 1000 cquipped with a plurality of adjustable fins or aurfoils 1062, 1604,
1006, and 1008, which constitute the repositionmg device or apparatus. Due to the hook
recess or opeming on pavicad couphng apparatus 1000, fins 1004 and 1006 may be smaller
than fins 1002 and 1008, Altcrnanvely, m other implementations, fins 1002 - 1008 may be
uniformly sized, and/or may include diffcrent shapes, aerodynamic fecatures, and design
aspects than shown in Figure 10, Smce pavioad coupling apparatus 1000 1s positioned below
UAV 500 durmg pickup and drop-off, a downwash of air from rotors or propeliers of UAY
300 flows over fins 1002 - 1008, Thus, by repositioning fins 1002 - 1008, the downwash may
be used to generate a force on pavicad couphng apparatus 1000 to steer it in a desired
divection.

{0169] bigures 1A and 11B dlustrate how tins 1002 - 10038 on paviocad couphng
apparatus 1000 mav be used to control pavicad coupling apparatus 1000 to mechanically

couple it to the attachment point on paviocad 08, As previously described, upon armving at
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the pickup location, UAY 300 may deploy tether 302 and, by synchromizing the position of
UAY 500 with deplovment of tether 302, bring pavload coupling apparatus 1000 to within
the threshold distance of pavicad 308, The position of UAV 500 may then be fixed, and fins
1002 - 1008 may be used to gwnde pavicad coupling apparatus 1000 onto the attachment point
of pavioad 508 In some implementations, fins 1002 ~ 1008 may be repeatedly adjusted whale
pavioad coupling apparatus 1000 is being lower to reduce or eliminate oscillations of payiocad
coupling apparatus 1000,

10170] A close-up view 1 Figure 11A ilustrates fim 1002 turned m a clockwise
direction 1o generate, on pavioad couphing apparatus 1000, a torce directed towards the nght
{(fin 1008, not shown, may be similarly adjusted to prevent pavicad coupling apparatus 1000
from rotating about an axis defined by tether 502}, Fms 1004 and 1006 may be wvsed to
control the onentation of payioad coupling apparatus 1000 so that the opening of the hook
thereon engages the attachment point on pavioad 308, resuiting i a mechanical couphng or
attachment, as shown in Figure 11B. The positioning, reorienting, and stabilizing forces may
be generated by taking advantage of downwash 1100 (shown enlarged for emphasis) of UAVY
SO0

{3171] As with the preceding exampies, once payicad 502 s coupled to tether 502 by
the pavioad coupling apparatus 312, the winch may be operated to hift pavicad 508 and
secure it to the underside of UAY 500 for transport. Further, m some implementations, fing
1002 - 1608 may be used to control the honzontal position of pavload couphling apparatus
1000 m coordmation with movements of UAY 300. In one example, tins 1002 - 1008 may be
adjusted to account or compensate for movements performed by UAVY 500 to remamn n the
fixed position above pavicad 308,

{3172] In another example, fins 1002 - 1008 may be adjusted in coordination with

movements of UAV 500 which are mtended o actively reposition pavicad coupling
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apparatus 1000, In order to move pavicad couphing apparatus 1000 to engage pavicad 308,
the control svstem may determime a trajectory or path for the pavioad couphing apparatus to
follow. A first componcent of motion along this trajecctory may be assigned {o be induced by
UAYVY 500, and a second component of motion along this trajectory may be assigned to be
mduced by ting 1002 ~ 1003, For example, the first and second components may each be a
distance along the honzontal ducction. Smee UAYV 500 15 capable of making larger, albeit
less accurate, adjustiments than fins 1002 - 1008, the first component may be larger than the
second component. Thus, a first portion of the displacement nceded to move pavioad
coupimg apparatus 1000 to cngage with the attachment point on pavicad 308 may be
generated by UAVY 300, and a second portion may be gencrated by fins 1002 - 1008, In
performing these adjustments to the position of payload coupling apparatus 1000, the control
system may account for the ditterent delays between movements of UAYV 500 and the
transier thereof to pavicad couphing apparatus 1000 as well as movements of fins 1002 - 1008
and the more-tmmediate generation of {orce therchy on the pavicad coupling apparatus 1000,

10173] In some mmplementations, fins 1002 - 1008 mav be passive, that 15, unactuated.
Fins 1002 - 1008 may be biased wmto the deploved or engaged configuration ulustrated mn
Figure 10 by one or more corresponding springs. When pavicad coupling apparatus 1000 s
retracted into receptacle 314, fins 1002 - 1008 may be pushed mto paviocad coupling
apparatus 1000, agamnst the bias provided by the springs, thus making tins 1002 - 1003
assume a stowed-awav conformation. Simiarly, when pavicad coupling apparatus 1000
spags on an object within the environment, fins 1002 - 1008 may be pushed into the stowed-
away conformation as UAY 500 pulls on tether 502 to break the snag. Passive fins 1002 -
1008, when deploved, mayv operate to keep pavioad coupling apparatus centered underncath
UAY 500 as a result of the downwash of air from UAY 500 flowing over fins 1002 - 1008,

Further, fins 1002 - 1008 may create additional drag mn the honzontal dircction when pavload
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coupling apparatus 1000 swings. Thus, fins 1002 - 1008 mayv operate to suppress osciilations
of pavioad coupling apparatus 1000, thereby facilitating the process of gmding payioad
couphing apparatus 1000 to within the threshold distance of pavicad 308 and repositioning the
payload coupling apparatus 1000 to mechanically couple pavicad 508,

10174] Additionallv, m some unplementations, nstead of using fins 1002 - 10U,
paviocad coupling apparatus may be outiitted with onc or more thrusters. For example, one
stcerable thruster may be reortented with respect o payioad coupling apparatus 1000 to
control g direction m which the thruster pushes pavicad coupling apparatus 1000,
Alternatively, multiple fixed thrusters, cach pomnted in a diffcrent direction, may be
sclectively activated to steer pavioad coupling apparatus 1000 as desired. Sull further, a
combination of fixed and steerable thrusters mayv be used. The thrusters may be implemented
using rotors, propellers, pressunized fluid, or other propetling means.

{0175] In general, the repositioning operations described with respect 1o one
mmplementation of the above-described repostiioning devices may be used with all the other
implementations. Further, the ditferent repositioning devices may be combined and used
together. For example, a paviocad couphing apparatus may include fins for controlling the
payload coupling apparatus during descent and ascent as well as wheels for controlling the
horizontal position of the pavicad coupling apparatus aticr 1t 1s deposited on the ground.

VIiii. Additional Example Operations

10176] Figure 12 dlustrates flowchart 1200 of example operations related to pickup of
a pavicad by a UAY. These operations may be executed by UAVs 1A - 1E, UAY 200,
system 300, ATSP control system 401, UAVY 500 or a control system thereof, and/or ong or
more other computing devices or systems.

{31771 Block 1202 mayv mvolve wdentitving. by a control system. a pavioad to be

picked up by an aenal vehicle within an environment. A winch system may be coupled to the

6
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acrtal vehicle. The winch svstermn may comprise a iether disposed on a spool, a motor
operable to apply a forque to the tether, and a pavicoad coupling apparatus coupled to a
icadimg cnd of the tether and configured to mechanically couple to the pavioad.

{178] Block 1204 may mvolve controlling, by the control system, the acnal vehicle
to hover above the payload.

{3179] Block 1206 mav mvolve confrolimg, by the control system, the winch sysiom
to deplov the pavicad coupling apparatus by unwinding the tether from the spool.

101849] Block 1208 mav mvolve receiving, by the control system, while the acnal
vehicle hovers above the pavioad, from a sensor on the aenal vehicle, sensor data mdicative
of a position of the pavlcad coupling apparatus in relation to the payload.

{0181] Block 1210 may mvolve, while the aeral vehicle hovers 1 a hixed location
above the pavioad, providing wmstructions by the control system {0 reposition, using a
repositioning apparatus configured to reposition the pavicad coupling apparatus in at least a
honzontal direction. based on the sensor data, the pavicad coupling apparatus in the
honzontal divection to mechanically couple the pavicad to the tether using the pavioad
coupling apparatus. The repostfioming apparatus mayv be anv one of or combination of the
repostiioning devices or apparatuses shown in and discussed with respect to Figures 6A -
118, or otherwise herein described.

{3182] In some embodumnents, controlling the aeral vehicle to hover above the
payload and confrolling the winch system to deploy the pavicad couphing apparatus by
controtling the position of the aenal vehicle 1 coordmation with the winch system to
maneuver the pavioad coupling apparatus 1o within a threshold distance of the pavload: and
based on the pavload coupling apparatus being mancuvered to within the threshold distance
of the pavload, causing the acnal vehicle to hover m a fixed location above the pavicad to

mamntain the payload couphing apparatus within the threshold distance of the paviocad.
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10183] In some embodiments, a trajectory may be determined for the pavicad
coupling apparatus to follow to mechamcally couple to the payviocad. The trajectory may be
detined n at least the honzontal direction. An end of the trajectory may comncide with an
attachment point for the pavicad coupling apparatus on the pavicad. The repositioning
apparatus may be actuated to reposition the pavicad coupling apparatus according to the
trajectory.

{0184} In some embodiments, oscillation of the pavioad coupling apparatus mayv be
suppressed as the pavioad coupling apparatus approaches the end of the trajectory to reduce a
difference between a position indicated by the trajectory and an actual posttion of the payload
coupling apparafus.

{185] In some embodiments, the trajectory may define an onentation of the payload
coupling apparatus relative to the attachment pomnt on the pavicad. The onentation of the
paviocad coupling apparatus at the cnd of the trajectory may match an ornentation of the
attachment point on the payload to mate the pavioad couphing apparatus with the attachment
point.

({3186] In some cmbodiments, the repositioning apparatus may mciude whecels
coupled to the paviocad couphing apparatus and driven by additional corresponding motors.
The aenal vehicle may be controlied to hover above the payload and the winch sysiem may
be controlled to deplov the pavicad coupling apparatus by controlling the position of the
acrial vehicle in coordination with the winch system to deposit the payload couphling
apparatus and the wheels thereof onto a surface i the environment near the payload.

10187] In some embodiments, the pavicad coupling apparatus may be repositioned in
the horizontal dircction to mechanically coupie to the paviocad by iwdentifving, based on the
sensor data, an attachment point on the payload to which to mechanically couple the payload

coupling apparatus. The additional corresponding motors may be caused to drive the wheels
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over the surface and towards the attachment point (6 mechamcally couple the pavicad using
the pavioad couphing apparatus.

{3188] In some embodiments, the wheels may include two wheels. While the aernal
vehicle hovers above the pavicad, the motor of the winch system mayv be controlled (o
maintaim tension on the tether while the pavicad coupling apparatus 1s repositioned n the
nornizontal direction to mamtain the pavioad coupling apparatus upright on the two wheels.

10189] In some embodiments, the wheels may include two wheels. The pavicad
coupling apparatus may mclude one or more gyvroscopes coupled thereto. Data imndicative of a
tiit of the pavicad couphing apparatus may be received from the One or 1o gyroscopes.
Bascd on the data mdicative of the tilt of the pavicad coupling apparatus, one or more of the
additional corresponding motors may be actuated to mamtamn the pavioad coupling apparatus
upright on on the two wheels.

{198] In some embodiments, the repositioning apparatus may include a plurabity of
adjustable acrodyvnamic features on the pavicad couplimmg apparatus. The pavicad coupling
apparatus may be repositioned i the honzontal direction by adjusting the adiustable
acrodyvnamic features on the pavload coupling apparatus to gencrate on the pavioad coupling
apparatus, using a downwash of air generated by the acnal vehicle whie hovering above the
payioad, a force to reposiiion the pavioad coupling apparatus in the horizontal direction.

{3191] In some embodiments, the pavioad couphing apparatus may include thercon a
plurality of passive aerodvnamic features configured to dampen osciliations of the pavicad
coupling apparatus using a downwash of air generated by the aerial vehicle while hoverning
above the pavioad.

{3192] In some embodiments, the repositioning apparatus may include one or nore
thrusters on the pavioad coupling apparatus configured to push the pavicad coupling

apparatus i one or more duections. The pavicad coupling apparatus may be reposifioned n
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the horizontal direction by actuating the one or more thrusters to reposition the pavicad
coupling apparatus m the honzontal direction.

{3193] In some cmbodiments, the reposifioning apparatus may include an actuated
arm connected at a first end thereot to the acnal vehicle. The actuated arm may include at a
second end thereot a tether guide through which the tether extends. The pavlcad coupling
apparatus may be repositioned in the borizontal direction bv actuating the actuated arm to
push the tether and the pavioad coupling apparatus in the horizontal direction.

10194] In some embodiments, an am mayv be connected at a first end thereof to the
acnial vehicle. 'The arm may mclude at a second end thercof a tether guide through which the
tether extends. The arm may be configured to dampen osciliations of the pavioad couphing
apparatus while the acnal vehicle hovers i a fixed location above the payload.

{3195] In some embodiments, the sensor may be disposed on the pavicad coupling
apparatus and coupled to the acnial vehicie by way of the winch system.

10196] In some embodiments, the acnial vehicle may be controlied o hover above the
pavioad and the winch svstem may be controlled to deplov the pavioad coupling apparatus by
deternuning, bascd on the sensor data, synchronized adjustments to (1) a vertical position of
the acnial vehicie, (11) a honzontal position of the acnal vehicle, and {111} an extent to which
the tether 1s unwound from the spool. A posttion of the acnal vehicle may be adjusted m
coordmation with the winch svstem to perform the synchromized adjustiments.

10197] In some embodiments, a delay between adjustments 1n a position of the acrnal
vehicle and corresponding changes m a position of the pavicad coupling apparatus may be
deternuned based on a length by which the tether has been unwound from the spool. The
position of the acnal vehicle may be adjusted m coordmation with the winch system based on

the determined delav.
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10198] In some embodiments, atter mechamcally coupling (o the pavicad, the acnal
vehicle may be controlied i coordination with the winch svstem to pick up the pavioad.

IX, Conclusion

{199] The present disclosure 18 not to be honited m terms of the particular
embodiments descnibed mn this application, which are mtended as illustrations of various
aspects. Manv modifications and vanations can be made without departing from its scope, as
wiil be apparent to those skilied in the art. Functionally equivalent methods and apparatuses
within the scope of the disclosure, m addition to those enumerated herem, will be apparent to
those skilled m the art from the foregomg descriptions. such modifications and vanations arc
intended to fall withan the scope of the appended claims.

{0200] The above detailed descenption descnbes varous features and functions of the
disclosed systems, devices, and methods with reference to the accompanving figures. The
cxample cmbodiments described hercin and i the figures are not meant to be hmiting. Other
cmbodiments can be utihzed, and other changes can be made, without departing from the
spittt or scope of the subject maticr presented herein. It will be readily understood that the
aspects of the present disclosure, as gencrally described heremn, and ilustrated 1n the figures,
can be arranged, substituted, combinced, separated. and designed 10 a wide vanety of different
configurations, all of whach are explicitly contemplated hercin,

{0201} A block that represents a processmg of mformation mav correspond to
circiitry that can be configured to perform the specific logical functions ot a herein-described
method or techmique. Alternatively or additionally, a block that represents a processing of
information may correspond 10 a module, a segment, or a portion of program code (includmng
related data). The program code may wmclude one or more nstructions cxecutable by a

processor for tmplementing specific logical functions or actions 1 the method or technique.
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The program code and/or related data may be stored on any tyvpe of computer readable
medium such as a storage device mceluding a disk or hard dnive or other storage medium.

{1202] The computer readable medium may also mchude non-transitory computer
readable media such as compuicr-readable media that stores data for short penods of fime
tike register memory, processor cache, and random access memory (RAM). The computer
readabic media mayv also inciude non~transitory computer readable media that stores program
code and/or data for longer periods of time, such as secondary or persistent long term storage.
hike read only memory {ROM), optical or magnetic disks, compact-disc read only memory
(C3-ROM), for example. The computer readable media mayv also be any other volatde or
non-volatile storage systems. A compuicer readable medium may be considercd a compuier
readable storage mednum, for example, or a tangible storage device.

{0283] Moreover, a block that represents one or more mformation fransmissions may
correspond to mtormation transmissions between software and/or hardware modules 1 the
same physical device. However, other mtormation transmissions may be between software
modules and/or hardware modules in different physical devices.

{204] The particular arrangements shown m the tigures should not be viewed as
fimiting. It should be understood that other embodiments can mnclude more or less of cach
clement shown 1 a given figure. Further, some of the thustrated elements can be combined
or omitted. Yet further, an example embodiment can mnclude elements that are not illustrated
in the figures.

{0205] Additionally, any cnumeration of elements, blocks, or steps i this
specification or the claims 1s for purposes of clanty. Thus, such enumeration should not be
interpreted to require or mmply that these elements, blocks, or steps adhere to a particular

arrangement or arc carried out in a particular order.
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10206] While various aspects and embodiments have been disclosed hercin, other
aspects and embodiments will be apparent to those skilled n the art. The vanous aspects and
embodimments disclosed hercin are for purposcs of illustration and arc not mitended o be

tiniting, with the true scope being indicated by the following claims.



CLAIMS

What is claimed is:

1. A system comprising:

an aerial vehicle;

a sensor coupled to the aerial vehicle;

a winch system coupled to the aerial vehicle, wherein the winch system comprises a
tether disposed on a spool, a motor operable to apply a torque to the tether, and a payload
coupling apparatus coupled to a leading end of the tether and configured to mechanically couple
to a payload;

a repositioning apparatus mounted on the payload coupling apparatus and configured
to reposition the payload coupling apparatus in at least a horizontal direction by applying at
least a horizontal force directly to the payload coupling apparatus; and

a control system comprising a processor and a non-transitory computer readable
medium having stored thereon instructions that, when executed by the processor, cause the
processor to perform operations comprising:

identifying the payload to be picked up by the aerial vehicle within an
environment;

controlling the aerial vehicle to hover above the payload;

controlling the winch system to deploy the payload coupling apparatus by
unwinding the tether from the spool;

receiving, while the aerial vehicle hovers above the payload and from the
sensor, sensor data indicative of a position of the payload coupling apparatus in relation

to the payload; and
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while the aerial vehicle hovers above the payload, repositioning, using the
repositioning apparatus and based on the sensor data, the payload coupling apparatus

in the horizontal direction to mechanically couple to the payload.

2. The system of claim 1, wherein controlling the aerial vehicle to hover above the payload and
controlling the winch system to deploy the payload coupling apparatus comprises:
controlling the position of the aerial vehicle in coordination with the winch system to
maneuver the payload coupling apparatus to within a threshold distance of the payload; and
based on the payload coupling apparatus being maneuvered to within the threshold
distance of the payload, causing the aerial vehicle to hover in a fixed location above the payload

to maintain the payload coupling apparatus within the threshold distance of the payload.

3. The system of claim 1, wherein the operations further comprise:

determining a trajectory for the payload coupling apparatus to follow to mechanically
couple to the payload, wherein the trajectory is defined in at least the horizontal direction, and
wherein an end of the trajectory coincides with an attachment point for the payload coupling
apparatus on the payload; and

actuating the repositioning apparatus to reposition the payload coupling apparatus
according to the trajectory.
4. The system of claim 3, wherein the operations further comprise:

suppressing oscillation of the payload coupling apparatus as the payload coupling
apparatus approaches the end of the trajectory to reduce a difference between a position

indicated by the trajectory and an actual position of the payload coupling apparatus.

5. The system of claim 3, wherein the trajectory defines an orientation of the payload coupling
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apparatus relative to the attachment point on the payload, and wherein the orientation of the
payload coupling apparatus at the end of the trajectory matches an orientation of the attachment

point on the payload to mate the payload coupling apparatus with the attachment point.

6. The system of claim 1, wherein the repositioning apparatus comprises wheels coupled to the
payload coupling apparatus and driven by additional corresponding motors, and wherein
controlling the aerial vehicle to hover above the payload and controlling the winch system to
deploy the payload coupling apparatus comprises:

controlling the position of the aerial vehicle in coordination with the winch system to
deposit the payload coupling apparatus and the wheels thereof onto a surface in the

environment near the payload.

7. The system of claim 6, wherein repositioning the payload coupling apparatus in the
horizontal direction to mechanically couple to the payload comprises:

identifying, based on the sensor data, an attachment point on the payload to which to
mechanically couple the payload coupling apparatus; and

causing the additional corresponding motors to drive the wheels over the surface and
towards the attachment point to mechanically couple the payload using the payload coupling
apparatus.
8. The system of claim 6, wherein the wheels comprise two wheels, and wherein the operations
further comprise:

while the aerial vehicle hovers above the payload, controlling the motor of the winch
system to maintain tension on the tether while the payload coupling apparatus is repositioned
in the horizontal direction to maintain the payload coupling apparatus upright on the two

wheels.
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9. The system of claim 6, wherein the wheels comprise two wheels, wherein the payload
coupling apparatus includes one or more gyroscopes coupled thereto, and wherein the
operations further comprise:

receiving, from the one or more gyroscopes, data indicative of a tilt of the payload
coupling apparatus; and

based on the data indicative of the tilt of the payload coupling apparatus, actuating one
or more of the additional corresponding motors to maintain the payload coupling apparatus

upright on the two wheels.

10. The system of claim 1, wherein the repositioning apparatus comprises a plurality of
adjustable aerodynamic features on the payload coupling apparatus, and wherein repositioning
the payload coupling apparatus in the horizontal direction comprises:

adjusting the adjustable aerodynamic features on the payload coupling apparatus to
generate on the payload coupling apparatus, using a downwash of air generated by the aerial
vehicle while hovering above the payload, the horizontal force to reposition the payload

coupling apparatus in the horizontal direction.

11. The system of claim 1, wherein the payload coupling apparatus includes thereon a plurality
of passive aerodynamic features configured to dampen oscillations of the payload coupling
apparatus using a downwash of air generated by the aerial vehicle while hovering above the

payload.

12. The system of claim 1, wherein the repositioning apparatus comprises one or more thrusters

on the payload coupling apparatus configured to push the payload coupling apparatus in one or
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more directions, and wherein repositioning the payload coupling apparatus in the horizontal
direction comprises:
actuating the one or more thrusters to reposition the payload coupling apparatus in the

horizontal direction.

13. The system of claim 1, further comprising:

an actuated arm connected at a first end thereof to the aerial vehicle, wherein the
actuated arm comprises at a second end thereof a tether guide through which the tether extends,
and wherein repositioning the payload coupling apparatus in the horizontal direction further
comprises actuating the actuated arm to push the tether and the payload coupling apparatus in

the horizontal direction.

14. The system of claim 1, wherein the system further comprises an arm connected at a first
end thereof to the aerial vehicle, wherein the arm comprises at a second end thereof a tether
guide through which the tether extends, and wherein the arm is configured to dampen
oscillations of the payload coupling apparatus while the aerial vehicle hovers in a fixed location

above the payload.

15. The system of claim 1, wherein the sensor is disposed on the payload coupling apparatus

and coupled to the aerial vehicle by way of the winch system.

16. The system of claim 1, wherein controlling the aerial vehicle to hover above the payload

and controlling the winch system to deploy the payload coupling apparatus comprises:
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determining, based on the sensor data, synchronized adjustments to (i) a vertical
position of the aerial vehicle, (ii) a horizontal position of the aerial vehicle, and (iii) an extent
to which the tether is unwound from the spool; and

adjusting a position of the aerial vehicle in coordination with the winch system to

perform the synchronized adjustments.

17. The system of claim 16, wherein the operations further comprise:

determining, based on a length by which the tether has been unwound from the spool,
a delay between adjustments in a position of the aerial vehicle and corresponding changes in a
position of the payload coupling apparatus; and

adjusting the position of the aerial vehicle in coordination with the winch system based

on the determined delay.

18. The system of claim 1, wherein the operations further comprise:
after mechanically coupling to the payload, controlling the aerial vehicle in

coordination with the winch system to pick up the payload.

19. A method comprising:

identifying, by a control system, a payload to be picked up by an aerial vehicle within
an environment, wherein a winch system is coupled to the aerial vehicle, wherein the winch
system comprises a tether disposed on a spool, a motor operable to apply a torque to the tether,
and a payload coupling apparatus coupled to a leading end of the tether and configured to
mechanically couple to the payload;

controlling, by the control system, the aerial vehicle to hover above the payload;
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controlling, by the control system, the winch system to deploy the payload coupling
apparatus by unwinding the tether from the spool;

receiving, by the control system, while the aerial vehicle hovers above the payload,
from a sensor on the aerial vehicle, sensor data indicative of a position of the payload coupling
apparatus in relation to the payload; and

while the aerial vehicle hovers above the payload, providing instructions, based on the
sensor data and by the control system, to reposition, using a repositioning apparatus mounted
on the payload coupling apparatus and configured to reposition the payload coupling apparatus
in at least a horizontal direction by applying at least a horizontal force directly to the payload
coupling apparatus, the payload coupling apparatus in the horizontal direction to mechanically

couple to the payload.

20. A non-transitory computer readable storage medium having stored thereon instructions that,
when executed by a computing device, cause the computing device to perform operations
comprising:

identifying a payload to be picked up by an aerial vehicle within an environment,
wherein a winch system is coupled to the aerial vehicle, wherein the winch system comprises
a tether disposed on a spool, a motor operable to apply a torque to the tether, and a payload
coupling apparatus coupled to a leading end of the tether and configured to mechanically couple
to the payload;

controlling the aerial vehicle to hover above the payload;

controlling the winch system to deploy the payload coupling apparatus by unwinding

the tether from the spool;
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receiving, while the aerial vehicle hovers above the payload, from a sensor on the aerial
vehicle, sensor data indicative of a position of the payload coupling apparatus in relation to the
payload; and

while the aerial vehicle hovers above the payload, providing instructions based on the
sensor data to reposition, using a repositioning apparatus mounted on the payload coupling
apparatus and configured to reposition the payload coupling apparatus in at least a horizontal
direction by applying at least a horizontal force directly to the payload coupling apparatus, the

payload coupling apparatus in the horizontal direction to mechanically couple to the payload.
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