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WINDING TECHNIQUE FOR MINIMIZING VOLTAGE STRESS IN A MOTOR

BACKGROUND

16801} Unless otherwise indicated herein, the materials described in this section are
not prior art to the claims in this application and are not admitted to be prior art by inclusion
in this sectiou.

[8062] Power generation systeras may convert chemical and/or mechanical energy
{c.g., kinetic energy) to electrical energy for various applications, such as utility systems. As

one example, a wind energy system may convert kinetic wind energy to electrical energy.
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SUMMARY

[8084] Methods and systems for winding an electric motor to reduce voltage stress
are described hercin. Such an electric motor may include a rotor and a stator. The stator s
the stationary component that may include a plurality of teeth around which one or more
winding wires may be wound. The winding wire is wound such that when a current passes
through the winding wire, a rotating magnetic field is created, causing the rotor to rotate. In
an example arrangement, the electric motor may be a medium to high voltage motor. In such
& scenario, several thousand volis may be applied to the colls, which may result in an clectric
arc between the coil and other components of the electric motor. One technigue to address
this problem is to add thicker insulation between the coils, and between the coils and the
stator material.  However, adding nsulation may make the motor more difficuit to cool,
resulting in lower performance. Bencficially, embodiments described herein may reduce the
maximum voltage difference, or “voltage stress,” between adjacent coils by winding the coils
m a particolar configuration.  The redoced maximum voltage difference may decrease the
potential for electrical arcing between components of the electric motor.

[8B45] In one aspect, a method for winding a stator of a motor is described. The
stator may inchide » teeth, and the motor may have m phases. The method may include
winding a wire around a first tooth of the stator. The method may also include winding the
wire around a second tooth of the stator such that a first portion of the wire extends from the
first tooth to the second tooth, wherein the second tooth s ( 5%" - 1) teeth from the first tooth,
The method may also incluede winding the wire around a third tooth of the stator such that a
second portion of the wire extends from the second tooth o the third tooth, wherein the third

tooth is [(m — 1% E% 1+ | teeth from the second tooth. The method may

also include winding the wire around a fourth tooth of the stator sach that a third portion of
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the wire extends from the third tooth to the fourth footh, wheren the fourth tooth is { -2% -
tecth from the third tooth. The method may also include winding the wire around a fifth
tooth of the stator such that a fourth portion of the wire extends from the fourth tooth to the
fifth tooth, wherein the fifth toothis  [(m - 1% E% 3] -+ 2 tecth from the fourth tooth.

8066} In another aspect, a motor having m phases may inchide a rotor and a stator
defining » teeth. The motor may also inclade a wire 4 wire wound around a first tooth of the
stator to create a first cotl. The motor may also jnclude a second ceil wound around a second
tooth of the stator such that a first portion of the wire extends from the first tooth to the
second tooth, wherein the second tooth is ( E% - 1) tecth from the first tooth. The motor may
also include 3 third coit wound arcund s third tooth of the stator such that a second portion of
the wire extends from the second tooth to the third tooth, wherein the third tooth is [{m — 1)¥(
E%)] + 1 teeth from the second tooth. The motor may also inclade a fourth coil wound
around a fourth tooth of the stator such that a third portion of the wire extends from the third
tooth to the fourth tooth, wherein the fourth tooth is { "2117 - 1) teeth from the third tosth. The
motor may also inchude a fifth cotl wound arcund a fifth tooth of the stator such that a fourth
portion of the wire extends from the fourth tooth to the fifth tooth, wherein the fifih tooth is
[ — 1Y :% 3]+ 2 teeth from the fourth tooth.

(68871 In another aspect, another method for winding a stator of 2 motor is described.
The stator may tnchude » toeth, and the rotor may have m phases. The method may include
winding a first winding wire around a first set of teeth of the stator to create a first sct of
coils, wherein a first voltage (V1) is applied to the first winding wire such that the first voltage
is apphied to the first set of coils, and wherein the fivst winding wire is wound around the first

Sy

The

sct of teeth such that a voliage difference between adjacent coils does not exceed T
mym;

method may also include winding a second winding wire around a second set of teeth of the

By
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stator {o create 8 second set of coils, wherein a second voltage is applied to the second
winding wire such that the second voltage is applied to the second set of coils, and wherein

the second winding wire is wound around the second set of iceth such that a voltage

=Ry
5l

(n/m)

difference between adjacent coils does not exceed The method may also inchude

winding & third winding wire avound a third set of tecth of the stator to create a third set of
coils, wherein a third voliage is applied to the third winding wire such that the thivd voliage is

applied to the third set of coils, and wherein the third winding wire is wound arovnd the third

~ . . . Sl
set of tecth such that a voltage differcuce between adjacent coils does not execed s ; 5
{n/m
6088} In yet another aspect, a system may include means for winding a stator of a

motor, where the stator includes » tecth and the motor has m phases. The system may include
a means for winding a wire arcund a first tooth of the stator. The system may also include a
means for winding the wire around a second tooth of the stator such that a first portion of the
wire extends from the first tooth to the second tooth, wherein the second tooth is ( E% - B
teeth from the first tooth. The system may also inclode a means for winding the wire around
a third tooth of the stator such that a second portion of the wire extends from the second tooth
to the third tooth, wherein the third tooth is [{(m - D™( f;: 31+ 1 teeth from the second tooth
The system may also include a means for winding the wire around a fourth tooth of the stator
such that a third pertion of the wire extends from the third tooth to the fourth footh, wherein
the fourth tooth is { 23;; - 1) tecth from the third tooth. The system may also include a means
for winding the wire around a fifth tooth of the stator such that a fourth portion of the wire
extends from the fourth tooth to the fifth tooth, wherein the fifth tooth is [{m — 1¥( -Z--;;’- N+2

teeth from the fourth tooth
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(8B4} These as well as other aspects, advantages, and alternatives, will become
apparent to those of ordinary skill in the art by reading the following detatled description,

with reference where appropriate to the accompanying drawings.

RN
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BRIEF DESCRIPTION OF THE FIGURES

[8018] Figure 1 depicts an Airbome Wind Turbine (AWT), according to an example
embodiment.
19611} Figure 2 15 a simplified block diagram tHustrating components of an AWT,

according to an cxampic cmbodiment.

6013} Figure 3A illustrates a mechanical representation of a traditional winding
pattern for stator teeth of a three-phase motor.

[8013] Figure 3B illustrates an clectrical representation of a traditional winding

pattern for stator teeth of a three-phase motor.

[8014] Figure 4 is a flowchart of a method, according to an example embodiment.
18615} Figure 5A illustrates a mechanical representation of a winding pattern for

stator teeth of a three-phase motor, according to an examplic embodiment.

#0186} Figure 5B illustrates an eloctrical representation of a winding pattern for stator
teeth of a three-phase motor, according to an example embodiment.

[8017] Figures SC-5D illustrate mechanical representations of winding patierns for
stator teeth of varicus three-phase motors, according to an example embodiment.

[8018] Figure SE illustrates a mechanical representation of a winding pattern for
stator toeth of a five-phase motor, according to an example embodiment.

18019} Figure 6 is a flowchart of another method, according to an example

embodiment.

<
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BETAILED DESCRIPTION
66243 Exemplary methods and systerns are described herein. It should be vnderstood

)

that the word “excmplary” is used hercin to mean “serving as an cxample, instance, or
illustration.” Any embodiment or feature deseribed herein as “exemplary” or “illustrative” is
not necessarily to be construed as preferred or advantageous over other embodiments or
features. More gencrally, the embodiments described hercin are not meant to be limiting, It
will be readily understood that certain aspects of the disclosed methods systems and can be
arranged and combined i a wide variety of different configurations, all of which are
contemplated herein

166213 The example embodimenis described herein are not meant to be limiting, It
will be readily understood that the aspects of the present disciosure, as generally described
herein, and illustrated in the figures, can be arranged, substituted, combined, separated, and
designed i a wide wvaricty of difforent configorations, all of which are cxplicitly
conieraplated herein.

I Overview

8622} Hiustrative embodiments relate to acrial vehicles, which may be used m a
wind energy system, such as an Aitborme Wind Twbine (AWT). In particular, illustrative
embodiments may relate to or take the form of methods and systems for winding an electric
motor to reduce voltage stress between adjacent coils in an electric motor, which is utilized
by an acrial vehicle that is part of an AWT. Note, however, that example embodiments are
not himited to implementation in an AWT, and may be implemented in other scenarios where
an clectric motor is utibized.

18623} By way of background, an AWT may inchade an acrial vehicle that flics ina
path, such as a substantially circular path, to convert kinctic wind energy to clectrical energy.

In an illustrative implementation, the aerial vehicle may be connected to a ground station via
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a tether. While tethered, the aerial vehicle can: (1) fly at a range of elevations and
substantially along the path, and return to the ground, and (i) transmit clectrical energy to the
ground station via the tether. In some implementations, the ground station may transmit
electricity to the acrial vehicle for take-off and/or landing.

[8024] Inan AWT, an aerial vehicle may rest in and/or on a ground station {or perch)
when the wind is not conducive to power generation. When the wind is conducive to power
gencration, such as when a wind speed may be 3.5 meters per second {m/s) at an altitude of
200 meters (m), the ground station may deploy {or launch) the acrial vehicle. In addition,
when the acrial vehicle is deployed and the wind is not conducive to power gencration, the
aerial vebicle may veturn to the ground station.

[B025] An example acrial vebicle may include one or more motors configured to
drive one or more generators for the purpose of generating electrical energy. The one or
more motors may cach be coupled to one or more blades, such as three blades as an example.
The one or more motor blades may rotate via interactions with the wind and which could be
used to drive the one or more generators. In addition, the one or more motors may also be
contigured to provide a thrust to the acrial vehicle during flight. With this arrangement, the
One O more motors may function as one or more propulsion uniis, such as a propelier.

[#826] The one or more motors discussed above may be an electric motor, Such a
motor may mehide a votor, and a stator.  The stator is a stationary component that may
inchude a plorality of tecth around which one or more winding wires may be wound. The
winding wires are wound such that when a current passes through the winding wires, a
rotating magnetic field s created. The votor is a rotating component which may include a
group of permanend magnets amranged around a cylinder with the poles facing the stator
poles. The rotor is located inside of the stator, and as current passes through the winding

wire, the rotor is configured to rotate.
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18627} In an example arrangement, the electric motor may be a medium to high
voltage motor. In such a scenario, several thousand volts may be applied to the cotls wound
around the stator teeth, which may result in an clectric arc between such coils and other
components of the eleciric motor. One sclution to this problem is to add nsulation between
components of the motor. However, adding insulation may make the motor more difficult to
cool, resulting in heat loss. Therefore, a method for reducing the potential for clectrical
arcing between componenis of the eleciric motor may be desirable.

16628} In one example, a method is provided for winding a stator of a motor to reduce
the maximum voltage difference between adjacerd cous. The stator may foclude » tecth, and
the motor may have m phases. The method may include winding a wire around a first tooth
of the stator. The method may then include winding the wire around a second tooth of the
stator such that a first portion of the wire extends from the first tooth to the second tooth. The

-

second tooth 18 located ( —2-?-7; - 1y teeth from the first tooth. The method may then jnclude
winding the wire around a third tooth of the stator such that a second portion of the wire
extends from the second tooth to the third tooth. The third tooth 1s located [(m — 1*( -Z-;? 1+
I teeth from the second tooth. The method may then nclude winding the wire around a
fourth tooth of the stator such that a thitd portion of the wire extends from the third tooth 1o
the fourth tooth. The fourth tooth is ocated ( -Z--;;’- - 1) teeth from the third tooth. The method
may then include winding the wirc around a fifth tooth of the stator such that a fourth portion
of the wire extends from the fourth tooth to the fifth tooth, The fifth tooth is located [(m —
1 -2-?-;“ )i+ 2 teeth from the fourth tooth.

[6029] Additional stator teeth may be wound by the wire. The wire wound arcund

the first, second, third, fourth and fifth tecth may represent a first phase of a phorality of

9
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phases of the motor. Additional phases may be wound around additional tecth of the stator
using the same winding pattern described above.

166306} The wire wound around the stator teeth creates a set of coils. A voltage (V)
may be applied to the wire such that the voltage is applied to the set of coils. In one example,

the wire may be would around the stator teeth such that a voltage difference between adjacent

. 54V
cotls dogs not exceed ———,

(n/m)
166313 It should be understood that the above examples are provided for llustrative

purposes, and should not be construed as limiting. As such, the method may additionally or
alternatively includes other features or includes fower features, without departing from the
scope of the invention.

1. flustrative Systems

A. Airborne Wind Turbine (AWT)

16632} Figure 1 depicts an AWT 100, according to an oxample embodiment. In
particular, the AWT 100 includes a ground station 114, a tether 120, and an aerial vehicle
130, As shown in Figure I, the acrial vehicle 130 may be connected to the tether 120, and the
tether 120 may be connected to the ground station 110, In this example, the tether 120 may
be attached to the ground station 110 at one loecation on the groumd station 110, and attached
to the acrial vehicle 130 at two locations on the acrial vehicle 130, However, in other
examples, the tether 120 may be attached at multiple locations to any part of the ground
station 110 and/or the aerial vehicle 130,

16633 The ground station 110 may be used to hold and/or support the aerial vehicle
130 untdl it is in an operational mode. The ground station 110 may also be configured to
allow for the repositioning of the aerial vehicle 130 such that deploving of the device is
possible.  Further, the ground station 110 may be further configured 1o receive the aerial

vehicle 130 during a landing.  The ground station 110 may be formed of any material that

10
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can suitably keep the aerial vehicle 130 attached and/or anchored to the ground while in
hover fhight, forward flight, crosswind flight. In some fmplementations, a ground station 110
may be configured for use on land. However, a ground station 110 may also be implemented
on a body of water, such as a lake, river, sea, or ocean.  For example, a ground station could
melade or be arranged on a floating off-shore platformn or a boat, among other
possibilities. Farther, a ground station 110 may be configured to remain stationary or 1o move
relative to the ground or the surface of a body of water.

18034] In addition, the ground station 110 may include one or more components (not
shown}, such as a winch, that may vary a length of the tether 120, For example, when the
acrial vehicie 130 is deployed, the one or more componenis may be configured to pay out
and/or reel cut the tether 120, In some implementations, the one or more components may be
configured to pay out and/or reel out the tether 120 10 a predetermined length. As examples,
the predetermined longth could be equal to or less than a maximum length of the tether 120,
Further, when the aerial vebicle 130 lands in the ground station 110, the one or more
components may be configured to reel in the tether 120,

18635} The tether 120 may transmit clectrical energy gencrated by the acrial vehicle
130 to the ground station 110, In addition, the tether 120 may transmit electricity to the aerial
vehicle 130 in order to power the aerial velicle 130 for takeott, landing, hover flight, and/or
forward flight. The tether 120 may be constructed in any form and usimg any material which
may allow for the transmission, delivery, and/or barnessing of clectrical cnergy generated by
the aerial vehicle 130 and/or transmission of electricity to the aerial vehicle 130, The tether
120 may also be configured to withstand one or more forces of the aenial vehicle 130 when
the aerial vehicle 130 is in an operational mode. For example, the tether 120 may inchude a
core configured to withstand one or more forces of the acrial vehicle 130 when the aerial
vehicle 130 is in hover flight, forward thight, and/or crosswind fhight. The core may be

1
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constructed of any high strength fibers. In some examples, the tether 120 may have a fixed
length and/or a variable length. For instance, in at least one such example, the tether 120 may
have a length of 140 meters.

8036} The aerial vebicle 130 may be configored to fly substantially along a path 150
to generate electrical energy.  The term “substantially along,” as used in this disclosure,
refers to exactly along and/or one or more deviations from exactly along that do not
significantly impact generation of electrical energy as described herein and/or transitioning
an aerial vehicle between certain flight modes as deseribed hevein.

18637} The acrial vehicle 130 may ioclude or take the form of various types of
devices, such as a kite, a helicopter, a wing and/or an airplane, among other possibilities. The
acrial vehicle 130 may be formed of solid structures of metal, plastic and/or other polymers.
The aerial vehicle 130 may be formed of any material which allows for a high thrust-to-
weight ratio and generation of clectrical energy which may be used i utidity applications.
Additionally, the materials may be chosen to allow for a lighining hardened, redundant and/or
fault tolerant design which may be capable of handling large and/or sudden shifis in wind
speed and wind direction. Other materials may be possible as well.

16838} The path 150 wmay be wvarious different shapes i various difforent
embodiments. For example, the path 150 may be substantially circular. And in at least one
such example, the path 150 may have a radius of up to 265 meters. The term “substantially
circidar,” as used in this disclosure, refers to exactly circular and/or one or more deviations
from exactly circular that do not significantly impact generation of electrical cnergy as
described hercin. Other shapes for the path 150 may be an oval, such as an ellipse, the shape
of a jelly bean, the shape of the ramber of &, ctc.

18039} As shown in Figure 1, the acrial vebicle 130 may include 8 main wing 131, a

front section 132, rotor connectors 133A-B, rotors 134A-3, a tail boom 135, a tmil wing 136,
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and a vertical stabilizer 137, Any of these components may be shaped i any form which
allows for the ase of components of 1ft to resist gravity and/or move the aerial vehicle 130
forward.

8046} The main wing 131 may provide a primary Lt for the aerial vehicle 130, The
main wing 131 may be one or move rigid or flexible airfoils, and may include various control
surfaces, such as wingicts, flaps, rudders, clevators, ete. The control surfaces may be used 1o
stabilize the aerial vehicle 130 and/or reduce drag on the acrial vehicle 130 during hover
flight, forward flight, and/or crosswind flight.

18641} The main wing 131 may be any suitable material for the aerial vehicle 130 w0
engage in hover flight, forward flight, and/or crosswind flight. For example, the main wing
131 may include carbon fiber and/or e-glass. Moreover, the main wing 131 may have a
variety dimeunsions. For example, the main wing 131 may have one or more dimensions that
correspornd with a conventional wind turbine biade. As another example, the main wing 131
may have a span of 8 meters, an arca of 4 meters squared, and an aspect ratio of 15, The
fromt section 132 may inchide one or more components, such as a nose, to reduce drag on the
aerial vehicle 130 during flight.

16842} The rotor connectors 133A-B may connect the rotors 134A-D to the main
wing 131, In some examples, the rotor comnectors 133A-B may take the form of or be
similar in form to one or more pylens. In this example, the rotor connectors 133A-B are
arranged such that the rotors 134A-D are spaced between the main wing 131, In some
examples, a vertical spacing between corresponding rotors {e.g., rotor 134A and rotor 134B
or rotor 134C and rotor 134D) may be 0.9 meters.

18643} The rotors 134A-D may counfigured to drive one or more gencrators for the
purpose of goenerating clectrical encrgy. Tn this example, the rotors 134A-D may cach include
one or more blades, such as three blades. The one or more rotor blades may rotate via

13
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interactions with the wind and which could be gsed to drive the one or more generators. In
addition, the rotors 134A-D may also be configured to provide a thrust to the aerial vehicle
130 duoring fiight. With this arrangement, the rotors 134A-D may function as one or more
propulsion units, such as a propeller. Akhough the rotors 134A-D are depicted as four rotors
m this exarople, in other examples the acrial vehicle 130 may include any number of rotors,
such as less than four rotors or more than four rotors.
[8044] The taii boom 135 may connect the main wing 131 to the tail wing 136. The
tail boom 135 may have a varicty of dimensions. For example, the tail boom 135 may have a
fength of 2 moters. Moreover, in some implemerdations, the tail boom 135 could take the
form of a body and/or fusciage of the acrial vehicle 130, And in such mplementations, the
tail boom 135 may carry a payload.
[BB45] The tail wing 136 and/or the vertical stabilizer 137 may be used to stabilize the
acrial vehicle and/or reduce drag on the acrial vehicle 130 during hover flight, forward flight,
and/or crosswind flight. For cxample, the tatl wing 136 and/or the vertical stabilizer 137 may
be used to maintain a pitch of the aerial vehicle 130 during hover flight, forward flight, and/or
crosswind flight. In this example, the vertical stabilizer 137 is attached to the tail boem 135,
and the tail wing 136 is located on top of the vertical stabilizer 137. The tail wing 136 may
have a variety of dimensions. For example, the tail wing 136 may have a length of 2 meters.
Moreover, in some examples, the tail wing 136 may have a surface area of (.45 meters
squared. Further, in some examples, the tail wing 136 may be located 1 meter above a center
of mass of the aerial vehicle 130
8646} While the aerial vehicle 130 has been deseribed above, it should be understood
that the methods and systems described herein could jnvolve any suitable acrial vehicle that s
connected to a tether, such as the tether 120,

B. [Hustrative Components of a AWT

14
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16647} Figure 2 is a simplified block disgram illustrating components of the AWT
200. The AWT 200 may take the form of or be similar in form to the AWT 100. In
particular, the AWT 200 includes a ground station 210, a tether 220, and an aerial vehicle
230. The ground station 210 may take the form of or be similar in form to the ground station
110, the tether 220 may take the form of or be similar in form to the tether 120, and the aerial
vehicle 230 may take the form of or be similar in form to the aerial vebicle 130

[8048] As shown m Figure 2, the ground station 210 may include onc or more
processors 212, data storage 214, and program instractions 216, A processor 212 may be a
gencral-purpose processor or a special purpose processor {e.g., digital signal processors,
application specific integrated circuits, etc.). The onc or more processors 212 can be
configured to execute computer-readable program instructions 216 that are stored in a8 data
storage 214 and are executable to provide at least part of the functionality described hercin.
(8049} The data storage 214 may include or take the form of one or more computer-
readable storage media that may be read or accessed by at least one processor 212. The one
or move computer-readable storage media can mclude volatile and/or non-volatile storage
components, such as optical, magretic, organic or other momory or disc storage, which may
be integrated in whole or in part with at least one of the one or more processors 212, In some
embodiments, the data storage 214 may be implemented using a single physical device {e.g.,
one optical, magnetic, organic or other memory or disc storage unit), while m other
embodiments, the data storage 214 can be implemenied using two or more physical devices.
18654} As noted, the data storage 214 may inclode computer-readable program
mstructions 216 and perhaps additional data, such as diagnostic data of the ground station
210, As such, the data storage 214 may include program instructions to perform or facilitate

some or all of the functionality described herein.
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16651} In a further respect, the ground station 210 may include 3 commumication
system 218, The communications system 218 may mclude one or more wireless interfaces
and/or one or more wircling interfaces, which alfow the ground station 210 to communicate
via one or more networks. Such wireless interfaces may provide for communication under
one or more wireless commumication protocols, such as Bluetooth, Wili (e.g., an IEEE
§02.11 protocol), Long-Term Evolution (LTE), WiMAX (e.g., an IEEE 8(2.16 standard), a
radio-frequency 1D (RFID) protocol, near-ficld communication (NFC), and/or other wircicss
communication protocols.  Such wireline nterfaces may include an Hihernet imterface, a
Universal Serial Bus (USB) wmterface, or similar interface 0 conununicate via a wire, a
twisted pair of wires, a coaxial cable, an optical link, a fiber-optic link, or other physical
connection to a wireline network., The ground station 210 may communicate with the aerial
vehicle 230, other ground stations, and/or other entities (e.g., a command center) via the
comumnication systern 218,

[8052] In an cxample cmbodiment, the ground station 210 may include
communication systems 218 that allows for both short-range commumication and long-
range communication. For example, the ground station 210 may be configured for short-
range communications using Blueicoth and for long-range communications vnder a CDMA
protocol. In such an embodiment, the ground station 210 may be configured to fonction as a
“hot spot”; or in other words, as a gateway or proxy between a remote support device {e.g.,
the tether 220, the aerial vehicic 230, and other ground stations) and one or more data
networks, such as celhdar network and/or the Internet. Configured as such, the ground
station 210 may facilitate data communications that the remote support device would
otherwise be vnable to perform by itself.

18653} For cxample, the ground station 210 may provide a WiFi connection to the
remote device, and serve as a proxy or gateway to a cellular service provider's data network,
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which the ground station 210 might connect to under an LTE or a 3G protocol, for mstance.
The ground station 210 could alse serve as a proxy or gateway 1o other ground stations or a
command station, which the remote device might not be able to otherwise access.

(6854} Moreover, as shown in Figure 2, the tether 220 may include transmission
components 222 and a communication link 224. The transmission components 222 may be
configured to transtit electrical cnergy from the acrial vehicle 230 to the ground station 210
and/or transmit clecirical encrgy from the ground station 210 to the acrial vehicle 230. The
fransmission components 222 may take various different forms in various different
embodiments.  For example, the transmission components 222 may include one or more
conductors that arc configured to transmit electricity. And in at least one such cxample, the
one or more conductors may inchude aluminum and/or any other material which allows for
the conduction of electric current.  Moreover, n some tmplementations, the transmission
components 222 may surround a core of the tether 220 (not shown).

[8055] The ground station 210 could communicate with the aerial vehicle 230 via the
communication Hnk 224. The conmmunication hink 224 may be bidirectional and may include
one or more wired and/or wircless interfaces. Also, there could be one or more routers,
switches, and/or other devices or networks making up at least a part of the communication
Hink 224,

[BOSE] Further, as shown in Figure 2, the aerial vehicle 230 may inchude one or more
sensors 232, a power system 234, power generation / conversion components 236, 3
communication system 238, onc or more processors 242, data storage 244, and program
mstructions 246, and a control system 248,

8057} The sensors 232 could include various different sensors in various different
embodiments.  For example, the sensors 2327 may include a global a global positioning

vatem (GPS) receiver. The GPS receiver may be configured to provide data that 15 typical of
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well-known GPS systems (which may be referred to as a global navigation satellite system
(GNNS)Y), such as the GPS coordinates of the aerial vehicle 230, Such GPS data may be
utilized by the AWT 200 io provide various functions described herein.

{3058} As another example, the sensers 232 may include one ¢r more wind sgnsors,
such as one or more pitot tubes. The one or more wind sensors may be configured to detect
apparent and/or relative wind, Such wind data may be utilized by the AWT 200 1o provide
various functions described herein.

16639} Still as another example, the sensors 232 may mclude an inerfial measurement
unit (JMU}. The IMU may welade both an accelerometer and a gyroscope, which may be
used together to determine the oriemtation of the aerial vehicle 230. In particular, the
accelerometer can measure the orientation of the aerial vehicle 230 with respeet to carth,
while the gyroscope measures the rate of rotation around an axis, such as a centerline of the
acrial vehicle 230, IMUs are commercially available in low-cost, low-power packages. For
instance, the IMU may take the form of or include a ministurized MicroElectroMechanical
System (MEMS) or & NanoElectroMechanical System (NEMS). Other types of IMUs may
also be utilized. The IMU may include other sensors, in addition to acceleromcters and
gyroscopes, which may help to better determine position. Two examples of such sensors are
magnetometers and pressure sensors. Other examples are also possible.

[B868] While an accelerometer and gyroscope may be effective at determining the
oricutation of the aerial vehicle 230, slight errors in measwrement may compound over time
and result in a more significant error. However, an example aerial vehicle 230 may be able
mitigate or reduce such errors by using 8 magoetometer to measure divection. One example
of a magnetometer s a low-power, digital 3-axis magnetometer, which may be used to realize
an oricntation independent electronic compass for accurate heading information. However,
other types of magnetometers may be utilized as well.
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{8861} The aerial vehicle 230 may also inclode a pressure sensor or barometer, which
can be used to determine the altitude of the aerial vehicle 230, Alternatively, other sensors,
such as sonic altimeters or radar altimeters, can be used to provide an indication of altitude,
which may help to tmprove the accuracy of and/or prevent drift of the IMU.

[B062] As noted, the aerial vehicle 230 may include the power system 234, The
power systern 234 could take various different forms in various different embodiments. For
example, the power system 234 may include one or more batterics for providing power {o the
aerial vehicle 230, In some tmplementations, the one or more batteries may be rechargeable
and each battery may be recharged via a wired connection between the battery and a power
supply and/or via a wirgless charging system, such as an inductive charging system that
applics an external time-varying magnetic field to an internal battery and/or charging system
that uses energy collected from one or more solar panels.

8063} As another example, the power syster 234 may include one or more mofors or
engines for providing power to the aerial vehicle 230, In some mmplementations, the one of
more motors or engines may be powered by a foel, such as a hydrocarbon-based fuel. And in
such implementations, the fuel could be stored on the acrial vehicle 230 and delivered 1o the
one of more motors or engines via one or more fluid conduits, such as piping. In some
mmplementations, the power system 234 may be fmplemented in whole or in part on the
ground station 210,

(8864} As noted, the aerial vehicle 230 may mchide the power generation /
conversion components 236, The power generation / conversion components 326 could take
various different forms in various different embodiments. For example, the power generation
/ conversion components 236 may inchude one or more generators, such as high-speed, direct-
drive generators. With this arrangement, the one or more gencrators may be driven by one or
more rotors, such as the rotors 134A-D. And in at least one such example, the one or more
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generators may operate at full rated power wind speeds of 11.5 meters per second at a
capacity factor which may exceed 60 percent, and the one or more generators may gencrate
clectrical power from 40 kilowatts to 600 mogawatis.

[6865] Moreover, as noted, the aerial vehicle 230 may mchude a communication
system 238. The communication system 238 may take the form of or be similar in form to
the communication system 218, The acrial vehicle 230 may comunumicate with the ground
station 210, other aerial vehicles, and/or other entities (c.g., a command center) via the
communication system 238,

18666} In some implementations, the aerial vehicle 230 may be contfigured to function
as a “hot spot”™; or in other words, as a gateway or proxy between a remote support device
{e.g., the ground station 210, the tether 220, other aerial vehicles) and one or more data
networks, such as cellular network and/or the Internet. Configured as such, the aerial vehicle
230 may facilitate data convrunications that the remote support device would otherwise be
unable to perform by iiself.

(6667} For example, the acrial vehicle 230 may provide a WiFi connection to the
remote device, and scrve as a proxy or gateway to a cellular service provider’s data network,
which the acrial vehicle 230 might connect to under an LTE or a 3G protocol, for instance.
The acrial vehicle 230 could also serve as a proxy or gateway to other aerial vehicles or a
command station, which the remote device might not be able to otherwise access.

[8068] As noted, the acrial vehicle 230 may include the one or more processors 242,
the program instructions 244, and the data storage 246. The one or more processors 242 can
be configured to execute computer-readable program instructions 246 that are stored in the
data storage 244 and arc executable to provide at least part of the functionality described
herein. The one or more processors 242 may take the form of or be similar in form to the one

or more processors 212, the data storage 244 may take the form of or be similar in form to the
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data storage 214, and the program instructions 246 may take the form of or be similar in form
o the program instructions 216,

13069] Morgover, as noted, the aerial vehicle 230 may include the control system 24&,
In some implementations, the control system 248 may be configured {o perform one or more
fimctions described herein. The control system 248 may be implemented with mechanical
systerns and/or with hardware, firooware, snd/or software.  As one example, the contrel
systern 248 may take the form of program instructions stored on 8 non-transifory computer
readable mediom and a processor that exccutes the nstructions. The control system 248 may
be implemented in whole or in part on the acrial vehicle 230 and/or at lcast one entity
remotely located from the acrial vehicle 230, such as the ground station 210, Generally, the
manner in which the control system 248 is implemented may vary, depending upon the
particular application.

FiE. Iustrative Methods

[8078] As discussed above, an example aerial vehicle may include one or more
motors configured to drive one or more generators for the purpose of generating electrical
cnergy. In onc example, the one or more motors may be an electric motor.  Such a motor
may include a rotor, and a stator. The stator is a statiopary component that may include a
plurality of tecth around which a winding wire may be woond. The winding wire may be
wound such that when a current passes through the winding wire, a rotating magnetic field is
created. The rotor is a rotating component which may include a group of permanent maguoets
arranged around a cylinder with the poles facing the stator poles. The rotor may be located
mside of the stator, and as current passes through the winding wire, the rotor may be
contigured to rotate.

18671} Figwre 3A illustratcs a mechanical representation of a traditional winding
pattern for a 24-tooth stator of a three-phase electric motor. For phase U, a winding wive is
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wound around teeth U, U2, U3, U4 (in that order), and then across the stator to teeth US,
U6, U7, and finally U, The same winding pattern is performed for phase V and phase W.
In an ¢xample arrangement, the electric motor may be a medivm to high voltage motor. In
such a scenario, several thousand volts may be apphied to the coils wound around the stator
teeth. The solid black lines shown in Figore 3A indicate arcas where coils are mechanically
close to one another, but clectrically far apart (e, there is a large maximum vohage
difference between those coils). These arcas may create an increased potential for electrical
arcing and burming out of the motor.

18672} Figure 3B illustrates an clectrical representation of the traditional winding
pattern of Figure 1. The dotted lines represent mechanical adjacencies between coils that are
not electrically adjacent, hence locations at which large maximom voltage differences may be
present.  As shown in Figure 3B, there are four locations where there is a large maximuom
voltage difference between adjacent coils wound via the traditional winding pattern. As an
example, a voltage of 800V may be applied to the series combination of U, U7, U, US, U4,
U3, U2, and U1, resulting in a drop of 100V across cach individual coll. Similarly, a voltage
of -800V may be applied to may be applicd to the series combination of W8, W7, W6, W5,
Wd, W3, W2, and W1, resulting in a drop of 100V across each individual coil. As shown in
Figure 3A, coils U and Wi are mechanically adjacent to one another, and the maximum
voltage difference between these coils is 900V, The same 900V maximum voltage difference
exists between coils US and V4, U4 and WS and Ul and V8. As discussed above, these arcas
may have an increased potential for electrical arcing between components of the electric
motor.

16673} Oue solution to this problem is to add insulation botween compounents of the
motor. However, adding imsulation may make the motor more difficult to cool, resoliing in
lower overall performance of the motor. Further, adding insulation takes up space inside of
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the motor that could otherwise be used to increase the nomber of coils aroond cach stator
tooth. Therefore, an improved winding pattern for reducing the potential {for electrical arcing
between components of the electric motor may be desirable.

8074} Figure 4 is a flowchart illustrating a method 400, according to an example
embodiment. Although the blocks are illustrated in a sequential order, these blocks may also
be performed in paraliel, and/or in a ditferent order than those described berein. Also, the
various blocks may be combined into fower blocks, divided into additional blocks, and/or
removed based upon the desired implementation.

18675} Method 400 describes a method for winding a stator of a motor, wherein the
stator has » tecth, and wherein the motor has m phases.  In particular, at block 402, method
400 involves winding a wire around a first tooth of the stator. In one example, the wire may
be an msulated copper wire. In another example, the wire may be an insulated aliminom
wire. Other types of wire are possible as well.

160746} At block 404, method 400 inveoives winding the wire around a sccond tooth of
the stator such that a first portion of the wire extends from the first tooth to the second tooth.
The second tooth is located { :1’5; - 1} teeth from the first tooth. As a specitic example, Figure
SA illustrates a 24-tooth stator for a threc-phase motor. In this example, # = 24 and m = 3.
Therefore, the sccond tooth is located ( % - 1) = 3 tecth from the fivst tooth. In the example

shown i Figure 5A, the second tooth 1s three testh clockwise from the first tooth, In another
example, the second tooth may be located three tecth counterclockwise from the furst tooth.

8477} At block 406, methed 400 invelves winding the wire around a third tooth of
the stator such that a second portion of the wire extends from the second tooth to the third

tooth. The third tooth is located {{m - 1)¥( "% 3]+ 1 teeth from the second tooth. Continuing
AL
. o - < . . , 24 ..
with the exampie winding pattern of Figure 5A, the third tooth is located [(3 — 1%( :—?: N+l
KD
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= Q teeth from the second tooth. Since the second tooth is located three teeth clockwise from
the first tooth, the third tooth must be located mine teeth clockwise from the second tooth
However, if the second tooth was positioned three tecth counterclockwise from the first tooth,
the third tooth would be located nine teeth counterclockwise from the second tooth.

{3878} At block 408, method 400 mvolves winding the wire around a fourth tooth of

the stator such that a third portion of the wire extonds from the third tooth to the fourth tooth,
The fourth tooth is located ( -2% - 1) teeth from the third tooth, Continuing with the example
winding pattern of Figure SA, the third tooth is located ( 'z'% - 1y = 3 teeth from the third
tooth. Ag discussed above, since the second tooth is Iocated three teeth clockwise from the
first tooth, the fourth tooth must be focated three teeth clockwise from the third tooth.
However, if the second tooth was positioned three tecth counterclockwise from the first tooth,
the fourth tooth would be located three tecth counterclockwise from the third tooth

{379} At block 410, method 400 involves winding the wire around a fifth tooth of
the stator such that a fourth portion of the wire extends from the fourth tooth to the fifth
tooth, The {ifth tooth is located [(m — 1% -Z%)j + 2 tgeth from the fourth tooth, Continping

24 ..

j+2

with the example winding pattern of Figure 5A, the third tooth is located {(3 — 1)¥(

;
N2k

1933

= 10 teeth from the fourth tooth. As discussed above, since the second tooth s focated three
teeth clockwise from the first tooth, the fifth tooth must be located ten tecth clockwise from
the fourth tooth. However, if the second tooth was positioned three tecth counterclockwise
from the first tooth, the fifth tooth would be located ten teeth counierclockwise from the
fourth tooth.

{8084} Figure SA illustrates 3 mechanical representation of a winding pattern for a
24-tooth stator of a three-phase motor, according to an example embodiment. In sachan

exarnaple, the methed 400 may continue with winding the wire around a sixth tooth of the
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stator such that a fifth portion of the wive extends from the fifth tooth to the sixth tooth,
where the sixth tooth s located one tooth from the fifth tooth. The method 400 may then
include winding the wire around a seventh tooth of the stator such that a sixth portion of the
wire extends from the sixth tooth to the seventh tooth, where the seventh tooth is located
eleven tecth from the sixth tooth. Finally, the method 400 may include winding the wire
around an cighth tooth of the stater such that a seveunth portion of the wire extends from the
seventh tooth to the eighth tooth, where the cighth tooth is located one tooth from the seventh
tooth. The solid black lines shown in Figure SA indicate areas with the highest maximum
voltage difference between adjacent coils.

16081} The wire wound around the first, second, third, fourth, fifth, sixth, seventh,
and cighth tecth are represenied in Figure SA as teeth UL-US, respectively. The wire wound
around tecth U1-US may represent a first phase of a three-phase motor. A second phase may
be represented by teeth W1-WSE, and a third phase may be represenied by tecth V1-V8. The
second and third phases may be wound using the same winding pattem described by method
400 above.

18682} Figure 5B illustrates an electrical representation of the winding pattern of
Figure SA, according to an example embodiment. The dotied lines represent mechanical
adjacencies between coils that are not electrically adjacent, hence locations at which large
maximum voltage differences may be present. As shown in Figure 5B, the maximum voltage
difference is significantly less than that of the traditional winding pattern shown in Figure 3B.
Using the example above, a voltage of 800V may be applied to the series combination of U8,
U7, U, US, U4, U3, U2, and U1, resulting in a drop of 100V across each individual ¢coil.
Similarly, a voltage of -800V may be applied to may be applied to the series combination of
WS, W7, W6, W5, W4, W3, W2, and W1, resuiting in a drop of 100V across cach individual
coil. The maximum voltage difference between U4 and W1 may be as large as SO0V,
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Similarly, the maximum voltage difference botween U3 and V2, U2 and W3, and Ul and V4
is 300V, As discussed above m relation to Figures 3A-3B, in the traditional winding pattern
the maximum voltage difference was 900V, In medium o high voltage clectric motors where
hundreds or thousands of volts are passing through the ceils, a reduction in the maximum
voltage difference between adjacent coils may prevent arcing from occcurring.

[GOR3] Figures 5C illustrates a mechanical representation of a winding pattern for &
18-tooth staior of a three-phase motor, according to an cxample embodiment. In such an
exanple, the methed 400 may continue with winding the wire around a sixth tooth of the
stator such that a {ifth portion of the wire extends from the fifth tooth to the sixth tooth,
wherein the sixth tooth is nine tecth from the fifth tooth. The solid black lines shown in
Figure SC indicate arcas with the highest maximum voltage difference between adjacent
coils. The wire wound around the first, second, third, fourth, fifth, and sixth teeth are
represented in Figure 5C as tecth Ui-U$6, respectively. The wire wound around teeth Ul-Us
may represent a first phase of a three-phase motor. A second phase may be represented by
teeth W1-W6, and a thivd phase may be represented by teeth V1-V6. The second and third
phases may be wound using the same winding pattern described by method 400 above.
18084} Figure 5D illustrates a mechanical representation of a winding paitera fora
30-tooth stator of a three-phase motor, according to an example embodiment. In such an
example, the method 400 may continue with winding the wire around a sixth tooth of the
stator such that a {ifth portion of the wire extends from the fifth tooth to the sixth tooth,
where the sixth tooth is located two tecth from the fifth tooth. The method 400 may then
include winding the wire around a seventh tooth of the stator such that a sixth portion of the
wire extends from the sixth tooth to the seventh tooth, where the seventh tooth is located
thirtegn teeth from the sixth tooth. The method 400 may then inchude winding the wire
around an eighth tooth of the stator such that a seventh portion of the wire extends from the
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seventh tooth to the eighth tooth, where the eighth tooth s located two teeth from the seventh
tooth. The method 400 may then nclude winding the wire around a ninth tooth of the stator
such that an eighth portion of the wire extends from the eighth tooth to the ninth tooth, where
the ninth tooth is located fourteen teeth from the eighth tooth. The method 400 may then
mehade winding the wire around a tenth tooth of the stator such that a ninth portion of the
wire extends from the ninth tooth to the tenth tooth, where the tenth tooth is located fifteen
tecth from the nioth tooth.

16685} The solid black lines shown in Figure 5D indicate aveas with the highest
maxinue voltage difference between adjacent coils. The wire wound around the first,
sccond, third, fourth, fifth, sixth, seventh, cighth, ninth, and tenth tceth are represented in
Figore SD as teeth UT-U10, respectively. The wire wound around tecth UL-UL0 may
represent a first phase of a three-phase motor. A second phase may be represented by teeth
W1-W10, and a third phase may be represented by toeth V1-V10. The second and third
phases may be wound using the same winding pattern described by method 400 above.

18086} Figure SE illustrates a mechanical representation of a winding pattern for a 30-
tooth stator of a five-phase motor, according to an example embodiment. Using method 400,

. « . o s T ~
a first tooth is wound using a wire. Next, a second tooth is wound ( E'{:'Z - 1} tecth from the

first tooth. Using Figure 5E, #» = 30 and m = 5. Therefore, the second tooth is located (Snof -
1) = 2 teeth from the first tooth. In the example shown in Figure SE, the sceond tooth is two
tecth clockwise from the first tooth. In another example, the second footh may be located
three teeth counterclockwise from the first tooth.

{8087} Next, g third tooth is wound {(m — 1)*( —2-% 31+ 1 teeth from the second tooth,

30 -
: ¥+ 1 =13 tceth from the second tooth

2

In Figure 5E, the third tooth is located [{(5 — 1%

413

A fourth tooth 1s then wound ( E% - 1} teeth from the third tooth. Thus, the fourth tooth is
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focated (-;f'— - 1) =2 teeth from the third tooth. Next, a fifth tooth is wound [(m — 1}%( 53:7 ¥+
2 teeth from the fourth tooth, Thus, the fifth tooth is located [(5 — 1)*( ::i% 3+ 2 =14 tecth

from the fourth tooth. Method 400 may continue with winding the wire around a sixth tooth
of the stator such that a fifth portion of the wire extends from the fifth tooth to the sixth tooth,
where the sixth tooth is located fifteen teeth from the fifth tooth.

18688} The solid black Huoes shown in Figure 5E indicate arcas with the highest
maximum voltage difference between adjacent coils. The wire wound around the first,
second, third, fourth, fifth, and sixth tecth are represented in Figure 5E as tecth Ul-U6,
respectively. The wire wound around teeth U1-16 may represent a first phase of a five-phase
motor.  The second phase may be represented by tecth W1I-W6, the third phase raay be
represented by teeth V1-V6, the fourth phase may be represented by teeth X1-X6, and the
fifth phase may be represented by teeth Y1-Y6. The second, third, fourth, and fifth phases
may be wound using the same winding pattern described by method 400 above.

18089} Figwre 6 is a flowchart illustrating a method 600, according to an cxample
embodiment. Although the blocks are illustrated in a sequential order, these blocks may also
be performed in paraliel, and/or in a ditferent order than those described herein. Also, the
various blocks may be combined into fower blocks, divided into additional blocks, and/or
removed based upon the desired implementation.

EEEEEH Method 600 describes a method for winding a stator of a motor, wherein the
stator has » tecth, and wherein the motor has m phases.  In particular, at block 602, method
600 involves winding a first winding wire arcund a first sct of teeth of the stator to creaic a
first set of coils. A first voltage (77} may be applied to the {irst winding wire such that the
first voltage is applied to the first set of coils. The first winding wire may be wound arcund

the first set of tecth such that a voltage difference between adjacent coils does not exeeed
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54V,

i In one example, the first set of coils may be wound osing the method 400 deseribed
¥/

above in relation to Figure 4. However, other winding patterns are possible that achieve the

same goal of Hmiting the voltage difference between adjacent coils 0 a maximum vokage

P Bl = . . e . .
difference of - For example, looking to the example shown in Figure 5A, coils U5 and
\n;m
. . . . . 5V
U6 may be switched and the maximum voltage difference still would not exceed -~ As
- ki (n/m)

another example, cotls U7 and UR may be switched and the maxinmum voltage differcnce still

5V . . . . .
would not exceed = W‘) Similar exampies are possible with phases W and V as well.
(n/m '
6891} At block 604, method 600 involves winding a second winding wire around =

second set of teeth of the stator to create a second sot of coils. A second voltage may be
applied to the second winding wire sach that the second voltage is applied to the second set
of coils. In one example, the second voltage may be equivalent in magnitude to the first
voltage. For example, the first voltage may be 800V, and the second voltage may be -800V.,
Other examples are possible as well. The second winding wire may be wound around the

seccond set of teeth such that a voltage difference between adjacent cotls does not exceed

)

s In one example, the sccond set of cotls may be wound using the method 400 described
n/m

above in relation to Figure 4. However, other winding patterns are possible that achieve the
saroe goal of hmiting the voltage difference between adjacent coils o a maxiomum voltage

a4

as discussed above.

difference of ——=e
(n/m}

{3092} At block 606, method 600 mvolves winding 3 third winding wire around a
third set of toeth of the stator to create a third set of coils. A third voltage may be applied to
the third winding wire such that the third voltage is applied to the third set of coils. In one
exanple, the third voltage may be equivalent in magnitude to the first and second voltages.

The third winding wire may be wound around the third set of teeth such that a voltage
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5}

.
n/m)

difference between adiacent coils does not exceed In one example, the third set of
cotls may be wound using the method 400 described above in relation to Figore 4. However,

other winding patterns are possible that achieve the same soal of limiting the voltage
Fae T - Fe) ) o

PP . . - . o 5%V .
difference between adjacent coils to a maximum voltage difference of - - as discussed
(v /1)
above.
LR In one example, the first winding wire wound around the first set of teeth

comprises a first phase of the motor, the sccond winding wire wound around the second set of
toeth comprises a second phase of the motor, and the third winding wire wound around the
third set of teeth comprises a third phase of the motor. In such an example, the first voltage,
the second voltage, and the third voltage may be constantly changing. In an example "six
step” drive sequence, at time 1 the first phase may have a voltage of 800V, the second phase
may have a voltage of -800V, and the third phase may have a voltage of 0V, At time 2, the
first phase may have a vohtage of 800V, the second phase may have a voltage of 0V, and the
third phase may bave a voltage of -800V. At time 3, the first phase may have a voliage of
{0V, the second phase may have a voltage of 300V, and the third phase may have a voltage of
-8O0GV. At time 4, the fivst phase may have a voltage of -800V, the second phase may have a
voltage of 800V, and the third phase may have a voltage of OV, At time 5, the first phase
may have a voltage of -800V, the sccond phase may have a voltage of OV, and the third phase
may have a voltage of 800V, At time 6, the first phase may have a voltage of OV, the second
phase may have a voltage of -800V, and the third phase may have a voltage of 860V, The
motor may then loop back to time 1 and start the sequence over. While the voltages arc
constantly changing across cach phase, the maximum voltage difference between adjacent

Lt
SxVy

(n/my’

coils does not exceed
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18694} As a specific example, Figure SA illustrates a 24-tooth stator for a three-phase
motor. The solid black hnes shown in Figure SA indicate areas with the highest maxinmm
voltage difference between adjacent cotls. In one example, a voltage of 800V may be applied
to the serigs combination of UE, U7, U6, U5, U4, U3, U2, and U1, resulting in 2 drop of
100V across each individual coil. Similarly, a voltage of -800V may be applied 10 may be
applied 1o the series combination of WS, W7, W6, W5, W4, W3, W2, and W1, resulting in a
drop of -100V across each individual coil. Since Figure 5A illustrates a 24-tooth stator for
three-phase motor, # = 24 and m = 3. Therefore, the maximum voltage difference between

—— = 300V, The winding pattern shown in Figure 5A meets the criteria

adjacent coils 1§ ——
(24/3}

7

S gince the
)

that the maximuom voltage difference between adjacent coils does not exceed (::‘;
maximun voltage difference between U4 and W1 s 500V, Similarly, the maximum voltage
difference between U2 and W3 s 500V,

Bv, Conclusion

1B695] The particular arrangements shown in the Figures should not be viewed as
fimiting. It should be understood that other embodiments may include more or less of cach
element shown in a given Figure. Further, some of the llustrated elements may be combined
or omitted.  Yet further, an excmplary cmbodiment may foclude clements that are not
itlustrated in the Figures.

{8096} Additionally, while varicus aspects and embodiments have been disclosed
herein, other aspects and embodiments will be apparent to those skilled m the art. The various
aspects and embodiments disclosed herein are for purposes of tllustration and are not intended
to be Hmiting, with the true scope and spirit being indicated by the following claims. Gther
embodiments may be utilized, and other changes may be made, without departing from the

spirit or scope of the subject matier presented hevein. It will be readily undersiood that the
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aspects of the present disclosure, as generally described herein, and illostrated in the figores,
can be arranged, substituted, combined, separated, and designed in a wide variety of different

configurations, ali of which are contemplated herein.

(a3
NI
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CLAIMS

What is claimed 1

1. A method for winding a stator of a motor, wherein the stator includes # teeth,
and wherein the motor has m phases, the method comprising:

winding a wire around a first tooth of the stator;

winding the wire around a second tooth of the stator such that a first portion of the
wire extends from the first tooth o the second tooth, wherein the second footh is ( "2117 -1
teeth from the first tooth;

winding the wire around a third tooth of the stator such that a second portion of the
wire extends from the second tooth to the third tooth, wherein the third tooth is [{m — 1™

:-31-7; Y] + 1 tecth from the second tooth;

winding the wirve around a fourth tooth of the stator such that a third portion of the
wire extends from the third tooth to the fourth tooth, wherein the fourth tooth is { ;m - 1) teeth
from the third tooth; and

winding the wire around a fifth tooth of the stator such that a fourth portion of the

wire extonds from the fourth tooth to the fifth tooth, wherein the fifth tooth is [(m — 1% :-'-L;; ]

+ 2 teeth from the fourth tooth.

2. The method of claim 1, further comprising:
winding the wire around a sixth tooth of the stator such that a fifth portion of the wire
extends from the fifth tooth fo the sixth tooth, wherein the sixth tooth 15 nine teeth from the

fifth tooth.
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3. The method of claim 1, further comprising:

winding the wire around a sixth tooth of the stator such that a fifth portion of the wire
extends from the fifth tooth to the sixth tooth, wherein the sixth tooth is one tooth from the
fifth tooth;

winding the wire around a seventh tooth of the stator such that a sixth portion of the
wire extends from the sixth tooth 1o the seventh tooth, wherein the seventh tooth is eleven
teeth from the sixth tooth; and

winding the wire around an eighth tooth of the stator such that a seventh portion of the
wire extends from the seventh tooth to the eighth tooth, whercin the cighth tooth 1s one tooth

from the seventh tooth.

4, The methed of claim 1, further comprising:

winding the wire around a sixth tooth of the stator such that a fifth portion of the wire
extends from the fifth tooth to the sixth tooth, wherein the sixth tooth is two fceth from the
fifth tooth;

winding the wite around a seventh teoth of the stator such that a sixth portion of the
wire extends from the sixth tooth to the seventh tooth, wherein the seventh tooth is thirteen
teeth from the sixth tooth;

winding the wire around an cighth tooth of the stator such that a seventh portion of the
wire extends from the seventh tooth to the cighth tooth, wherein the eighth tooth is two tecth
from the seventh tooth;

winding the wire around a ninth tooth of the stator such that an eighth porfion of the
wire extends from the cighth tooth to the ninth tooth, wherein the ninth tooth is fourtecn teeth

from the eighth tooth; and
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winding the wire around a tenth tooth of the stator such that a ninth portion of the
wire extends from the ninth tooth 1o the tenth tooth, wherem the tenth tooth is fifteen teeth

from the ninth tooth.

5. The methed of claim 1, further comprising:
winding the wire around a sixth tooth of the stator such that a fifth portion of the wire
extends from the fifth tooth to the sixth tooth, wherein the sixth tooth is fificen teeth from the

{ifth tooth.

6. The method of claim 1, wherein the wire wound around the first tooth, the
second tooth, the third tooth, the fourth tooth, and the fifth tooth comprise a first phase of a
plurality of phases, the method further comprising winding at least one additional phase of

the plurality of phases in a manuner similar to the first phase.

7. The method of claim 6, wherein the plurality of phascs comprises three
phases.

5. The method of claim 6, wherein the plurality of phases comprises five phases.

9. A motor having m phases, the motor comprising:

arotor;

a stator defining » teeth;

a wire wound around a first tooth of the stator to create a first cotl;

(98]
(]
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a second coil wound around a second tooth of the stator sach that a fisst portion of the

. e . . 122
wirg extends from the first tooth to the second tooth, wherem the second tooth 8 { — - 1}
KA

teeth from the first tooth;

a third coil wound around a third tooth of the stator such that a second portion of the
wirg extends from the socond tooth to the third tooth, wherein the thivd tooth is [{m — 1¥{
;% ¥+ 1 teoth from the second tooth;

a fourth coil wound around a fourth tooth of the stator such that a third pertion of the
wire extends from the third tooth to the fourth tooth, wherein the fourth tooth is (-;ZT-L-; - 1} teeth
from the third tooth; and

a fifth coil wound around a fifih tooth of the stator such that a fourth portion of the

wire extends from the fourth tooth to the fifth tooth, wherein the fifth tooth is [(m — 1% :-'-L; 3]

+ 2 teeth from the fourth tooth.

1. The motor of claim 9, further comprising:
a sixth coil wound arcund a sixth tooth of the stator such that a fifth portion of the
wire extends from the fifth tooth to the sixth tooth, whercin the sixth tocth is nine tecth from

the fifth tooth.

1. The motor of claim 9, further comprising:
a sixth coil portion wound around a sixth tooth of the stator soech that a fifth portion of
the wire extends from the fifth tooth 1o the sixth tooth, wherein the sixth tooth i3 one tooth

from the fifth tooth;
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a seventh coil wound around a seventh tooth of the stator such that a sixth portion of
the wire extends from the sixth tooth to the seventh tooth, wherein the seventh tooth is eleven
teeth from the sixth tooth; and

an eighth coil wound around an eighth tooth of the stator such that a seventh portion
of the wire extends from the seventh tooth to the cighth tooth, wherein the eighth tooth is one

tooth from the seventh tooth.

12, The motor of claim 9, further comprising:

a sixth cotl wound around a sixth tooth of the stator such that a fifth portion of the
wire extends from the fifth tooth to the sixth tooth, wherein the sixth tooth is two teeth from
the fifth ooth;

a seventh coil wound around a seventh tooth of the stator such that a sixth portion of
the wire extends from the sixth footh to the seventh tooth, wherein the seventh tooth is
thirtoen teeth from the sixth tooth;

an eighth coil woumd around an eighth tooth of the stator such that a seventh portion
of the wire extends from the seventh tooth to the eighth tooth, wherein the eighth tooth is two
teeth from the seventh tooth;

a ninth coil wound around an ninth tooth of the stator such that an cighth portion of
the wire extends from the eighth tooth to the ninth tooth, wherein the ninth tooth is fourteen
tecth from the eighth tooth; and

a tenth coil wound arpund an tenth tooth of the stator such that a ninth portion of the
wire extends from the ninth tooth 1o the tenth tooth, wherem the tenth tooth is fifteen teeth

from the ninth tooth.

13, The motor of claim 9, further comprising:
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a sixth coil wound arcund a sixth tooth of the stator such that a fifth portion of the
wire extends from the fifth tooth to the sixth tooth, wherein the sixth tooth 15 fifteen tecth

from the fifth tooth.

14, The motor of claim 9, wherein the wire wound arcund the first tooth, the
second tooth, the third tooth, the fourth teoth, and the fifth tooth comprise a first phase of 2
plurality of phases, the method further comprising winding at least one additional phase of

the plurality of phases in a manner similar to the first phase.

15.  The motor of claim 14, wherein the plurslity of phases comprises three phases.
16.  The motor of claim {4, wherein the plurality of phases comprises five phases.
17. A wmcthod for winding a stator of a motor, wherein the stator includes » teeth,

and wherein the motor has m phases, the method comprising:

winding a first winding wire around 2 first set of tecth of the stator o create a first set
of coils, wherein a first voltage (V) is applicd to the first winding wirce such that the first
voltage is applied to the first set of coils, and wherein the first winding wire is wound around
the first set of teeth such that a voltage difference between adjacent coils does not exceed

A

(n/m)

winding a second winding wive around a second set of testh of the stator to create a
second set of coils, wherein a second voltage is applied to the second winding wire such that

the second voltage is applied to the second set of coils, and wherein the second winding wire
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is wound around the second set of teeth such that a voltage difference between adjacent coils

BV,
it il
(n/m)

does not exceed
winding a third winding wire aroond a third set of teeth of the stator to create a third

set of coils, wherein a third voltage is applied 1o the third winding wire such that the third

voltage is applied to the third sot of coils, and wherein the third winding wire 18 wound

around the third sct of tecth such that a voltage difference between adjacent coils does not

B

(/)

exceed

18. The method of claim 16, wherein each of the first set of coils are electrically
comnected in series, sach of the second set of cotls are electrically connected in series, and
cach of the third sct of colls are electrically connected in series, and wherein cach set of coils

are evenly spaced within the stator.

19. The method of claim 16, wherein the first winding wire wound around the first
set of toeth comprises g first phase of the motor, wherein the second winding wire wound
around the second set of teeth comprises a second phase of the motor, and wherein the third

winding wire wound around the third set of toeth comprises a third phase of the motor.

28, The method of claim 16, wherein the first voltage, the second voltage, and the

third voltage are equivalent in magnitude.
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5/11 400

rd

/*[WENQENG A WIRE ARQUND A FIRST TOOTH OF THE STATOR
402

Y
e “

WINDING THE WIRE AROUND A SECOND TOOTH OF THE
STATOR SUCH THAT A FIRST PORTION OF THE WIRE
e EXTENDS FROM THE FIRST TOOTH TO THE SECOND

404 | TOOTH, WHEREIN THE SECOND TOOTH IS (n/2m - 1) TEETH

FROM THE FIRST TOOTH

Y

WINDING THE WIRE AROUND A THIRD TOOTH OF THE
STATOR SUCH THAT A SECOND PORTION OF THE WIRE
|  EXTENDS FROM THE SECOND TOOTH TO THE THIRD
406 | TOOTH, WHEREIN THE THIRD TOOTH IS [{m - 1)*(ni2m)] + 1

TEETH FROM THE SECOND TOOTH

Y
' ™

WINDING THE WIRE ARCUND AFOQURTH TOOTH OF THE
STATOR SUCH THAT A THIRD PORTION OF THE WIRE
. EXTENDS FROM THE THIRD TOOTH TO THE FOURTH

408 | TOOTH, WHEREIN THE FOURTH TOOTH IS {(nf2m - 1) TEETH

FROM THE THIRD TOOTH

Y

WINDING THE WIRE ARCUND AFIFTH TOOTH OF THE
STATOR SUCH THAT A FOURTH PORTION OF THE WIRE

~EXTENDS FROM THE FOURTH TOOTH TO THE FIFTH TOOTH,
410 | WHEREIN THE FIFTH TOOTHIS [{m ~ 1)"{(nf2m}] + 2 TEETH
FROM THE FOURTH TOOTH

FIG. 4
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WINDING A FIRST WINDING WIRE AROUND A FIRST SET OF TEETH OF THE
STATOR TO CREATE A FIRST SET OF COILS, WHEREIN A FIRST VOLTAGE
(V1) IS APPLIED TO THE FIRST WINDING WIRE SUCH THAT THE FIRST
VOLTAGE PASSES THROUGH THE FIRST SET OF COILS, AND WHEREIN THE
FIRST WINDING WIRE IS WOUND AROUND THE FIRST SET OF TEETH SUCH
THAT A VOLTAGE DIFFERENCE BETWEEN ADJACENT COILS DOES NOT
EXCEED (5"V.){nim)

/-
604

r ™)

WINDING A SECOND WINDING WIRE AROUND A SECOND SET OF TEETH OF
THE STATOR TO CREATE A SECOND SET OF COILS, WHEREIN A SECOND
VOLTAGE IS APPLIED TO THE SECOND WINDING WIRE SUCH THAT THE
SECOND VOLTAGE PASSES THROUGH THE SECOND SET OF COILS, AND
WHEREIN THE SECOND WINDING WIRE IS WOUND AROUND THE SECOND
SET OF TEETH SUCH THAT A VOLTAGE DIFFERENCE BETWEEN ADJACENT
COILS DOES NOT EXCEED (5*V)i(nim)

/\
806

WINDING A THIRD WINDING WIRE ARQUND A THIRD SET OF TEETH OF THE
STATOR TO CREATE A THIRD SET OF COILS, WHEREIN A THIRD VOLTAGE
IS APPLIED TO THE THIRD WINDING WIRE SUCH THAT THE THIRD VOLTAGE
PASSES THROUGH THE THIRD SET OF COILS, AND WHEREIN THE THIRD
WINDING WIRE 1S WOUND AROQUND THE THIRD SET OF TEETH SUCH THATA
VOLTAGE DIFFERENCE BETWEEN ADJACENT COILS DOES NOT EXCEED
{(5°V ) inim)

FIG. 6
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