I *I Innovation, Sciences et Innovation, Science and CA 3211797 A1 2022/09/22
Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (21) 3 21 1 797

12y DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
(13 A1

(86) Date de dépot PCT/PCT Filing Date: 2022/03/17

(87) Date publication PCT/PCT Publication Date: 2022/09/22
(85) Entrée phase nationale/National Entry: 2023/08/23

(86) N° demande PCT/PCT Application No.: US 2022/071201
(87) N° publication PCT/PCT Publication No.: 2022/198225
(30) Priorité/Priority: 2021/03/17 (US63/162,410)

(51) ClLInt./Int.Cl. B64C 39/02 (2023.01),
B64C 29/00 (2006.01)

(71) Demandeurs/Applicants:
CALIFORNIA INSTITUTE OF TECHNOLOGY, US;
TOOFON, INC., US

(72) Inventeurs/Inventors:
OL, MICHAEL, V., US;
GHARIB, MORTEZA, US

(74) Agent: SMART & BIGGAR LP

(54) Titre : SYSTEMES ET PROCEDES POUR CROISIERE ET VOL STATIONNAIRE EFFICACES EN DECOLLAGE ET

ATTERRISSAGE VERTICAUX (VTOL)

(54) Title: SYSTEMS AND METHODS FOR EFFICIENT CRUISE AND HOVER IN VTOL

310

(57) Abrégé/Abstract:

A system of a multi-rotor aircraft that capitalizes on the advantages of fixed wing elements combined with rotary wing structures.
The fixed wing elements can help to generate lift once the aircraft is airborne and can thus reduce the need for larger lifting rotors
which can allow for longer flight times and distances. Additionally, the systems disclosed herein take advantage of a partial in-wing
configuration with a number of rotors to reduce the overall footprint of the vehicle while maintaining the flight efficiency that comes
with combining features of fixed and rotary wing elements, and increasing operator safety by shrouding rotating parts. The unique
configurations allow for a decoupling of the pitch, yaw and roll authority to reduce the complexity in control systems and improve
the flight efficiency of the aircraft. Additional configurations implement the use of smaller thrust rotors that can be used to generate
thrust as well as control yaw and thus counteract any remaining unbalanced torque.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191




wo 2022/198225 A1 |0 00000 KO0 A O

CA 03211797 2023-08-23

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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
22 September 2022 (22.09.2022)

(10) International Publication Number

WO 2022/198225 Al

WIPO I PCT

(51) International Patent Classification:
B64C 39/02 (2006.01) B64C 29/00 (2006.01)

(21) International Application Number:
PCT/US2022/071201

(22) International Filing Date:
17 March 2022 (17.03.2022)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/162,410 17 March 2021 (17.03.2021) UsS

(71) Applicants: CALIFORNIA INSTITUTE OF TECH-
NOLOGY [US/US]; 1200 E. California Boulevard, MC
6-32, Pasadena, CA 91125 (US). TOOFON, INC.

[US/US], 943 S. Raymond Avenue, Pasadena, CA 91105
(US).

(72) Inventors: OL, Michael, V.; P.O. Box 50367, 99 W.
California Blvd., Pasadena, CA 91115 (US). GHARIB,
Morteza, 842 La Vina Lane, Altadena, CA 91001 (US).

(74) Agent: ADAMS, Bryan, K.; KPPB LLP, 2190 S. Towne
Center Place, Suite 300, Anaheim, CA 92806 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JM, JO, JP, KE, KG, KH,
KN, KP, KR, KW, KZ, LA, LC,LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,

(54) Title: SYSTEMS AND METHODS FOR EFFICIENT CRUISE AND HOVER IN VTOL

Fig. 3

300
\

310

(57) Abstract: A system of a multi-rotor aircraft that capitalizes on the advantages of fixed wing elements combined with rotary wing
structures. The fixed wing elements can help to generate lift once the aircraft is airborne and can thus reduce the need for larger lifting
rotors which can allow for longer flight times and distances. Additionally, the systems disclosed herein take advantage of a partial in-
wing configuration with a number of rotors to reduce the overall footprint of the vehicle while maintaining the flight efficiency that
comes with combining features of fixed and rotary wing elements, and increasing operator safety by shrouding rotating parts. The unique
configurations allow for a decoupling of the pitch, yaw and roll authority to reduce the complexity in control systems and improve the
flight efficiency of the aircraft. Additional configurations implement the use of smaller thrust rotors that can be used to generate thrust
as well as control yaw and thus counteract any remaining unbalanced torque.

[Continued on next page]



CA 03211797 2023-08-23

WO 2022/198225 A | [IN1] )00 000 O TS 0 O

RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM,
ZW.

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

Published:
—  with international search report (Art. 21(3))




CA 03211797 2023-08-23

WO 2022/198225 PCT/US2022/071201

SYSTEMS AND METHODS FOR EFFICIENT CRUISE AND HOVER IN VTOL

CROSS-REFERENCED APPLICATIONS
[0001] This application claims priority to U.S. Provisional application 63/162,410 filed
on March 17, 2021. The disclosures of which are included herein by reference in their

entirety.

FIELD OF THE INVENTION
[0002] The present invention generally relates to multi-rotor aircraft. More specifically,
it relates to the application of partial winged elements to improve the hover and cruise

capabilities of the aircraft.

BACKGROUND

[0003] Most Vertical Takeoff and Landing (VTOL) vehicles are multi-copter vehicles
having a number of different rotors. Typical VTOL systems have multiple fixed-pitch
rotors that work to produce the forces necessary for flight; which include lift, thrust, and
side force, as well as roll, pitch, and yaw. Traditionally, for a VTOL multi-rotor copter the
rotors are similar to an airplane propeller and are configured in the horizontal plane. This
configuration generally provides the lift force necessary to lift the aircraft into the air for
flight. The configuration of rotors or propellers can also be used to provide thrust forces
at speeds that are generally below those needed for a fixed winged aircraft, where the
wing can provide lift when moving at higher speeds. The forward thrust in a VTOL aircraft
is typically managed by the control or change in rotational speed (RPM) of the various
rotors. This can be done by varying the speed of one or more rotors to drive the direction
of the vehicle by changing the thrust or torque generated by the rotors.

[0004] The vast majority of drones and VTOL aircraft tend to be a quad copter design
with four rotors. This is largely due to developments in flight control systems to stabilize
a quad copter Changes to the speeds of individual rotors, pairs of rotors or other
combination of rotors can allow for relatively precise vehicle control. For example,

reducing speed on all four rotors can allow for a smooth decent. Likewise, changes in
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speed of the aft two rotors can cause forward flight and the opposite is true for change in
the forward two rotors. Similarly, the moment controls of roll, pitch, and yaw can be
adjusted through changing speeds in the various rotors. Accordingly, flight control
systems can be largely simplified making the quad copter an easy, go to design for VTOL.
However, many such traditional designs can create issues in scalability, especially when
trying to manage the various movements and moments of the aircraft. This is because
changing the speed of large rotors is cumbersome. Furthermore, traditional VTOL

designs have limited range because they are not suited for longer sustained flight paths.

SUMMARY OF THE INVENTION

[0005] Many embodiments are directed to a multi-rotor vehicle that has an plurality of
rotors disposed about a body of an aircraft. Also common are six rotors or eight rotors,
the latter arranged all in one plane or in two parallel plates, as a coaxial configuration,
with rotors pairs, one above the other. The rotors can be various sized and in any number
of configurations. Many embodiments of the aircraft can be configured with a partial wing
structure.

[0006] Many embodiments are directed to a multi-rotor vehicle with a body structure
and at least two main rotors connected to the body structure where the at least two main
rotors are symmetrically disposed about a symmetry plane of the vehicle having at least
one propeller and each of the at least two main rotors are configured to generate lift for
the vehicle. The vehicle also has at least one auxiliary rotor connected to the body
structure disposed centrally along the symmetry plane being separated from the plurality
of main rotors by a distance greater than a diameter of the at least two main rotors such
that a downwash from the at least two main rotors and a downwash from the at least one
auxiliary rotor does not interfere. There may also be at least two horizontal thrust rotors
connected to the body structure and evenly disposed about the symmetry plane and
configured to generate thrust in a forward direction such that a rotational plane of the
thrust rotors is perpendicular to a rotational plane of the at least two main rotors. The
vehicle also can be configured with at least one fixed wing element symmetrically and

removably disposed on the body structure and configured to provide additional lift for the
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vehicle, and wherein at least one of the auxiliary rotors or at least two main rotors are
partially enclosed by the at least one fixed wing element.

[0007] In other embodiments, the at least two horizontal thrust rotors can be used to
affect a yaw moment in the vehicle through adjusting a rotational speed of each of the at
least two horizontal thrust rotors.

[0008] In still other embodiments, the body structure is a plurality of elongated
structural support elements and disposed such that at least one structural support
element interconnects at least two main rotors and additional structural support elements
interconnect the main rotors to the first set auxiliary rotors.

[0009] In yet other embodiments, the at least one auxiliary rotor is smaller than each
of the at least two main rotors.

[0010] In still yet other embodiments, the vehicle has a plurality of control surfaces
disposed in an aft portion of the wing element, wherein each of the plurality of control
surfaces can be adjusted to control the movement of air around the fixed wing element
thus enabling flight control or control of the pitch, roll, and yaw of the vehicle.

[0011] In other embodiments, the vehicle has a second auxiliary rotor wherein the at
least one auxiliary rotor is disposed forward of the at least two main rotors and the second
auxiliary rotor is disposed aft of the at least two main rotors.

[0012] In still other embodiments, each of the at least one and second auxiliary rotors
are smaller than the at least two main rotors.

[0013] In yet other embodiments, the vehicle has at least one empennage disposed
on at least an aft portion of the fixed wing element.

[0014] In still yet other embodiments, the empennage further comprises at least on
control surface.

[0015] In other embodiments, the vehicle has at least two empennages.

[0016] In still other embodiments, each of the at least two main rotors has at least two
propellers coaxially aligned wherein at least one of the at least two propellers is located
directly above the other propeller.

[0017] In yet other embodiments, the vehicle has a horizontal stabilizer wing disposed

on the body structure and located aft of the at least two main rotors.
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[0018] In still yet other embodiments, the vehicle has at least one control surface
disposed within the horizontal stabilizer wing.

[0019] In other embodiments, the vehicle has a control system disposed within the
body of the vehicle and wherein the control system is connected to each of the at least
two main rotors, the at least one auxiliary rotor and the at least two forward thrusters such
that the control system can transmit control signals to each of the rotors and thereby
control the lift, pitch, yaw, and roll of the vehicle.

[0020] In still other embodiments, the control system is managed remotely by a
computer.

[0021] Inyet other embodiments, the control system is managed remotely by a human.
[0022] In still yet other embodiments, the fixed wing element fully encloses the at least
two main rotors and the at least one auxiliary rotor.

[0023] In other embodiments, the vehicle has at least a second fixed wing element
disposed on the body structure wherein the at least second fixed wing element is disposed
aft of the at least two main rotors and aft of the at least one fixed wing element.

[0024] In still other embodiments, the at least one fixed wing element has a front
leading edge with a swept back design. Additional embodiments and features are set
forth in part in the description that follows, and in part will become apparent to those
skilled in the art upon examination of the specification or may be learned by the practice
of the disclosure. A further understanding of the nature and advantages of the present
disclosure may be realized by reference to the remaining portions of the specification and

the drawings, which forms a part of this disclosure.

DESCRIPTION OF THE DRAWINGS

[0025] The description will be more fully understood with reference to the following
figures, which are presented as exemplary embodiments of the invention and should not
be construed as a complete recitation of the scope of the invention, wherein:

[0026] Fig. 1 illustrates a traditional quad copter configuration consistent with known
art.
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[0027] Fig. 2 illustrates a quad copter configuration with asymmetrically sized auxiliary
rotors in accordance with embodiments.

[0028] Fig. 3 lllustrates a multi-rotor vehicle with a partial rotor-in-wing configuration in
accordance with embodiments.

[0029] Fig. 4 illustrates a multi-rotor vehicle with a rotor-in-wing configuration in
accordance with embodiments.

[0030] Fig. 5 illustrates a multi-rotor vehicle with a partial rotor-in-wing configuration in
accordance with embodiments.

[0031] Fig. 6 illustrates a multi-rotor vehicle with a partial rotor-in-wing configuration in
accordance with embodiments.

[0032] Fig. 7 illustrates a multi-rotor vehicle with multiple partial rotor-in-wings
configuration in accordance with embodiments.

[0033] Fig. 8 conceptually illustrates a multi-rotor vehicle with a singular partial rotor-
in-wing configuration in accordance with embodiments.

[0034] Fig. 9A illustrates a profile view of a multi-rotor vehicle with coaxial rotors in
accordance with embodiments.

[0035] Fig. 9B conceptually illustrates a top view of a multi-rotor vehicle with coaxial
rotors in accordance with embodiments.

[0036] Fig. 10 is a graphical illustration of range vs. flight speed in accordance with

various embodiments.

DETAILED DESCRIPTION

[0037] Turning now to the drawings, systems and methods for improving flight control
are illustrated. Many embodiments are directed to an aircraft with multiple rotor systems
that are placed on a body structure such that they can provide vertical thrust. Additionally,
many embodiments have fixed wing elements that are positioned around or in close
proximity to the multiple rotor systems. Such embodiments, allow for the vehicle to
capitalize on the efficiency for long range flight provided by fixed wing elements combined
with rotor flight capabilities in vehicles with smaller foot prints, achieved by placing the

wing(s) such, as to minimize interference with rotor performance by the wing(s), or wing
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performance by the rotors. In various embodiments, the vehicle has two main lifting rotors
configured to provide sufficient vertical lift for the vehicle. The vehicle also has at least
one additional auxiliary rotors that can augment the lift generated by the main rotors that
can be used to alter or control the pitch and roll of the vehicle during flight. The wing
elements, in accordance with various embodiments can be configured to be shrouds that
partially or fully surround one or more of the rotors. Some embodiments may also
incorporate additional surfaces such as control surfaces that can be integrated into the
wing elements to allow for improved controllability of the vehicle during flight.

[0038] Conventional VTOL and copter type drones tend to use a fixed-pitch approach
to rotors. As previously mentioned, the conventional flight control is managed through the
acceleration/deceleration of one or more of the rotors. For example, Fig. 1 illustrates a
conventional layout of a quadcopter 100 with individual rotors 102-108. As can be seen,
each of the adjacent rotors are configured to rotate in opposing directions to help balance
the torque generated by each rotor. The desired change in moments (roll, pitch, yaw)
entails a change in forces (lift, thrust, side force) which can require non-linear
relationships that require control software to implicitly decouple the moments from the
forces to allow for accurate control of the vehicle. An example is change in vehicle pitch
can produce large change in lift, which has to be compensate in software. Additionally,
more conventional designs inherently account for the torque generated by the rotors by
providing an equal and opposite rotor to counter the torque generated. This limits the
plurality of rotors that can be fitted, for example excluding an odd number of rotors.
[0039] Maximization of overall aircraft efficiency covering the disparate missions of
vertical flight, and cruising flight, is a longstanding conundrum. Efficiency in Vertical
Takeoff and Landing (VTOL) and in hover operations varies with rotor disk loading, since
there is insufficient aircraft forward-speed to generate a dynamic pressure useful for lift.
What matters is the size of the rotors, their design and their integration into the airframe.
Classical momentum-considerations show that the smaller the disk loading, or ratio of
aircraft total weight to cumulative swept area of the lifting-rotors (whose thrust is in the

vertical direction), the longer the hover-endurance, for a given amount of onboard energy.
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Thus, conventional helicopters are more efficient in hover, than are tilt-rotors, which in
turn are more efficient in hover than turbojet vehicles with vertical nozzles.

[0040] Low disk loading has been successfully used for efficient VTOL machines. Low
disk loading means large diameter rotors, or large plurality of smaller rotors. This,
however, impedes the competing goal of good cruise efficiency, for which it is necessary
to increase the lift to drag ratio. Drag is the total vehicle drag, from rotors in edgewise
flight, from the parasite drag of the aircraft, and from induced drag of lifting surfaces such
as wings. The latter is reduced by increasing wing aspect ratio, or ultimately span. Longer
wing spans can be hard to integrate aerodynamically and structurally in a configuration
with large fans. Streamlining the overall configuration generally means high fineness ratio,
or large ratio of span (or fuselage length) to depth/height. This again means large span
or large planform area. Additionally, if the wings or some portions of wings are vertically
underneath the fans, or in close proximity to the fans, this results in the so-called
download problem, where the moment of the airflow through the fan — which is what
ultimately produces vertical thrust — is impeded by the obstruction by the wings. This is a
penalty in installed-thrust and hence in VTOL performance. To reduce it, there are several
alternatives. One is to place the wings away from the fans. Another is the opposite: place
the fans inside the wing planform, resulting in the so-called “fan in wing.”

[0041] Additionally, some conventional systems also utilize alternative anti-torque
mechanisms such as a tail or a complex software that blends commands to other rotors.
This results in a complex highly coupled flight control system. By coupled, we are
referring to the coupling between rotors and the control of the rotors to effect all three
axes of translational force and all three axes of rotational moment. Furthermore, due to
the complexity and coupling of the control of the plurality of rotors, the control bandwidth
is limited by the rate of acceleration/deceleration of the subject rotors. As the vehicle size
increases, the control bandwidth become untenably small. Accordingly, scalability can
be limited with more traditional fixed pitch rotor designs creating more complexity in
control and design configuration. The alternative is the articulated, cyclic-pitch

capabilities of the helicopter or the tilt-rotor.
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[0042] Fig. 2 is a conceptual illustration of a multi-rotor vehicle 200 that illustrates two
main rotors (202 & 204) and two auxiliary rotors (206 & 208). The disposition of having a
forward and an aft rotor can help to reduce the amount of unbalanced torque that could
be produced by only one or the other auxiliary rotors. Unbalanced torque can create
multiple problems in flight and is a highly undesirable condition in any aircraft. As such
many embodiments of the aircraft can be configured to effectively reduce the unbalanced
torque through the combination of vehicle configuration and rotor size. As an example, a
reduction in size of 20% between the lifting rotors (202 and 204) from the auxiliary rotors
can reduce the unbalanced torque as much as 67%. This can also be aided by the
position of each of the rotors. In various embodiments, the position of the auxiliary rotors
(206 and 208) can vary in relation to the main lifting rotors (202 and 204). For example,
as illustrated in Fig. 2, some embodiments of the aircraft may position the forward rotor
206 such that the rotational area overlaps that of the main lifting rotors (202 and 204).
Additionally, to counter the torque produced from the forward rotor 206 the rear rotor may
be placed outside of the rotational area of the main lifting rotors (202 and 204).

[0043] In accordance with many embodiments, the size of the auxiliary rotors (206 and
208) may be smaller than that of the main lifting rotors (202 and 204). While the auxiliary
rotors (206 and 208) can still produce lift, their primary function would be to help decouple
the pitch and yaw controls from the lifting rotors (202 and 204). As such the small
movements in the auxiliary rotors (206 and 208) can help to adjust the pitch of the vehicle
200 during flight. This can subsequently allow the main lifting rotors to then produce
some horizontal thrust to propel the vehicle 200 forward or rearward, depending on the
pitch angle. As can be appreciated, many embodiments may utilize variable pitched
rotors for the auxiliary and/or the main lifters. This can help to further decouple the pitch
and yaw controls from the main lifters and allow for smaller and less powerful rotors to be
used to produce changes in flight controls. Additionally, as illustrated in Fig. 2, some
embodiments of the vehicle 200 can position the auxiliary rotors in locations that would
be capable of producing much larger pitch moments with smaller movement. For
example, a rotor similar to the aft rotor 208 that is placed further away from the center of

gravity of the vehicle would be more capable of generating a change in pitch with much
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less thrust change due to the moment created from the distance. Therefore, the pitch
can be effectively decoupled from the main lifters (202 and 204) without significantly
effecting the lift capabilities of the vehicle.

[0044] Further illustrated in Fig. 2 and in many other embodiments, the vehicle 200
can be configured with two or more horizontal thrust rotors (210 and 212). In numerous
embodiments, the horizontal rotors (210 and 212) can be positioned symmetrically about
the central plane of the vehicle and positioned above or below the main lifting rotors.
Since a primary function of the vehicle design and rotor configuration is to decouple and
simplify controls, it can be appreciated that the horizontal thrusters (210 and 212) can be
smaller diameter rotors and still produce sufficient horizontal thrust for the vehicle. This
can be due to the fact that the auxiliary rotors (206 and 208) are capable of controlling
pitch and allowing the main lifting rotors to translate some of their thrust into horizontal
thrust. Thus, the effective thrust can be augmented by the horizontal thrust rotors (210
and 212). Alternatively, the vehicle can be so oriented in flight, that the lifting rotors
provide strictly lift, while the horizontal thrust rotors (210 and 212) carry the full burden of
providing thrust for vehicle forward motion. In addition to providing horizontal thrust, the
thrust rotors (210 and 212) can be used to control the yaw motion of the vehicle. The
spinning up or down of one or the other can effectively produce a thrust that would adjust
the yaw. As with the smaller auxiliary rotors, smaller horizontal thrusters can be more
efficient and can have slight adjustments equate to larger more effective flight controls.
As can be further appreciated, many embodiments of the horizontal thrusters (210 and
212) can have variable collective pitch rotors for improved controls. Although not readily
illustrated in Fig. 2, it can be appreciated that each of the pairs of rotors discussed can
be configured to be counter rotating. This can be advantageous in reducing the
unbalanced torque that is applied as each individual rotor spins. Additionally, the counter
rotation of main lifting rotors 202 & 204 provides cancellation of the rolling moment of the
vehicle in forward flight because the advancing/retreating blades of the two rotors are
respectively complementary. The configuration of rotors in Fig. 2 is merely illustrative of

a possible configuration of rotors in accordance with some embodiments. Such
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configurations can be seen in a copending U.S. Pat. App. 17/648,381. The disclosure of
which is included herein by reference.

[0045] Referring now to Figs. 3 through 8, many embodiments of an aircraft can be
modified with the addition of one or more fixed wing elements to help provide additional
sustained lift for longer flights. For example, Fig. 3 illustrates a multi-rotor aircraft 300 with
a forward 302 and an aft 304 wings connected to a framework 305. In various
embodiments the fixed wings (302 and 304 ) may be symmetrically located along a central
plane of the aircraft. The auxiliary rotors (306 and 308) can be positioned within each
respective wing. The position of the fans within the wing can help to reduce the
interference from the lift of the wing with the respective rotors, as previously discussed.
As illustrated, the forward and aft positioning of the wings (302 & 304) leave open and
unimpeded the downwash area of each of the main rotors (310 and 312). The wing
elements (302 & 304) can operate to provide lift for the entirety of the aircraft 300 and
thereby relieve the requirement for the main (310 & 312) and auxiliary (306 & 308) to
provide lift in cruising-flight or maneuvering flight.

[0046] Additionally, many embodiments can utilize a number of horizontal thrusters
314 & 316 to provide forward thrust for the aircraft 300 such that the wings (302 & 304)
continue to provide sufficient lift to continue flight. In various embodiments, the wings
(302 and 304) can be contoured or shaped in such a way that the body of the wing does
not interfere with any of the main rotors (310 & 312). Although Fig. 3 illustrates an aircraft
with partial in-wing rotors, the size and shape of each of the wings can take on any
suitable configuration depending on the desired requirements for the aircraft. Additionally,
although the framework 305 is illustrated as a particular shape, it should be understood
that the aircraft 300 can take on any number of suitable framework 305 structures to
support the various rotors and/or wing elements. Furthermore, the use of in-wing and/or
partial in-wing configurations with multiple rotors can help improve the overall efficiency
of the rotors and thus extend the life of the power supply system. For example, the wing
configuration can allow the fwd 306 and aft 308 auxiliary rotors to be locked in a fixed
rotation, fixed blade pitch, or both. Other embodiments can allow for the auxiliary rotors

to be completely powered off during forward flight.
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[0047] As can be appreciated, many embodiments can be configured with a variety of
other subsystems to help facilitate the controls of the aircraft. For example, the aircraft
300 can have a central control system 320 located at any suitable location. The control
system 320 can be in communication with each of the various rotor systems to coordinate
or transmit control signals such as the speed, pitch (if variable) and general function of
the rotors. Accordingly, the control system can be configured to blend the actuation of the
rotors and control surfaces of the fixed wing elements. Additionally, the control system
300 can house other computers or electronic connections that can communicate with a
host of other systems such as cameras, navigation sensors and antennas,
accelerometers, etc. that can be used to help control the flight of the aircraft.

[0048] Fig. 4 further illustrates an embodiment of a multi-rotor aircraft 400 that has a
fixed wing element 402. In various embodiments the fixed wing may be symmetrically
located along a central plane of the aircraft. .As can be seen, the fixed wing element 402
can function as a shroud that surrounds the various rotors (404 — 410). As can be
appreciated, the embodiment of the aircraft shown in Fig. 4 can utilize the main rotors
(404 & 406) in conjunction with the auxiliary rotors (408 & 410) to generate the vertical
and horizontal motion of the aircraft 400. In numerous embodiments, the wing element
402 can have control surfaces (412-414). The control surfaces (412-414) can be used to
provide the pitch and roll authority of the aircraft 400 , thus ensuring that the main rotors
(404 & 406) are no longer required to generate necessary thrust for roll and pitch
authority. Accordingly, the power requirement for the rotors can be reduced to extend
overall flight time and distance. In some embodiments, the aircraft 400 can be configured
with a tail wing element or empennage 418 positioned at the aft of the aircraft 400. The
tail wing 418 can be one or more elements configured to provide additional yaw control
to the aircraft 400. Although not shown, some embodiments of the tail fins or empennages
418 can have one or more control surfaces to aid in providing yaw control of the vehicle.
Adding yaw control by means of control surfaces would reduce the load needed on any
horizontal thrusters to produce the yaw moments necessary for various flight controls.
The empennages 418 can be located at an aft section of the wing element 402 or may be

located at any suitable location on the aircraft.
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[0049] As can be appreciated, many embodiments can be configured with a variety of
other subsystems to help facilitate the controls of the aircraft. For example, the aircraft
400 can have a central control system 420 |located at any suitable location. The control
system 420 can be in communication with each of the various rotor systems to coordinate
or transmit control signals such as the speed, pitch (if variable) and general function of
the rotors. Accordingly, the control system can be configured to blend the actuation of the
rotors and control surfaces of the fixed wing elements. Additionally, the control system
400 can house other computers or electronic connections that can communicate with a
host of other systems such as cameras, navigation sensors and antennas,
accelerometers, etc. that can be used to help control the flight of the aircraft.

[0050] As can be appreciated, the configuration of various control surfaces and/or
wing elements can be modified in any number of different configurations. For example,
Fig. 5 illustrates an embodiment of a partial in-wing rotor configured aircraft 500 with a
fwd 502 and aft 504 wing element. The fwd and aft wing elements (502 & 504) provide a
shroud around the associated fwd and aft rotors (506 & 508). Additionally, the wing
structures are configured to partially enclose the main rotors (510 & 512). The partial
enclosure helps prevent interference with the downwash of the rotors or the lift generated
by the wings, thus keeping the lift properties of each element separate.

[00561] Similar to other embodiments, the aircraft 500 can be configured with control
surfaces (514 & 516) which can be positioned within the wing elements. The control
surfaces (518 & 520) can be positioned at any reasonable location on either of the wing
elements (502 & 504) such that they are configured to alter the airflow pattern around the
airfoil or wing element. This can help to provide additional lift, reduce or induce drag on
the aircraft to help improve the controllability of the aircraft 500.

[0052] In some embodiments, the aft wing element 504 can have an empennage 524
to help provide stability during flight. In some embodiments, the empennage can be
formed of more than one element; similar to that illustrated in Fig. 4. In other words, the
aircraft 500 may have more than one empennage 524 positioned on the aircraft 500 in
any suitable location. Furthermore, the empennage 524 can be configured to have other

control surfaces (not shown) that can be used to improve flight stability and control yaw
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of the aircraft 500. In some embodiments, the wing can be split into inboard and outboard
panels, such that the outboard panels can be removed and the aircraft flown without them.
For applications requiring longer cruise distance where aerodynamic efficiency is more
important, the outboard wing panels are reinstalled.

[0053] As can be appreciated, many embodiments can be configured with a variety of
other subsystems to help facilitate the controls of the aircraft. For example, the aircraft
500 can have a central control system 526 located at any suitable location. The control
system 526 can be in communication with each of the various rotor systems to coordinate
or transmit control signals such as the speed, pitch (if variable) and general function of
the rotors. Accordingly, the control system can be configured to blend the actuation of the
rotors and control surfaces of the fixed wing elements. Additionally, the control system
500 can house other computers or electronic connections that can communicate with a
host of other systems such as cameras, navigation sensors and antennas,
accelerometers, etc. that can be used to help control the flight of the aircraft. The control
system can blend flight controls for the rotors with that for the ailerons/elevators/rudders
associated with the wing elements or empennage elements.

[0054] The wing shape and position of an aircraft can take on any suitable
configuration in accordance with numerous embodiments. For example, Fig. 6 illustrates
a top view of a multi-rotor aircraft 600 with a wing shaped structure 602 positioned over
a support frame 604 where the wing pattern has a high aspect ratio. The shape illustrated
in Fig. 6 can have a swept back front leading edge 605 of the wing element 602 and a
rear horizontal stabilizer 606 that has a narrow to wide swept back front leading edge 607
as well. The wing speed is chosen such that the aerodynamic center of the combination
of wing and empennage elements is near the center of mass of the aircraft, slightly behind
it. This ensures static aerodynamic stability, and simplifies the blending of the flight
control system for rotor-borne flight and for wing-borne flight. Additionally, the aircraft 600
can have one or more empennages 608 located near the aft portion of the horizontal
stabilizer 606. As with various embodiments of aircraft illustrated herein, the aircraft 600
can have one or more control surfaces such as elevators 608 positioned in the wings 602

and horizontal stabilizer 606. It can be appreciated from the previous discussion that
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control surfaces placed in the wing elements and/or the empennage 610 can add
additional control authority to the aircraft and the pilot of the aircraft; whether it be remote
controlled by a computer or by a human counterpart.

[0055] As can be appreciated, many embodiments can be configured with a variety of
other subsystems to help facilitate the controls of the aircraft. For example, the aircraft
600 can have a central control system 612 located at any suitable location. The control
system 612 can be in communication with each of the various rotor systems to coordinate
or transmit control signals such as the speed, pitch (if variable) and general function of
the rotors. Accordingly, the control system can be configured to blend the actuation of the
rotors and control surfaces of the fixed wing elements. Additionally, the control system
600 can house other computers or electronic connections that can communicate with a
host of other systems such as cameras, navigation sensors and antennas,
accelerometers, etc. that can be used to help control the flight of the aircraft. For example,
some embodiments can utilize a network of cameras and other sensors to control the
movement of the vehicle in any environment. The cameras and other sensors can be in
situ or external networked using cellular networks or wireless networks to communication
and provide a control methodology for the vehicle.

[0056] Although various embodiments of the aircraft may have a single wing structure
that takes on a shape similar to a bird or other bioinspired design, as illustrated in Fig. 6,
it can be appreciated that the wing structure can be separated into different components
and sections and does not necessarily need to be a single structure. For example. Fig. 7
illustrates an embodiment of a multi-rotor aircraft 700 with an overall wing configuration
(702 & 704) where each component has a swept back front leading edge (705 & 707).
This can be an advantageous design with respect to aerodynamics and can help to
improve the function and characteristics of the various rotors (708 — 714) such that the
combination of the rotors and wing elements can generate lift and control authority of the
overall aircraft 700. In numerous embodiments, each of the wing elements (702 & 704)
can have individual control surfaces (716 — 722). For example, the front wing element
702 can have control surfaces that may align with the two horizontal thrusters (724 &

726). These can be used to adjust and direct airflow to the horizontal thrusters (724 &
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726) as well as adjust the airflow around the rear wing element (704). This may offer
improvement in aircraft pitch-authority. Similar to other embodiments, the aircraft 700
can also have one or more empennages 728 located at any suitable location, to improve
stability and control authority of the aircraft. It should be well appreciated that the number
and type of control surfaces can vary depending on the overall desired function of the
aircraft as well as the mission requirements.

[0057] As can be appreciated, many embodiments can be configured with a variety of
other subsystems to help facilitate the controls of the aircraft. For example, the aircraft
700 can have a central control system 730 located at any suitable location. The control
system 730 can be in communication with each of the various rotor systems to coordinate
or transmit control signals such as the speed, pitch (if variable) and general function of
the rotors. Accordingly, the control system can be configured to blend the actuation of the
rotors and control surfaces of the fixed wing elements. Additionally, the control system
700 can house other computers or electronic connections that can communicate with a
host of other systems such as cameras, navigation sensors and antennas,
accelerometers, etc. that can be used to help control the flight of the aircraft.

[0058] Although the multi-rotor aircraft illustrated in Figs. 2-7 utilize at least four lifting
rotors, it can be appreciated that similar effects of partial in-wing configurations can be
achieved with fewer or more rotors. For example, Fig. 8 conceptually illustrates a multi-
rotor aircraft 800 with three main lifting rotors (802-806) connected to a frame structure
808. The frame structure, or body structure, can be made up of any number of
components such as interconnected elongated support elements or any suitable support
structure. At least two of the main lifting rotors are symmetrically located (804 & 806)
about a central axis or symmetry plane of the aircraft 800 and are configured to be partially
enclosed by a fixed wing element 810. In various embodiments, the front rotor 802 can
vary in size and does not have to be equivalent to the diameter of the symmetrically
disposed rotors. This may initially appear to be counter intuitive with respect to multi-rotor
aircraft. However, many such embodiments can utilize the symmetrically placed rotors to
produce sufficient lift in a vertical takeoff setting. Subsequently, the front rotor 802 can be

used to adjust the pitch of the aircraft 800. Additionally, a smaller front rotor 802 can
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require less power to operate and still be capable of producing sufficient pitch authority in
flight. It should also be understood that the placement of the front auxiliary rotor 802
would be such that it is located at a distance greater than the diameter of the main rotors
such that the respective downwashes do not interfere with each other.

[0059] As with other embodiments, horizontal flight can be initiated by the use of
horizontal thrusters 812 and 814. The horizontal thrusters (812 and 814) can be
positioned such the rotational plane of the horizontal thrusters (812 and 814) is
perpendicular to the rotational plane of the main and auxiliary thrusters. This can help
the vehicle transition between a vertical takeoff and horizontal flight. Once the aircraft is
in horizontal flight the lift from the wing element 810 can reduce the need for the main
rotors 802 — 806 to provide lift. Thus, reducing the power consumption of the vehicle for
flight. Additionally, the fixed wing 810 can have control surfaces 816 for additional control
authority of the aircraft. The fixed wing 810 can have removable panels outboard of the
horizontal thrusters 812, to be retained or removed from the aircraft, depending on
whether the mission is oriented to efficient VTOL operation from confined spaces, or for
a longer-distance cruising mission.

[0060] As can be appreciated, many embodiments can be configured with a variety of
other subsystems to help facilitate the controls of the aircraft. For example, the aircraft
800 can have a central control system 820 located at any suitable location. The control
system 820 can be in communication with each of the various rotor systems to coordinate
or transmit control signals such as the speed, pitch (if variable) and general function of
the rotors. Accordingly, the control system can be configured to blend the actuation of
the rotors and control surfaces of the fixed wing elements. Additionally, the control system
800 can house other computers or electronic connections that can communicate with a
host of other systems such as cameras, navigation sensors and antennas,
accelerometers, etc. that can be used to help control the flight of the aircraft.

[0061] As can be appreciated, the multi-rotor aircraft can take on any number of
configurations with respect to the placement and number of rotors as well as the
placement and number of fixed wing elements. Accordingly, the various elements of fixed

wings and/or rotors can be combined or separated in any number of configurations.
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Additionally, while various embodiments illustrate individual rotors separated from other
rotors, it can be appreciated that some embodiments may have coaxial propellers. For
example, Figs. 9A and 9B illustrate a multi-rotor aircraft 900 with a coaxial propeller
configuration. As illustrated, some embodiments can have one or more rotors 902 with a
coaxial configuration. By coaxial, it is meant to have a top propeller 904 and a bottom
propeller 906 coaxially aligned; or one propeller directly above another. The coaxial
alignment of the top and bottom propellers can help to improve the range and endurance
of the aircraft 900 by tailoring the thrust of either or both of the propellers to a given
payload mass, flight speed or other mission parameters. The propellers, in accordance
with numerous embodiments, can have a variable collective pitch that can improve
efficiency in high speed cruise or aggressive climbing operations.

[0062] As can be appreciated, many embodiments can be configured with a variety of
other subsystems to help facilitate the controls of the aircraft. For example, the aircraft
900 can have a central control system 920 located at any suitable location. The control
system 920 can be in communication with each of the various rotor systems to coordinate
or transmit control signals such as the speed, pitch (if variable) and general function of
the rotors. Additionally, the control system 900 can house other computers or electronic
connections that can communicate with a host of other systems such as cameras,
navigation sensors and antennas, accelerometers, etc. that can be used to help control
the flight of the aircraft.

[0063] As has been illustrated in the various embodiments discussed herein, there are
some particular advantages to having a hybrid wing and rotor configuration. For example,
having a combined configuration can help to improve the range of the aircraft without
necessarily reducing the power consumption of the aircraft. Fig. 10 illustrates the
potential tradeoff between range and flight speed with respect to embodiments that

combine rotors and wings versus those with only one or the other.

SUMMARY & DOCTRINE OF EQUIVALENTS
[0064] As can be inferred from the above discussion, the above-mentioned concepts

can be implemented in a variety of arrangements in accordance with embodiments of the
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invention. Specifically, the use of a configuration of rotors that decouples the controls from
each set of rotors in order to simplify the control system. Additionally, a number of
embodiments incorporate additional smaller thruster rotors to generate thrust and/or yaw
control of a vehicle. Moreover, various embodiments incorporate a partial in-wing
configuration to take advantage of the flight characteristics of both fixed wing and rotary
wing designs.

[0065] Accordingly, although the present invention has been described in certain
specific aspects, many additional modifications and variations would be apparent to those
skilled in the art. It is therefore to be understood that the present invention may be
practiced otherwise than specifically described. Thus, embodiments of the present

invention should be considered in all respects as illustrative and not restrictive.
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WHAT IS CLAIMED IS:
1. A multi-rotor vehicle comprising:

a body structure,

at least two main rotors connected to the body structure wherein the at least two
main rotors are symmetrically disposed about a symmetry plane of the multi-rotor vehicle
having at least one propeller and wherein each of the at least two main rotors are
configured to generate lift for the multi-rotor vehicle;

at least one auxiliary rotor connected to the body structure disposed centrally along
the symmetry plane being separated from the at least two main rotors by a distance
greater than a diameter of the at least two main rotors such that a downwash from the at
least two main rotors and a downwash from the at least one auxiliary rotor does not
interfere;

at least two horizontal thrust rotors connected to the body structure and evenly
disposed about the symmetry plane and configured to generate thrust in a forward
direction such that a rotational plane of the at least two horizontal thrust rotors is
perpendicular to a rotational plane of the at least two main rotors; and

at least one fixed wing element symmetrically and removably disposed on the body
structure and configured to provide additional lift for the multi-rotor vehicle, and wherein
at least one of the at least one auxiliary rotor or the at least two main rotors are partially

enclosed by the at least one fixed wing element.

2. The multi-rotor vehicle of claim 1, wherein the at least two horizontal thrust rotors
can be used to affect a yaw moment in the multi-rotor vehicle through adjusting a

rotational speed of each of the at least two horizontal thrust rotors.

3. The multi-rotor vehicle of claim 1, wherein the body structure is a plurality of
elongated structural support elements and disposed such that at least one structural
support element interconnects the at least two main rotors and additional structural
support elements interconnect the at least two main rotors to the at least one auxiliary

rotor.
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4. The multi-rotor vehicle of claim 1, wherein the at least one auxiliary rotor is smaller

than each of the at least two main rotors.

. The multi-rotor vehicle of claim 1, further comprising a plurality of control surfaces
disposed in an aft portion of the at least one fixed wing element, wherein each of the
plurality of control surfaces can be adjusted to control a movement of air around the at
least one fixed wing element thus enabling flight control or control of the pitch, roll, and

yaw of the multi-rotor vehicle.
6. The multi-rotor vehicle of claim 1, further comprising a second auxiliary rotor
wherein the at least one auxiliary rotor is disposed forward of the at least two main rotors

and the second auxiliary rotor is disposed aft of the at least two main rotors.

7. The multi-rotor vehicle of claim 6, wherein each of the at least one and second

auxiliary rotors are smaller than the at least two main rotors.

8. The multi-rotor vehicle of claim 1, further comprising at least one empennage

disposed on at least an aft portion of the at least one fixed wing element.

9. The multi-rotor vehicle of claim 8, wherein the at least one empennage further

comprises at least on control surface.

10.  The multi-rotor vehicle of claim 8, further comprising at least two empennages.

11.  The multi-rotor vehicle of claim 1, wherein each of the at least two main rotors has

at least two propellers coaxially aligned wherein at least one of the at least two propellers

is located directly above another of the at least two propellers.
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12.  The multi-rotor vehicle of claim 1, further comprising a horizontal stabilizer wing

disposed on the body structure and located aft of the at least two main rotors.

13.  The multi-rotor vehicle of claim 12, further comprising at least one control surface

disposed within the horizontal stabilizer wing.

14.  The multi-rotor vehicle of claim 1, further comprising a control system disposed
within the body structure of the multi-rotor vehicle and wherein the control system is
connected to each of the at least two main rotors, the at least one auxiliary rotor and the
at least two horizontal thrust rotors such that the control system can transmit control
signals to each of the rotors and thereby control the lift, pitch, yaw, and roll of the multi-

rotor vehicle.

15. The multi-rotor vehicle of claim 14, wherein the control system is managed

remotely by a computer.

16. The multi-rotor vehicle of claim 15, wherein the control system is managed

remotely by a human.

17.  The multi-rotor vehicle of claim 1, wherein the at least one fixed wing element fully

encloses the at least two main rotors and the at least one auxiliary rotor.
18.  The multi-rotor vehicle of claim 1, further comprising at least a second fixed wing
element disposed on the body structure wherein the at least a second fixed wing element

is disposed aft of the at least two main rotors and aft of the at least one fixed wing element.

19.  The multi-rotor vehicle of claim 1, wherein the at least one fixed wing element has

a front leading edge with a swept back design.
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20.  The multi-rotor vehicle of claim 5, further comprising a control system disposed
within the body structure of the multi-rotor vehicle and wherein the control system is
connected to each of the at least two main rotors, the at least one auxiliary rotor and the
at least two horizontal thrust rotors such that the control system can transmit control
signals to each of the rotors and each of the plurality of control surfaces and thereby

control the lift, pitch, yaw, and roll of the multi-rotor vehicle.
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