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(57) ABSTRACT

Systems, methods, and devices are provided that combine an
advance vehicle configuration, such as an advanced aircraft
configuration, with the infusion of electric propulsion,
thereby enabling a four times increase in range and endur-
ance while maintaining a full vertical takeoff and landing
("VTOL") and hover capability for the vehicle. Embodi-
ments may provide vehicles with both VTOL and cruise
efficient capabilities without the use of ground infrastruc-
ture. An embodiment vehicle may comprise a wing config-
ured to tilt through a range of motion, a first series of electric
motors coupled to the wing and each configured to drive an
associated wing propeller, a tail configured to tilt through the
range of motion, a second series of electric motors coupled
to the tail and each configured to drive an associated tail
propeller, and an electric propulsion system connected to the
first series of electric motors and the second series of electric
motors.

20 Claims, 7 Drawing Sheets
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In an embodiment, forward flight propellers may be
located at the wing tips of the aircraft. The wing tip forward
flight propellers may provide a destructive interference
between the propeller swirl and the wing tip vortex. The
resulting interference may be viewed as an induced drag 5

reduction or a propulsive efficiency increase. In an embodi-
ment, the forward flight propellers may run for the entire
mission (i.e., both during the VTOL flight phase and the
wing born flight phase). In an embodiment, the forward
flight propellers may run only during the wing born flight io
phase. In an embodiment, the forward flight propellers may
be variable speed (e.g., variable revolutions per minute
("RPM")) and/or variable pitch propellers. The use of vari-
able speed and/or pitch propellers may maximize propulsive
efficiency. 15

In an embodiment, vertical flight propellers may fold
down during the wing born flight phase. In an embodiment,
the vertical flight propellers may fold into conformal
recesses of the motor pylons. The folding of the vertical
flight propellers, especially into conformal recesses, may 20
reduce drag in the wing born flight phase when compared to
leaving the vertical flight propellers deployed. In an embodi-
ment, the vertical flight props may extend aft of the leading
edge of the wing and/or tail when folded. In an embodiment,
to prevent the vertical flight propellers from contacting the 25
leading edge of the wing as the vertical flight propellers are
started, the vertical flight propeller blades may ride along a
sinusoidal cam to push the blades forward enough to avoid
contact with the leading edge of the wing and/or tail.

In an embodiment, the propellers may be synchronized 30
electronically to hold a specific phase angle to provide
destructive interference of each propeller's noise. This may
result in a quieter aircraft as a whole relative to the sound
generated by each propeller in isolation. In an embodiment,
each successive propeller may rotate in an alternate direction 35
to prevent the wake of one propeller blade impacting the
wake of the adjoining propeller blade. In this manner, the
wakes of the propellers may pass in the same direction as
opposed to colliding head-on.

In an embodiment, the aircraft may include reflexed 40
flaperons. The use of reflexed flaperons may delay the onset
of stall on the wing during transition between the VTOL
flight phase and the wing born flight phase. As discussed
herein, "flaperons" refers to any control surface used as both
ailerons and flaps. By having reflexed (i.e., trailing edge up) 45
flap deflections, the reflexed flaperons reduce the circulation
around the airfoil allowing the airfoil to go to a higher angle
of attack before airflow separates.

In an embodiment, when the tail is tilted vertically in the
VTOL flight phase, the vertical tail may serve a second role 50
as a rear landing skid. In an embodiment, the wing tip motor
pylons may serve as outboard landing skids, thereby giving
the aircraft a wide stance on the ground to reduce tip over
risk at landing.

In an embodiment, the outboard portion of the horizontal 55
tail may be configured in a dihedral angle to provide
directional stability during the slow speed portion of the
transition corridor between the VTOL flight phase and the
wing born flight phase.

In an embodiment, an aircraft may utilize a battery 60
augmented series hybrid electric propulsion system. This
use of a battery augmented series hybrid electric propulsion
system may reduce propulsion system weight and enable
unconventional configurations. In an embodiment, all pro-
pellers may be turned by electric motors. In an embodiment, 65
electrical power to operate each motor may be provided
from one or both of two sources. A first source may be a

6
primary electrical source comprised of generators driven by
internal combustion engines. A second electrical source may
be battery packs. In an embodiment, the internal combustion
engines may be sized to meet the power requirements during
the wing born flight phase, but the power required in the
VTOL flight phase and during transition may be greater than
the power required in the wing born flight phase. The battery
packs may be sized to make up for the difference between
the power required in the VTOL flight phase and during
transition and the power the internal combustion engines
may provided by turning the alternators. This embodiment
configuration may support the minimum propulsion system
weight (as opposed to sizing the internal combustion engines
for power required for VTOL flight) for missions where the
time spent in hover may be a small percent of the time spent
in wing born flight. The embodiment series hybrid propul-
sion system may effectively act as an "electric driveshaft"
and an "electric gearbox" eliminating the driveshafts and
gear boxes necessary to distribute power to each propeller in
previous aircraft by filling the same function. In an embodi-
ment, in hovering flight the internal combustion engines
may turn generators, and the electrical power from the
generators may be feed to a controller that outputs uniform
direct current ("DC") power. The DC power may be dis-
tributed via wires throughout the aircraft. The DC power
may be provided to a motor controller associated with each
motor which may convert the DC power to alternating
current ("AC") power to drive the AC motors turning the
propellers. The advantage of converting the AC output of the
generators to DC power and the converting the DC power to
AC power at each motor may be that the motor controller for
each motor may independently drive its associated motor
allowing the RPM to be varied on a per motor basis. The use
of two controllers may result in some power loss due to the
inefficiency of the controllers. In an embodiment, in wing
born flight the internal combustion engines may turn the
generators and the AC power output by the generators may
be provided via wires directly to the motors without using
intermediate controllers, thereby operating the generators
and motors in a synchronous mode. This may avoid con-
troller loss. The RPM of the generator may need to be equal
to the RPM of the motor being driven or if the pole count of
the generator is different than the pole count of the motor, the
ration of the motor to generator RPM may be the ratio of the
motor to the generator pole count.
In an embodiment, the use of electric motors to drive the

propellers may provide an aircraft with a propulsion system
that has no single point of failure. The use of multiple
electric motors may enable the failure of one motor to occur
and the aircraft to still fly. Because electric motors may put
out more power by turning at a higher RPM, in the event of
a motor failure, other propellers, as required, may be turned
at a higher RPM by their respective motors ensuring the
aircraft may still be flyable. The increase of RPM may put
out more thrust per remaining propeller (meaning also more
noise), but the aircraft may remain flyable.
In an embodiment, the propellers of the aircraft may turn

at a low tip speed, enabling the aircraft to achieve a very low
noise profile.
Unique wind tunnel testing that combines a nested face-

centered design of experiments ("DOE") with optimal
design points to achieve testing efficiency and statistically
sound mathematical models were developed. This method-
ology required new tools and specialized tunnel software to
execute the experiment, such as allowing randomized set
points, as well as substantial automation of both the wind
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During VTOL flight, pitch may be controlled by the fore
and/or aft propeller thrust modulation, roll may be con-
trolled by left and/or right propeller thrust modulation, and
yaw may be controlled by counter clock wise and clock wise
rotation of the various propellers and the flaperons. In an
embodiment, yaw may also be controlled by differential
deflection of the flaperons.

FIG. 6 illustrates a left side view of the embodiment
VTOL and cruise eff cient aircraft 100 transitioning between
the VTOL flight phase and a wing born flight phase. During
the transition between VTOL flight and wing born flight the
wing and horizontal tail surfaces may tilt (for example tilt
down to transition from VTOL flight to wing born flight and
tilt up to transition from wing born flight to VTOL flight). In
an embodiment, the propellers 175, 176, 177, 178, and 179
(and their right side counterparts), may all be driven by their
respective motors in the transition phase. In another embodi-
ment, less than all the propellers may be driven during the
transition. Additionally, the landing skids 156 and 158 may
retract.

FIG. 7 illustrates a left side view of the embodiment
VTOL and cruise efficient aircraft 100 in the wing born flight
phase. The wing and horizontal tail sections may be tilted
down and the propellers 175, 176, 177, and 179 (and their
right side counterparts) may be stopped and folded back
wing born flight phase, while propeller 224 (and its right
side counterpart) may be driven by their respective motors
to provide the necessary propulsion for wing born flight.
During wing born flight, pitch may be controlled by eleva-
tors for quick changes and/or by tail rotation for slow
rotation, roll may be controlled by the flaperons, and yaw
may be controlled by the rudder.

In one embodiment, the aircraft 100 may be an unmanned
aerial vehicle sized for ease of vehicular roadway transpor-
tation. For example, the aircraft 100 may have a tow weight
of less than or equal to about two hundred and fifty pounds
and may break down into no more than three storage boxes.
In one embodiment, aircraft 100 may have a set up and
launch time of less than sixty minutes by two trained
operators, including off load, assembly, fueling, system
checks, and start up. The operators may locally direct takeoff
of the aircraft 100 than transfer control to a remote location
via satellite data link. During recovery the operators may
receive control locally to direct the landing, and landing and
vehicle breakdown may take less than thirty minutes for two
trained operators, including shut down, drainage of fuel,
disassemble, and loading of the aircraft 100.

In an embodiment, a payload of the aircraft 100 may be
a science payload of twenty five pounds, requiring five
hundred watts of power, and having a volume of about 2500
cubic inches. The aircraft 100 may also carry a communi-
cations payload of about thirty five pounds and requiring
two hundred and seventy watts of power. In an embodiment,
the aircraft 100 may have a small launch/recovery footprint
defined by a twenty foot by twenty foot box. The aircraft 100
may provide landing accuracy and sensor placement within
about 1.5 meters of an intended location. The aircraft 100
may provide for loiter missions and/or sensor placement
missions. In an embodiment, the aircraft 100 may be able to
fly only on the secondary power source of the electricity
from the batteries during wing born flight for short periods
of time in order to fly quietly. In an embodiment, the aircraft
may be able to climb to 100 feet before transitioning to wing
born flight.

The preceding description of the disclosed embodiments
is provided to enable any person skilled in the art to make
or use the present invention. Various modifications to these

10
embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the invention. Thus, the present invention is not

5 intended to be limited to the embodiments shown herein but
is to be accorded the widest scope consistent with the
following claims and the principles and novel features
disclosed herein.

10 What is claimed is:
1. A vehicle, comprising:
a wing configured to tilt through a range of motion;
a plurality of wing electric motors coupled to the wing,

wherein each wing electric motor is configured to drive
15 an associated wing propeller;

a tail comprising at least one tail electric motor, wherein
each tail electric motor is configured to drive an asso-
ciated tail propeller, wherein the tail is configured to tilt
through a range of motion;

20 an electric propulsion system connected to the wing
electric motors and the tail electric motors; and

wherein the associated wing propellers comprise at least
one variable pitch propeller and at least one fixed pitch
propeller.

25 2. The vehicle of claim 1, wherein the at least one variable
pitch propeller is located at a wing tip of the wing.

3. The vehicle of claim 1, wherein each associated tail
propeller comprises a variable pitch tail propeller.

4. The vehicle of claim 1, wherein the at least one variable
30 pitch propeller is configured to fold back during a wing born

flight phase.
5. The vehicle of claim 1, wherein the wing and the tail

are arranged in a semi -tandem configuration.
6. The vehicle of claim 1, further comprising reflexed

35 flaperons on the wing and tail.
7. The vehicle of claim 1, wherein each tail and wing

electric motor are mounted on a motor pylon which is
shaped to reduce drag at high lift coefficients.

8. The vehicle of claim 7, wherein each motor pylon has
4o a cross sectional area that is less in a middle portion than in

a forward section or an aft section.
9. The vehicle of claim 1, wherein the vehicle is an

unmanned aerial vehicle.
10. The vehicle of claim 1, further comprising retractable

45 landing skids and wherein the tail is configured to act as a
rear landing skid.

11. The vehicle of claim 1, wherein the range of motion
is ninety degrees and the wing and tail are configured to
transition between a wing born flight phase and a vertical

50 takeoff and landing flight phase by tilting through the range
of motion.

12. The vehicle of claim 11, wherein the wing is swept.
13. The vehicle of claim 1, wherein the wing propellers

and the tail propellers are synchronized to each hold specific
55 phase angles to provide destructive interference of propeller

noise.
14. The vehicle of claim 1, wherein the wing propellers

and the tail propellers alternate rotation directions and turn
at a low tip speed.

60 15. The vehicle of claim 1, wherein tail is configured in
a dihedral angle.

16. A vehicle, comprising:
a wing configured to tilt through a range of motion of 90

degrees;
65 a plurality of wing electric motors coupled to the wing,

wherein each wing electric motor is configured to drive
an associated wing propeller;
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a tail comprising at least one tail electric motor, wherein
each tail electric motor is configured to drive an asso-
ciated tail propeller, wherein the tail is configured to tilt
through a range of motion;

an electric propulsion system connected to the wing 5

electric motors and the tail electric motors;
wherein each tail and wing electric motor are mounted on

a motor pylon which has a cross sectional area that is
less in a middle portion than in a forward section or an
aft section; and 10

wherein the associated wing propellers comprise at least
one variable pitch propeller and at least one fixed pitch
propeller.

17. The vehicle of claim 16, wherein the vehicle is an
unmanned aerial vehicle. 15

18. The vehicle of claim 17, wherein the at least one
variable pitch propeller is configured to fold back during a
wing born flight phase.

19. The vehicle of claim 16, wherein each associated tail
propeller comprises a variable pitch tail propeller. 20

20. The vehicle of claim 19, wherein the at least one
variable pitch propeller is located at a wing tip of the wing.
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