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REDUNDANCIES AND FLOWS IN VEHICLES

[0001] This application claims priority from United States
Provisional Application Serial No. 61/006,022, filed December
14, 2007, the entirety of which is incorporated herein by

reference.

FIELD OF THE INVENTION

[0002] The present invention relates to flight performance
improvements and control systems in general and particularly
to their wuse with VTOL (Vertical Take-0ff and Landing)

alrcraft.

BACKGROUND OF THE INVENTION

[0003] Many different types of VTOL aircraft have been proposed
where the weight of the wvehicle in hover is carried directly
by rotors or propellers, with the axis of rotation
perpendicular to the ground. One well known vehicle of this
type 1is the conventional helicopter which includes a large
rotor mounted above the wvehicle fuselage. Other types of
vehicles rely on ©propellers that are installed inside
circular cavities, shrouds, ducts or other types of nacelle,
where the propeller or rotor is not exposed, and where the
flow of air takes place inside the circular duct. Most ducts
have uniform cross-sections with the exit area (usually at
the bottom of the duct when the vehicle is hovering) being
similar to that of the inlet area (at the top of the duct).
Some ducts, however, are slightly divergent, having an exit
area that is larger than the inlet area, as this was found to
increase efficiency and reduce the power regquired per unit of
lift for a given inlet diameter. Some ducts have a wide inlet

lip in order to augment the thrust obtained, especially in
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hover. Other ducts are incomplete circles or have openings in
the walls as this was found to reduce drag in forward flight

or suction to side objects at their proximity.

[0004] VTOL wvehicles are usually more challenging than fixed
wing aircraft in terms of stability and control. The main
difficulty arises from the fact that, contrary to fixed wing
aircraft which accelerate on the ground until enough airspeed
is achieved on their flight surfaces, VTOL vehicles hover
with sometimes zero forward airspeed. For these vehicles, the
control relies on utilizing the rotors or ©propellers
themselves, or the flow of air that they produce to create
control forces and moments and forces around the wvehicle’s

center of gravity (CG).

[0005] One method, which is very common in helicopters, 1is to
mechanically change, by command from the pilot, the pitch of
the rotating rotor blades both collectively and cyclically,
and to modify the main thrust as well as moments and/or
inclination of the propeller’s thrust line that the propeller
or rotor exerts on the wvehicle. Some VTOL vehicles using
ducted or other propellers that are mounted inside the
vehicle also employ this method of control. Some designers
choose to change only the angle of all the blades using
ducted or other propellers that are mounted inside the
vehicle for this method of control. The angle of all the
blades may be changed simultaneously (termed collective
control) to avoid the added complexity of changing the angle
of each blade individually (termed cyclic control). On
vehicles using multiple fans which are relatively far from
the CG, different collective control settings can be used on

each fan to produce the desired control moments.
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[0006] The disadvantage of wusing collective controls, and
egspecially cyclic controls, lies in their added complexity,
weight and cost. Therefore, a simple thrust unit that is also
able to generate moments and side forces, while still
retaining a simple rotor not needing cyclic blade pitch angle
changes, has an advantage over the more complex solution. The
main problem is usually the creation of rotational moments of

sufficient magnitude required for control.

[0007] One traditional way of creating moments on ducted fans
is to mount a discrete number of vanes at or slightly below
the exit section of the duct. These vanes, which are immersed
in the flow exiting the duct, can be deflected to create a
side force. Since the vehicle’s center of gravity is in most
cases at a distance above these vanes, the side force on the

vanes also creates a moment around the vehicle’s CG.

[0008] However, one problem associated with wvanes mounted at
the exit of the duct in the usual arrangement as described
above, is that even if these are able to create some moment
in the desired direction, they cannot do so without creating
at the same time a significant side force +that has an
unwanted secondary effect on the wvehicle. For such wvanes
mounted below the vehicle’s CG (which is the predominant case
in practical VTOL wvehicles), these side forces cause the
vehicle to accelerate in directions which are usually
counter-productive to the result desired through the
generation of the moments by the same vanes, thereby limiting

their usefulness on such vehicles.

[0009] The Chrysler VZ-6 VTOL flying car uses vanes on the exit
side of the duct, together with a small number of very large

wings mounted outside and above the duct inlet area.
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[0010] However, 1in the VZ-6, the single wing and the discrete
vanes were used solely for the purpose of creating a steady,
constant forward propulsive force, and not for creating
varying control moments as part of the stability and control

system of the wvehicle.

[0011] The Hornet unmanned vehicle developed by AD&D, also
experimented with using either a single, movable large wing
mounted outside and above the inlet, or, alternatively using
a small number of vanes close to the inlet side. However

these were fixed in angle and could not be moved in flight.

[0012] Another case that is sometimes seen 1is that of wvanes
installed radially from the center of the duct outwards, for
the purpose of creating yawing moments (around the

propeller’s axis).

[0013] One of the main advantages of the ducted fan vehicle
equipped with Vane Control System (VCS) and Thrust Fan Unit
(TFU) described herein is the ability to fly laterally in the
opposite direction to the rolling angle or to fly laterally
without rolling by applying pure side force, and/or to
increase the forward speed without changing the pitch

attitude by changing the thrust generated with the TFU.

[0014] Conventional helicopters, in order to fly laterally,
must roll their rotor disc to the same side the pilot wants
to fly, and in order to increase the forward speed the
helicopter must change the pitch attitude of the rotor disk.
This inter-dependence of the helicopter’s Degrees of Freedom
(DOF), while limiting its maneuvering capability, reduces the

pilot’s workload to typically four controlled DOFs: pitch
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and roll of the main rotor(s) disk(s), vyaw of the fuselage

and vertical velocity.

[0015] In the ducted fan vehicles described herein, preferably
six continuous and independent DOF, 3 linear and 3 angular,
can be separately controlled in real-time offering advantages
in maneuverability and agility, however the controlling of
that number of DOF is typically beyond the capability of a
common pilot. Therefore, in the ducted fan vehicles described
hereinabove some artificial autopilot assistance is required,

which can be applied by various methods.

SUMMARY OF THE INVENTION

[0016] The present invention provides a flight control system
for aircraft, such as for a wvehicle with a ducted fan
propulsion system which also produces rotary moments and side
forces for control purposes. The flight control system and
method of the present invention is designed to fit control
elements which are actuated by a single point of actuation
and introduce redundancies to critical components in a manner
that will ensure the safety of the wvehicle in event of a
malfunction in any one of its channels and enable the flight
to continue down to a safe landing. Another aspect of the
present invention is the control and influencing of the flow
field and streams around and along a body in order to enable

a more efficient flight.

[0017] Accordingly, in one exemplary but nonlimiting
embodiment, the invention relates to control system for a
vehicle having plural control elements actuated at a single
actuation point comprising: a redundant electric actuator

assembly including a control rod moveable linearly in two
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opposite directions mounting n electric motors, each motor
having a controller and a feedback sensor for controlling
linear movement of the rod, each motor contributing
approximately 1/n of total control power required for
adjusting one or more of the plural control elements, such
that failure of any of the motors controllers or feedback
sensors leaves sufficient predetermined minimum control power

available for operating the control system.

[0018] In another exemplary but nonlimiting embodiment, the
invention relates to a redundant actuator assembly for
controlling a linear output 1in a wvehicle control system
comprising: n actuators divided into two groups, each group
including n/2 single-channel actuators, each adapted to
control gspecified control elements of the wvehicle control
system, the plural, single-channel actuators of each group
arranged in series; one actuator of each group connected to
a chassis of the wvehicle, and another actuator of each group
connected to a rocker arm pivotally secured to the linear
output, wherein movement of the linear output is affected by

movement of any one of the single-channel actuators.

[0019] In still another exemplary but nonlimiting embodiment,
the invention relates to a power distribution system for a
VTOL vehicle having forward and aft 1lift fans comprising: a
pair of engines connected to respective associated
transmissions arranged to distribute power to an aft lift fan
gearbox, each transmission also connected to a respective
intermediate gearbox which, in turn, 1s connected to a
forward 1lift fan gearbox, thereby establishing a redundant

load path to the forward 1lift fan.
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[0020] Tn still another exemplary but nonlimiting embodiment,
the invention relates to a VTOL vehicle comprising: a
fuselage supporting forward and aft 1lift fans; a section of
the fuselage having a substantially airfoil-shaped body with
upper and lower surfaces; and at least one hollow passage
having an inlet along a trailing end portion of the lower
surface of the body and an outlet along a trailing end
portion of the wupper surface of the body, such that, in
flight, a pressure differential between an upper surface zone
and a lower surface zone will generate suction along the
lower surface sufficient to attach a boundary layer flow

stream to the lower surface.

[0021] In still another exemplary but nonlimiting embodiment,
the invention relates to a method of controlling separation
of a flow stream at a boundary layer along a surface of a
VTOL wvehicle fuselage in forward flight, the fuselage
supporting a forward 1lift fan and an aft 1ift fan, the method
comprising: (a) shaping a portion of the fuselage to have a
substantially airfoil-shape with upper and lower surfaces;
and (b) creating a suction force along the lower surface of
the center portion by wutilizing a low-pressure source
generated at another portion of the fuselage to thereby
attach the flow stream at the boundary layer to the lower

surface.

[0022] In still another exemplary but nonlimiting embodiment,
the invention relates to a method of operating a VTOL vehicle
in forward flight, the wvehicle having a fuselage supporting a
forward 1ift fan and an aft 1lift fan, a center portion of the
fuselage having a substantially airfoil shape, the method
comprising: (a) generating lift forces at the forward and aft

lift fans and on the center portion of the fuselage; and (b)
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reducing the 1lift at the forward lift fan relative to the aft
lift fan to thereby lessen suction of air into the forward
lift fan and thereby increase overall vehicle lift
circulation and thus also the VTOL wvehicle’s lift-to-drag
ratio, while contributing to the reduction of separation of

flow at a lower surface of the center portion of the fuselage

[0023] The invention will now be described 1in detail in

connection with the drawings identified below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The invention 1s herein described, by way of example

only, with reference to the accompanying drawings, wherein:

[0025] Fig. 1 illustrates one form of VTOL aircraft vehicle;

[0026] Fig. 2 dillustrates only one of the ducted fans in the

aircraft of Fig. 1;

[0027] Fig. 3 is a sectional view along line III -- III of Fig.
2;

[0028] Fig. 4 is a diagram illustrating the positioning of the
vanes of Fig. 3 in one direction to produce a lateral force

in one direction.

[0029] Fig. 5 is a diagram illustrating the positioning of the
vanes of Fig. 3 to produce a lateral force in the opposite

direction.

[0030] Fig. 6 illustrates a VTOL aircraft vehicle including a

single ducted fan for propulsion and control purposes;
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[0031] Fig. 7 is a wview similar to that of Fig. 3 but
illustrating the provision of a cascade or plurality of vanes

also at the exit end of the duct;

[0032] Fig. 8 illustrates a VTOL vehicle with two ducted fans;

[0033] Fig. 9 illustrates an alternative construction with four

ducted fans;

[0034] Fig. 10 illustrates a construction similar to Fig. 8

with free propellers, i.e., unducted fans;

[0035] Fig. 11 illustrates a construction similar to Fig. 9

with free propellers;

[0036] Fig. 12 illustrates a construction similar to that of
Fig. 8 but including multiple propellers in a duct;

[0037] Figs. 13a-c are views i1llustrating another VTOL vehicle

including pusher propellers;

[0038] Fig. 14 is a diagram illustrating an exemplary drive

system in the wvehicle of Figs. 13a-13c;

[0039] Fig. 15 is a diagram illustrating another exemplary

drive system for the vehicle shown in Figs. 13a-13c;

[0040] Fig. 16 is a perspective rear view of a vehicle egquipped
with a lower gskirt for <converting the vehicle to a

hovercraft;

[0041] Fig. 17 1is a pictorial illustration of an alternative

vehicle arrangement;
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[0042] Fig. 18 is a pictorial illustration of the wvehicle of
Fig. 17 equipped with a lower skirt for converting the

vehicle to a hovercraft;

[0043] Figs. 19-23 illustrate an alternative flight control

system;

[0044] Figs. 24a-c are 1llustrations of a quad redundant

electric actuator control;

[0045] Figs. 25a-b are illustrations of a different gquad

redundant electric actuator control;

[0046] Figs. 26a-c are illustrations of transmission systems;

[0047] Figs. 27a-e are illustrations of aerodynamic flow

separation and techniques for preventing separation ;

[0048] Fig. 28 is an illustration of a ducted fan vehicle and

flows using the technique shown in Fig. 27 (e);

[0049] Figs. 29a-b are 1illustrations of a ducted fan vehicle
rotor effects and flows and improvements based on

differential rotor or fan operation; and

[0050] Figs. 30 is a graph showing an improvement in 1lift/drag

ratio based on vehicle operation as shown in Fig. 29(b).

DESCRIPTION OF PREFERRED EMBODIMENTS

[0051] The vehicle 2 illustrated in Fig. 1, is a VTOL aircraft
including a frame or fuselage 3 carrying a ducted fan
propulsion wunit 4 at the front, and another similar

propulsion unit 5 at the rear. The vehicle payload is shown
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at 6 and 7, respectively, on opposite sides of the fuselage,

and the landing gear is shown at 8.

[0052] Figs. 2 and 3 more particularly illustrate the structure
of propulsion unit 4, which is the same as propulsion unit 5.
Such a propulsion unit includes a duct 10 carried by the
fuselage 3 with the vertical axis 10a of the duct parallel to
the vertical axis of the vehicle. Propeller 11 is rotatably
mounted within the duct 10 about the longitudinal axis 10a of
the duct. Nose 12 of the propeller faces upwardly, so that
the upper end 13 of the duct constitutes the air inlet end,
and the lower end 14 of the duct constitutes the exit end. As
shown particularly in Fig. 3, the upper air inlet end 13 is
formed with a funnel-shaped mouth to produce a smooth inflow
of air into the duct 10, which air is discharged at high
velocity through the exit end 14 of the duct for creating an

upward 1lift force.

[0053] To provide directional control, the duct 10 is provided
with a plurality of parallel, spaced vanes 15 pivotally
mounted to, and across, the inlet end 13 of the duct. Each of
the vanes 15 is pivotal about an axis 16 perpendicular to the
longitudinal axis 10a of the duct 10 and substantially
parallel to the longitudinal axis of the vehicle frame 2, to
produce a desired horizontal control force in addition to the
lift force applied to the vehicle by the movement of air
produced by the propeller 11. Thus, as shown in Fig. 4, if
the wvanes 15 are pivoted in one direction about their
respective axes, they produce a desired control force in the
direction of the arrow Fl in Fig. 4; and if they are pivoted
in the opposite direction, they produce a desired control
force in the direction of the arrow F2 in Fig. 5. As shown in

Fig. 3 (also Fig. 12), the wvanes 15 are of a symmetric
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airfoil shape and are spaced from each other a distance
approximately equal to the chord length of the wvanes. It
should be appreciated that the wvanes may be also of other
configurations and shapes; for example, they can be partially
or fully non pivotally mounted having means of affecting the
ambient fluid through either constant or oscillatory blowing,
or alternatively by either constant or oscillatory suction of
auxiliary air either through the wvanes or in vicinity of
vanes, or alternatively by inducing vibratory oscillations to
the ambient air, through Piezoelectric devices mounted to the
surface, or alternatively installed inside the wvanes or
through other active flow control means, thereby affecting
flow around the wvanes to generate a desired horizontal force

component to the 1lift force applied to the vehicle.

[0054] Fig. 6 illustrates a VTOL aircraft vehicle 22, including
a single ducted fan 24 carried centrally of its fuselage 23.
Such a vehicle could include the arrangement of vanes
illustrated in either Fig. 3 or variation wherein the ducted
fan includes a second plurality or cascade of wvanes mounted
to and across the inlet end of the duct whereby, each of the
vanes of the second plurality is spaced pivotal or non
pivotal fully or partially about an axis perpendicular to the
pivotal axis of the first group of wvanes, as well as to the
longitudinal axis of the duct, to provide the desired control
forces and moments in addition to the 1lift forces. In such a
vehicle, the payload may be on opposite sides of the central
ducted fan 24, as shown at 25 and 26 in Fig. 6. The vehicle
may also include other aerodynamic surfaces, such as rudders
27, 28 to provide steering and other controls as well as

additional power plant system to provide for forward flight.
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[0055] Fig. 7 illustrates a further embodiment that may be
included in either of the vehicles of Figs. 1 and 6 wherein
the duct 10 also has a second plurality or cascade of
parallel, spaced vanes 30, but in this case, the second
plurality are pivotally mounted to and across the exit end 14
of the duct 10. Thus, as shown in Fig. 7, the duct 10
includes the first plurality or cascade of vanes or blades 15
mounted to and across the inlet end 13 of the duct, and a
second plurality or cascade of vanes or blades 30 mounted to
and across the exit end 14 of the duct 10, also perpendicular
to the longitudinal axis of the duct and substantially
parallel to the longitudinal axis of the wvehicle frame. Each
assembly or cascade 15, 30 of the wvanes may be pivoted
independently of the other to produce selected side forces or
rotary moments about the duct’s transverse axis 10b for pitch
or roll control of the vehicle. It should be appreciated that
the vanes either at the inlet or at the exit of the duct 10
or both may be also of other configurations and shapes for
example they can be partially or fully non pivotally mounted

as described in connection with Figs. 3-5.

[0056] Tt will be appreciated that any of the foregoing
arrangements may be used in any of the above-described air
vehicles to produce the desired control forces in addition to
the 1lift forces. The wvanes are not intended to block air
flow, but merely to deflect air flow to produce the desired
control forces. Accordingly, in most applications the wvanes
would be designed to be pivotal no more than 15° in either
direction, which is the typical maximum angle attainable
before flow separation. Since the control forces and moments
are generated by horizontal components of the 1lift forces on
the wvanes themselves, the vanes should preferably be placed

on the intake side of the propeller as far from the center of
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gravity of the vehicle as possible for creating the largest
attainable moments. The same applies if vanes are provided on

the exit side of the ducts.

[0057] In Fig. 8, a vehicle, generally designated 32, includes
a fuselage 34 having a longitudinal axis LA and a transverse
axis TA. Vehicle 32 further includes two lift-producing
propellers 36, 38 carried at the opposite ends of the
fuselage 34 along its longitudinal axis LA and on opposite
sides of its transverse axis TA. Lift-producing propellers
36, 38 are ducted fan propulsion units extending vertically
through the fuselage and rotatable about vertical axes to
propel the air downwardly and thereby to produce an upward

lift.

[0058] Vehicle 32 further includes a pilot’s compartment 40
formed in the fuselage 34 Dbetween the lift-producing
propellers 36, 38 and substantially aligned with the
longitudinal axis LA and transverse axis TA of the fuselage.
The pilot’s compartment 40 may be dimensioned so as to
accommodate a single pilot or two (or more) pilots, as shown,

for example, in Fig. 13a.

[0059] Vehicle 32 illustrated in Fig. 8 further includes a pair
of pavyload bays 42, 44 formed in the fuselage 34 laterally on
the opposite sides of the pilot’s compartment 40 and between
the lift-producing propellers 36, 38. The payload bays 42, 44
shown in Fig. 8 are substantially flush with the fuselage 34.

[0060] Vehicle 32 illustrated in Fig. 8 further includes a
front landing gear 46 and a rear landing gear 48 mounted at
the opposite ends of its fuselage 34 which may be retractable

or non-retractable. Aerodynamic stabilizing surfaces may also



WO 2009/077968 PCT/IB2008/055301

15

be provided, if desired, as shown by the vertical stabilizers
50, 52 carried at the rear end of fuselage 34 on the opposite

sides of its longitudinal axis LA.

[0061] In the vehicle 54 of Fig. 9, the fuselage 56 is provided
with a pair of lift-producing propellers on each side of the
transverse axis of the fuselage. Thus, the vehicle 54
includes a pair of lift-producing propellers 58, 60 at the
front end of the fuselage 56, and another pair of 1lift-
producing propellers 62, 64 at the rear end of the fuselage.
The lift-producing propellers 62, 64 are also ducted fan
propulsion units. However, instead of being formed in the
fuselage 56, they are mounted on mounting structures (three

shown at 66, 68, 70) that project laterally of the fuselage.

[0062] Vehicle 54 also includes the pilot’s compartment 72
formed in the fuselage 56 Dbetween the two pairs of 1lift-
producing propellers 58, 60, 62, 064, respectively. As in the
case of the pilot’s compartment 40 in Fig. 8, the pilot’s
compartment 72 in Fig. 9 is also substantially aligned with
the longitudinal axis LA and transverse axis TA of the

fuselage b56.

[0063] Vehicle 54 illustrated in Fig. 9 further includes a pair
of payload bays 74, 76 formed in the fuselage 56 laterally of
the pilot’s compartment 72 and between the two pairs of 1lift-

producing propellers 58, 60 and 62, 64.

[0064] Vehicle 54 also includes a front landing gear 78 and a
rear landing gear 80, and a vertical stabilizer 82 at the
rear end of the fuselage 56 aligned with its longitudinal
axis. It will be appreciated however, that vehicle could also

include a pair of vertical stabilizers, as shown at 50 and 52
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in Fig. 8, or <could be constructed without any such

aerodynamic stabilizing surface.

[0065] Fig. 10 illustrates a vehicle 84 also 1including a
fuselage 86 of a very simple construction having a forward
mounting structure 88 for mounting the forward lift-producing
propeller 90, and a rear mounting structure 92 for mounting
the rear lift-producing propeller 94. Both propellers are
unducted, 1i.e., free, propellers. Fuselage 86 1is formed
centrally thereof with a pilots compartment 96 and carries
the two payload bays 98, 100 on its opposite sides laterally

of the pilot’s compartment.

[0066] Vehicle 84 also includes a front landing gear 102 and a
rear landing gear 104, but for simplification purposes, it
does not include an aerodynamic stabilizing surface

corresponding to vertical stabilizers 50, 52 in Fig. 8.

[0067] Fig. 11 illustrates a vehicle 106 of a similar
construction as in Fig. 9 but including a fuselage 108
mounting a pair of unducted propellers 110, 112 at its front
end, and a pair of unducted propellers 114, 116 at its rear
end by means of mounting structures 118, 120, 122, 124,

respectively.

[0068] Fig. 12 illustrates a vehicle 126, including a fuselage
128 mounting a pair of lift-producing propellers 130, 132 at
its front end, and another pair 134, 136 at its rear end.
Each pair of lift-producing propellers 130, 132 and 132, 134
is enclosed within a common duct 136, 138 at the respective

ends of the fuselage.
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[0069] Vehicle 126 further includes a pilot’s compartment 140
formed centrally of the fuselage 128, a pair of payload bays
142, 144 laterally of the pilot’s compartment 140, a front
landing gear 146, a rear landing gear 148, and vertical
stabilizers 150, 152 carried at the rear end of the fuselage

128.

[0070] Figs. 13a, 13b and 13c are side, top and rear views,
respectively, of another vehicle 154, including a fuselage
156 mounting a lift-producing propeller (or ducted fan) 158,
160 at 1its front and rear ends, resgspectively. The latter
propellers are preferably ducted units as in Fig. 8 which
ducts may employ vanes such as illustrated in Fig. 3, Fig. ©

and Fig. 7 hereinabove.

[0071] Vehicle 154 further includes a pilot’s compartment 162
centrally of the fuselage 156, a pair of payload bays 164,
166 laterally of the fuselage and of the pilot’s compartment,
a front landing gear 168, a rear landing gear 170, and a
stabilizer, which, in this case, 1s a horizontal stabilizer

172 extending across the rear end of the fuselage 156.

[0072] Vehicle 154 further includes a pair of pusher propellers
or thrusters 174, 176, mounted towards the rear end of the
fuselage 156 at the opposite ends of the fuselage. The rear
end of the fuselage 156 may be formed with a pair of pylons
178, 180, for mounting the two pusher propellers 174, 1760,
together with the horizontal stabilizer 172.

[0073] The two pusher propellers 174, 176 are preferably
variable-pitch propellers enabling the wvehicle to attain
higher horizontal speeds. The horizontal stabilizer 172 1is

used to trim the wvehicle’s pitching moment caused by the
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ducted fans 158, 160, thereby enabling the vehicle to remain
horizontal during high speed flight.

[0074] Each of the pusher propellers 174, 176 1is driven by an
engine enclosed within the respective pylon 178, 180. The two
engines are preferably turbo-shaft engines. Each pylon 1is
thus formed with an air inlet 182, 184 at the forward end of
the respective pylon, and with an air outlet (not shown) at

the rear end of the respective pylon.

[0075] Fig. 14 schematically illustrates the drive within the
vehicle 154 for driving the two ducted fans 158, 160 as well
as the pusher propellers 174, 176. The drive system,
generally designated 186, includes two engines 188, 190, each
incorporated in an engine compartment within one of the two
pylons 178, 180. Each engine 188, 190, is coupled by an over-
running clutch 192, 194, to a gear box 196, 198 coupled on
one side to the respective thrust propeller 174, 176, and on
the opposite side to a transmission for coupling to the two
ducted fans 158, 160 at the opposite ends of the fuselage.
Thus, as schematically shown in Fig. 14, the latter
transmission includes additional gear boxes 200, 202 coupled
to rear gear box 204 for driving the rear ducted fan 160, and

front gear box 206 for driving the front ducted fan 158.

[0076] Fig. 15 schematically illustrates another exemplary
drive system for the vehicle 154 including two engines 208,
210 for driving the two ducted fans and the two pusher
propellers respectively. However, whereas in Figure 14 the
two engines are located in separate engine compartments in
the two pylons, here both engines are incorporated in a
common engine compartment (not shown). The two engines 208,

210 may also be turbo-shaft engines as in Fig. 14. For this
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purpose, the central portion of the fuselage 156 maybe formed
with a pair of air inlet openings (not shown) forward of the
pilot’s compartment, and with a pair of air outlet openings

(also not shown) rearwardly of the pilot’s compartment.

[0077] The two engines 208, 210 drive, via overrunning clutches
212, 214, a pair of hydraulic pumps 216, 218, which in turn
drive the drives 220, 222 of the two pusher propellers 224,
226. The two engines 208, 210 are further coupled to a drive
shaft 228 which drives the drives 230, 232 of the two ducted

fans 234, 236, respectively.

[0078] Fig. 16 illustrates how the vehicle, such as vehicle 154
illustrated in Figs. 13a-c¢, may be converted to a hovercraft
for traveling over ground or water. Thus, the wvehicle 154 is
basically of the same construction as described above with
respect to Figs. 13a-c. In vehicle 154 as illustrated in
Fig. 16, however, the landing gear wheels 168, 170 have been
removed, folded, or otherwise stowed, and instead, a skirt
238 has been applied around the lower end of the fuselage
156. The ducted fans 158, 160, may be operated at very low
power to create enough pressure to cause the vehicle to hover
over the ground or water as 1in hovercraft wvehicles. The
variable pitch pusher propellers 174, 176 would provide
forward or rear movement, as well as steering control, by
individually wvarying +the pitch, as desired, of each

propeller.

[0079] The vehicle 154 may also be used for movement on the
ground thus, the front and rear wheels of the landing gear
can be driven by electric or hydraulic motors included within

the vehicle.
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[0080] Fig. 17 is an illustration of an alternative ducted fan
vehicle arrangement wherein the vehicle 240 has the pilot’s
cockpit 242 installed to one side of the wvehicle and the
payload compartment 244 substantially at its side. There are
various alternative payload possibilities besides the open
one shown such as closed or covered compartments, depending

on the desired functions of the wvehicle.

[0081] Tt 1is appreciated that the mechanical arrangement of
engines, drive shafts and gearboxes for the vehicle of Fig.

17 may be that described with reference to Fig. 14.

[0082] Fig. 18 1is a pictorial illustration of another wvehicle
246 constructed typically in accordance with the
configuration in Fig. 17 but equipped with a lower, flexible
skirt 248 for converting the wvehicle to a hovercraft for
movement over ground or water. In addition, the open payload

bay 244 has been closed by a canopy 250.

[0083] While Figs. 17 and 18 show a vehicle having a cockpit on
the left hand side and a payload bay to the right hand side,
it is appreciated that alternative arrangements are possible,
such as where the cockpit is on the right hand side and the

payload bay is on the left hand side.

[0084] With regard to all of the vehicles described herein, it
should be appreciated that they may employ partially or fully
pivotal or non pivotal wvanes of wvarious shapes (airfoil or
other) and configurations either at the inlet or exit of the
ducts or both, and with vane configurations such as described

in Figs. 1-7.
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[0085] Reference is now made to Figs. 19-23, which illustrate
in diagrammatic form an alternative flight control system
(FCS) arrangement, constructed and operative in accordance
with a preferred embodiment. A typical control system
includes 3 elementary parts: input, output and feedback. In a
flight control system the inputs are typically the pilot
grips (including all pilot controls such as ©pedals,
collective etc.); the outputs are typically the wvarious
actuators in the vehicle; and feedback is typically provided
by sensors that measure the inertial parameters of the
vehicle. Typically, each FCS output, controls one of the
vehicle's 6 degrees of freedom (DOF): motion in roll, pitch,
yvaw and linear motion along axes Vi, V, and V,. Fig 19
illustrates a typical FCS with 6 control subsystems, each
corresponding to one DOF and having an input, sensor,

computer and actuator.

[0086] The FCS may control the vehicle in all 6 DOF (i.e. 3
angular velocities and 3 linear velocities) but need not be
limited to this number of control parameters (i.e. speed

control, altitude control may be also controlled by the FCS).

[0087] The control system architecture of the current invention
is designed in a manner that will ensure a safe landing of
the wvehicle in the event of malfunction of any individual
(i.e. first malfunction of any part of the FCS system) part
of the FCS. In order to facilitate this feature each input
and output control element is divided into more than one
section, each having either equal or unequal control power

(CP) .

[0088] ITn the described example, each control element of the

FCS is divided into 4 equal sections having equal CP. The
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description herein assumes this number of sections but it is

not limited to 4 or any other number of sections.

[0089] Fig 20 illustrates one such control subsystem. There are
4 independent input Potentiometers (or RVDT, LVDT or any
other measuring device) that read the pilot command, 4
actuators, each one controlling part of the total control
power (CP) of this subsystem, and 4 sensors, each one
measuring the physical parameter, such as roll pitch and yaw
rate and X Y and 7Z velocities, for feedback. The sum of the
CP of all the sections is higher than the CP required for

safe landing.

[0090] Fig 21 illustrates the grouping method: The control
subsystems are grouped into 4 groups (a through d)according

to the following rules:

1. In each group there are at least 2 different

subsystems that partially control two different DOF's

2. These subsystem may share a computer to compute the

control rules

3. FEach group is characterized by having one or more
points where a failure (i.e. the computer, sensor pack etc.)

will cause the entire group to fail.

4. Each group operates independently from the other
groups.
Note: information may be shared between groups if

desired.
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[0091] A single point of failure is defined as a failure that

will shut down the entire group.

[0092] The FCS subsystem sections are grouped in a manner that

in one group there is one section from each subsystem.

[0093] Fig 22 illustrates a typical group. The single point of
failure is the computer and the IMU sensor. The group has 6
inputs from the pilot grips. The IMU block represents a
collection of sensors that supply the feedback path to the
subsystems. These sensors may measure inertial or non-
inertial parameters or any other physical parameters that are
required for the control system. Control systems that control
a physical parameter require a feedback channel that measures
the controlled parameter and compare it to the desired one.
This is called a feedback path. For example if you need to
control the roll rate you measure the current roll rate,
compare it to the desired one and give command to the
actuator. The IMU may be packed in a single package that
transfers the information in a single transmission path
(becoming a single point of failure) or it may be a
collection of separate sensors that transfer the information
in multiple transmission paths (and not being a single point
of failure). The control loop calculation is performed by the
computer and the output is forwarded to 4 actuators, each one
controlling a different subsystem. In the current example
there are only 4 outputs that control all 6 DOF since the two
1/8 wvanes outputs control the roll and Vy, as will be

explained later.

[0094] Fig 23 illustrates the FCS groups 1in the current
vehicle. The FCS is divided into 4 independent groups, each

group controlling 1/4 of the total CP of the vehicle. Each
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group has its own inputs from the pilot grips, inputs from
the IMU and a computer that generates the output for the

actuators.

[0095] The failure sequence description of the current example
is as follows: A malfunction in a group can cause a partial
or total malfunction of that group or of any of its
subsystems. In case of partial or total failure the CP of the
remaining groups will be sufficient for safe landing. It
should be mentioned that in a case where the overall CP is
significantly higher that the CP required for safe landing,
the loss of even more than one group may potentially be
tolerated, depending on the configuration. Thus, for
example, where CPx is the control power required for a safe
landing, and n of m groups fail, as long as the CPr of the

remaining m-n groups is >= CPx, the vehicle may land safely.

[0096] Operation of the control system of Fig. 23 1is now
described with respect to the main lift rotors. Control of
the pitch of the Dblades on both main 1lift rotors may be
accomplished by four separate computers in four separated
groups (COM a-d). Each computer reads independently the
position of the collective control, as well as the
longitudinal stick position. Each computer also reads
information on the vehicle’s inertial position, rate and
acceleration, altitude and airspeed from the inertial
position, rate and acceleration, altitude and airspeed
sensors connected to the said computer. Each computer
commands Y of the available travel of the blade pitch change

actuators connected to the main 1lift rotors.

[0097] Due to the above arrangement, a failure of one group of

the four will merely result in the main 1lift rotors not being
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able to change their blade pitch angles through more than %
of their overall range. It will be appreciated that in event
of a runaway malfunction (e.g.,, loss of 2 of 4 groups), half
of the normal travel will still be available. It will be
further appreciated by analyzing the overall behavior of the
vehicle that sufficient control is still available for
carrying out a controlled descent to a landing assuming

CPr=CPx

[0098] Operation of the control system of Fig. 23 1is now
described with respect to control of the vehicle’s
aerodynamic vane surfaces. In an exemplary configuration a
vehicle has 400 vanes powered by 8 separate actuators in a
manner similar to that which is required for rotor blade
pitch change. However, here each actuator moves its own
section of typically 50 wvanes through the total useful range
of movement of the wvanes, such as 10 degrees to each side and
as dictated by aerodynamic considerations. Any two sections
of vanes control the vehicle in roll yaw and Vy DOF depending
on the relative vane movement between these two sections.
FEach group controls two sections of wvanes, therefore each

group controls both roll yvaw and Vy DOF.

[0099] Operation of the control system of Fig. 23 1is now
described with respect to control of the vehicle’s pusher
propellers. Control of the wvehicles pusher propellers is
similar to that of the main lift rotors. However, it will be
appreciated that since the pusher propellers are not critical
to the controllability of the wvehicle and its ability to
perform a safe landing, the redundancy provided to the pusher
propellers may be reduced, such as to two control groups
instead of the four-group arrangement shown for the other

control groups.
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[00100] Operation of the control system of Fig. 23 1is now
described with respect to control of the vehicle’s inertial
and other sensors. In the system of Fig. 23, four separate
inertial ©position, rate and acceleration, altitude and
airspeed sensors (IMU) are installed. Each IMU is connected

to a different computer.

[00101] While the example has been described above
particularly with respect to air vehicles, it will Dbe
appreciated that the example, or wvarious aspects of the
example as described above, can also be advantageously used
with other types of aircraft control, such as by providing
control path redundancy to collective and cyclic control
mechanisms, tail rotor controls, or any other +types of
controls typically found in other fixed-wing or rotary-wing
aircraft. Also it will be appreciated that the example, or
various aspects of the example as described above can be
advantageously used with other non flying control systems
whereas the CPx is the control power required to maintain its

survival or operation after the failure, as explained above.

[00102] Figs. 24a-c schematically illustrate an example of a
quad redundant electric actuator (QREA) used in systems where
the controlled elements cannot be divided into separate
groups as described hereinabove but are actuated by a single

actuation point.

[00103] A common method to deal with redundancy of actuation
systems 1s using one or more standby systems that are
activated 1in case of main or active system failure or
malfunction. In order to identify malfunction or failure
conditions there is required a voting system which compares

the main system with the standby system and determines which
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one is correct and whether the main system should be replaced
by one of the standby systems. It should be appreciated that
there can be combinations of multiple main and standby
systems and variations in their operation. The detriments of
the voting method are that typically there is no redundancy
for the voting system itself and that the standby system
stays substantially idle wuntil it 1is required to Dbegin
operation without certain knowledge about its actual
condition and whether it i1s &really fit to replace the
corrupted main system at the instant when it is needed. It
should also be appreciated that usually at least two systems,
standby and voting, additional to the main system are
necessary 1in order to determine and handle a failure
condition with certainty, hence the total overall price of
the voting control system paid in cost, weight, power or
other parameter is substantially higher than is necessary for

the actual normal operation of the main system.

[00104] A proposed alternative method to the voting control
system was introduced in Figs. 19-23 in which the control
system is divided into independent groups or sections, four
groups in this example, each controlling a portion of the
total control power of the system. In this concept there is
no standby system or group and all the groups are operative
substantially continuously with no need for a wvoting

mechanism.

[00105] There are cases, however, for example 1in the
collective control of the rotor blade pitch angle of an
aerial wvehicle or in a steering wheel of a car, where it is
not physically possible to divide the controlled system or
element into independent groups since it 1is actuated by a

single actuation point. As schematically illustrated in Fig.
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24a this limitation is overcome by introducing the QREA of
the present disclosure consisting of a threaded rod such as,
but not limited to, a ball screw 252 that serves as common
mount to four separate electric motors 254 each connected to
corresponding separate, threaded nuts 256 which  when
rotating, and provided that the ball screw 252 is constrained
from rotating, cause the ball screw 252 to move forward and
backwards as shown by arrow 259 within a stationary housing
260. As illustrated in Fig. 24b, which is a schematic diagram
of the system described in Fig. 24a, the motors 254 are
controlled by separate controllers 257 with separate ball
screw position feedback sensors 258 wherein the QREA of the
present disclosure is comprised of four independent groups
each containing a motor a controller and a feedback sensor,
and can function similarly to the group control system
described in Figs. 19-23 hereinabove. It should be
appreciated that it is possible to have communication among
the groups or connections to other elements and devices
provided however that the principle of their individual

independence is retained.

[00106] Fig. 24c illustrates another preferred embodiment
wherein unlike the ball screw 252 of Fig. 24a, a plain shaft
262 1s rotating with rotors 264 (as shown by arrow 266) and
connected through a flange or another Jjoint 268 to a bell
crank or equivalent output device operating the affected
control either directly or through hydraulic, hydrostatic,
mechanical or other 1linkage for increasing the torque

produced.

[00107] As each group 1in the system 1s designed to have
substantially half of the total power necessary to actuate

the said element, the initial total power of the group before
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failure is substantially twice than the required power (1/2 x
4 = 2) so that in a failure situation where one out of the
four groups fails whether it is non operative or partially
operative the remaining groups have more than enough of the
control power to meet the requirements. In a worst case
failure situation where one group is operating at its full
load but opposite to the correct actuation direction the
other groups will compensate for it by countering the fault
group and still remaining with substantially full power to

operate the system.

[00108] Figs. 25a-b schematically illustrate another preferred
embodiment of a QREA wherein four single channel actuators A,
B, C, D are arranged in two substantially equal groups each
having two corresponding actuators A, B and C, D connected
between them in series by joints 270 and at one end connected
by swivel joints 272 to opposite sides of a rocker arm 274
and at the other end connected by joints 276 to the vehicle’s
chassis. Each of the individual four actuators is part of
independent groups similar to the independent control groups
described hereinabove. The actuation of at least part of the
actuators A, B, C, D cause them to move forward from the
initial retracted position illustrated in Fig. 2ba to an
extended position illustrated in Fig. 25b thereby moving the
rocker arm 277 forward up to a maximum distance S from its
previous position which consequently via swivel Joint 274
moves the actuated object 278 up to a distance P. It should
be appreciated that the actual overall shift P is affected by
the various combinations of the movements of the individual
actuators for example when all four actuators are fully
activated S = P, when combinations of two actuators such as A
and D or C and D are fully activated S = 2P and when three

out of the four actuators are fully activated P = 0.758
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whereby it can be shown that this actuation embodiment yields
similar effect as of the embodiments illustrated in Figs.
24a-c. It should be appreciated that the motion of the
actuators can be channeled and directed by guiding mechanisms
such for example as linearly-moveable cradles 280 which are
attached at one point to Jjoints 270 and can translate by
wheels or other slides substantially along the relatively

fixed surfaces 282.

[00109] Figs. 26a-c schematically 1illustrate transmission
systems of ducted fan vehicles other than the drive train

described in Fig. 14 hereinabove.

[00110] Fig. 26a shows an arrangement of a power distribution
system for transmitting the power from each of the rear
mounted engines to the two lifting fans and two pusher fans
such as found in the vehicle shown in Figs. 13a-c. As can be
seen, two engines 284 are preferably used to drive the two
main 1lift rotors and the two pushers or thrust fans 286
through a series of shafts and gearboxes. The power takeoff
(PTO) of each engine is connected through a short shaft 288
to the right hand side (RHS) and left hand side (LHS) aft
transmissions designated 290 and 292 respectively. From these
transmissions, the power 1is distributed both to the aft
pusher props or thrust fans 286 through diagonally oriented
shafts 294 as well as to the aft 1lift rotor gearbox 296
through two horizontally mounted shafts 298. The two main
lift &rotors are connected to their respective gearboxes
through prop flanges 300. The shaft interconnecting both
main 1lift rotors is divided into two segments designated as
302 and 304, connected by a center gearbox 306 through
flexible joints. This center gearbox sgerves mainly to move

the rotation center in parallel and connect both shafts 302
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and 304 without affecting the direction of rotation (i.e.
employing an uneven number of plane gears mounted along its
length) . It should be appreciated that this arrangement
enables the rotors to be canted while still wusing 90°
gearboxes. At least one of the intermediate gears in center
gearbox 306 may have a shaft that is open to the outside
designated as 308, enabling power for accessories on either
side of the face of gearbox 306, resulting in opposing
directions of rotation (rotors not shown). The rotors
preferably turn in opposite directions to eliminate torque
imbalance on the vehicle. It should be appreciated that the
connection between the two gearboxes 296 and 310 can be made
also wvia a single shaft as shown in Fig. 14 thereby
eliminating center gearbox 306 or via more than two shafts
with added center gearboxes. As illustrated in Figs. 14 and
26a there is no redundancy to the load path to the forward
gearbox and 1lift rotor and upon failure of the shaft(s)
between the aft and forward lift rotor gearboxes the forward

gearbox hence forward lift rotor becomes inoperative.

[00111] Fig. 26b illustrates an alteration to the transmission
systems of Figs. 14 and 26a which enables redundancy of the
single load path to the forward gearbox by adding at least
one additional load path or route, thus making the design
non-critical to shaft failure. In one of the preferred
embodiments the single shaft(s) which connect(s) to the
forward 1lift rotor gearbox 310 is converted into two
redundant load passes or routes : one load pass via shaft
312, intermediate gearbox 314 and shaft 316, and the other
via shaft 318, intermediate gearbox 320 and shaft 322. In
this arrangement, shafts 312 and 318 are substantially
parallel, while shafts 316 and 322 are substantially coaxial
with each other and substantially perpendicular to the shafts
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312, 318. Although such multiple shafts and gearboxes may
seem cumbersome and costly, it has been found that in
addition to providing a redundant route of power supply to
the forward rotor, it can be advantageous to the overall
system because the pinions attached to the aft rotor gearbox
296 as well as those connected to the aft transmissions 290
and 292 can be designed for lower torque. It should be
further appreciated that under normal operating conditions,
when both shafts 312 and 318 are operational, the torque of
the forward rotor gearbox 310 1is split between two pinions
rather than one pinion of the single 1load path thereby
reducing the loads of pinions and shafts compensating to some
extent for the increase in number of components compared to

the simpler schemes of Fig. 26a or Fig. 14.

[00112] Fig. 26c illustrates another preferred embodiment of
the present disclosure wherein the redundancy of the load
path to the forward gearbox is maintained by using angled
intermediate gearboxes 324 and 326 connected between
transmissions 290, 292 respectively wvia shafts 328, 330 and
the forward rotor gearbox 335 wvia shafts 332, 334 thereby
enabling more flexibility in design of the appropriate
transmission system as function of the required power
distribution and geometric and location constraints. It
should be appreciated that the staged path method of dividing
the shaft into sections substantially as illustrated in 302
and 304 of Fig. 26a can be implemented also in the plural
load paths embodiments of Figs. 26b and 26c by dividing some
or all load paths into sections if such division is deemed
advantageous, and also that the plural 1load paths method
substantially similar to the embodiments illustrated in Figs.
26b and 26c can be implemented also in other embodiments such

for example as vehicles having only a single engine or non-
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flying facilities and mechanisms which may benefit from the

advantages of the herein disclosed redundancies.

[00113] Figs. 27a-e schematically illustrate control of the
boundary layer to prevent flow separation at the lower body
surface. It is known that fluid flowing at the lower surface
of a body such as, for example, a fuselage of a vehicle or a
wing, may separate at a certain angle of attack and or
velocity conditions for example at a negative angle of attack
occurring when the wvehicle is tilted forward in high speed
flight, and this separation affects mostly negatively the
overall 1lift and drag performance of the body. In Fig. 27a
the body 336 with its lower surface 338 is tilted at negative
angle of attack a and consequently at zone 340 of the lower
surface of the body, a separation occurs and the fluid flow

stream 342 is detached from the lower surface 338.

[00114] One common known way to reduce this separation is by
introducing suction at the fluid boundary layer of the lower
surface which can be achieved by creating holes or perforated
segments in the trailing end of the lower surface and
applying to them 1low pressure by means such as a pump
generating suction and thereby reducing the separation of the
fluid. As shown in Fig. 27b an array of hollow tubes 344 with
their inlets open to the lower surface of the body at zone
346 1s connected to a pumping system 348 which employs
suction at the fluid boundary layer and thereby creates low
pressure which attaches the flow stream 342 to the lower
surface of the Dbody vyielding elimination or at least

reduction of the separated zone.

[00115] An alternative to the pumping system or similar device

suction method described hereinabove is presented in Fig. 27c
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according to which the creation of suction at the lower
surface is achieved by utilizing a low pressure source which
has been generated at another portion of the body. In one of
the preferred embodiments a plurality of hollow, direct
passages 350 are formed in the trailing end of the body, with
their inlets open to the lower surface of the body at zone
346 and with outlets open to the upper surface of the body at
zone 352 where low pressure exists due to aerodynamic
features of the body or elements in its vicinity at certain
flight conditions, whereby the pressure differential between
zones 346 and 352 is enough to generate suction and fluid
flow from zone 346 towards =zone 352 through passages 350
which attach the flow stream 342 at the boundary layer to the
lower surface 338 of the body thereby reducing or eliminating

separation or detachment.

[00116] In another preferred embodiment as illustrated in Fig.
27d, the connection between =zones 346 and 352 is made by
pluralities of shorter passages 354 and 356 open to the
corresponding body surfaces which are connected between them
through an intermediate single or smaller number of main
passages 350, each of bigger capacity than those of Fig. 27c¢,
thereby may occupy less total space in the inside of the body
between the clusters 354 and 356 and enabling it to be used

for other purposes.

[00117] In another preferred embodiment illustrated in Fig.
27e the passages clusters 354 and 356 described hereinabove
are replaced by substantially hollow compartments or
manifolds 358 and 360 attached to the inside surfaces of the
body, which surfaces are perforated to plurality of holes or
orifices 362 and 364, enabling the through-flow of fluid

whereby the compartments are connected between them through
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passages similar to 350 described in Fig. 27d hereinabove. It
should be further appreciated that the pressure differential
and flow of fluid between zones 346 and 352 can be utilized
also for other purposes besides reducing the separation, for
example as a heat transfer source causing temperature changes
in desired parts or equipment in the body, and in such case,
the configuration of the fluid flow system including the

passages may be adjusted to suit also this other purpose.

[00118] It should be appreciated that the embodiments of the
passages systems described in Figs. 27c-e hereinabove may
have various forms and sizes depending upon requirements and
constraints such as the shape of the body, internal available
spaces, desired airflow and temperatures, and can be also
combined with other suction creating systems such as, for
example, pump 348 illustrated in Fig. 27b, thereby enabling
the enhancement of flows or improved control of the flow
rate. In another preferred embodiment of the disclosure
hereinabove there is a possibility to close and open fully or
partially all or part of the passages, openings and
perforated holes described hereinabove as desired, 1like for
example, 1in a ducted fan vehicle where the elimination of
flow separation (and thereby also the flow between the higher
and lower pressure zones) may not be necessary when the

vehicle is in a hover mode.

[00119] Fig. 28 schematically illustrates an aircraft having a
fuselage with a center body 366, forward rotor 368 and aft
rotor 370 wherein the rotors may be either open or enclosed
fully or partially by resgpective ducts 372 and 374, flying
forward with air streamlines 376 flowing typically from the
upper inlet side of the rotors towards the lower exit side

and passages 378 connected to compartments 380 and 382 at
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surfaces 384 and 386 respectively, operating in similar
manner to the passage systems described in Figs. 27a-e
hereinabove. According to the preferred embodiment of the
present disclosure, the low pressure zone at surface 386,
which was mentioned as 352 in Fig. 27c¢ hereinabove, 1is
created by the flow 388 along the upper surface trailing
portion of the body caused by the combined concavity profile
of the upper aft portion of the body with the zrotor 370
placed about the trailing edge of the body. It should be
appreciated that the rotor 370, the typical main purpose of
which 1is to create 1lift to the wvehicle by blowing air
through, accelerates the flow over the upper surface of the
body which is purposely concavely designed, and hence as a
‘by product’, the rotor 370 also becomes a primary, Jjoint-
contributing source for the low pressure at zone 386 causing
suction at the boundary layer 384 as previously explained
hereinabove, leaving the Dboundary layer flow 388 more
attached to the lower surface 390. Furthermore it should be
appreciated that the suction produced by contribution of the
aft rotor 370 creates a total low pressure area at the upper
aft portion of the body even at conditions such as a negative
angle of attack when the aerodynamic features of the body
become less or not effective in creating the desired said low

pressure.

[00120] Fig. 29a-b schematically illustrate a vehicle similar
to the wvehicle of Fig. 28 having a fuselage with a center
body 392, forward rotor 394 and aft rotor 396 flying forward
in an airflow field 398 typical to the wvehicle flowing
substantially from the forward and upper inlet side of the

rotors towards the aft and lower exit side.
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[00121] Fig. 29%9a illustrates the flow field when both forward
rotor 394 and aft rotor 396 are operating substantially in a
similar manner, creating relatively high 1lifts L1 and L3
respectively, sharing the overall 1lift of the wvehicle, and
with the center body 392 creating 1lift L5 at the wvehicle
center-of-gravity, all these lifts adding to the total 1lift
of the vehicle Lv wherein, due to the suction caused by the
forward —rotor, the flow 398 which was substantially
horizontal before reaching the forward rotor is now affected
and tilted downward as shown in 400, and does not have the
necessary upwash component that is normally associated with
the creation of the 1lift. As a result, the fuselage finds
itself at a low effective angle of attack, hence with 1lift L5
lower than would be expected. Furthermore, due to the
downward orientation at 400 of the effective flow, portions
402 of the flow about the lower surface of the body 392 tend
to separate causing unnecessary drag. One common way to
overcome detriments of reduced lift such as L5 is to increase
the thrust of the rotors, thereby increasing their 1ift and
compensating for the reduced lift L5. However, this further
disturbs the flow conditions over the fuselage as described

earlier.

[00122] In an attempt to solve this problem Fig. 29
illustrates the vehicle of Fig. 29a in a preferred embodiment
which changes the balance between the forward and aft rotors
394, 396 in order to achieve total fuselage-increased 1lift
and reduced drag, wherein the thrust and hence the 1lift L2 of
the forward rotor 394 is selectively decreased, for example,
by changing the rotor rotational speed, the pitch of the
rotor blades, narrowing or partially blocking the through-air
flow, or otherwise reducing the input from the power plant

connected to the rotor. This decrease causes the incoming
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flow 398 not to experience anymore the high suction of the
rotor, enabling it to continue less affected by the rotor in
a less tilted, substantially horizontal direction 404 with a
proper upwash and meet the body at a stagnation point 82
relatively lower than stagnation point S1 of Fig. 29a,
thereby c¢reating higher 1lift Lo6. It should be also
appreciated that the reduction in the downward flow caused by
reducing the thrust of the forward rotor also reduces or
substantially avoids the separation of flow at the lower
surface of body 392 as was the case in Fig. 29a, and the flow

continues not separated 406 along the surface.

[00123] It should be further appreciated that 1in this new
situation of the present embodiment of the forward rotor
producing less lift or even no 1lift at high speed flight, and
depending also on the additional 1lift now obtained through
the center body, the aft rotor may also have to be
selectively re-adjusted such as produce higher 1ift L4 in
order to balance the remaining lift as well as the pitching

moment of the vehicle as a whole.

[00124] Fig. 30 schematically illustrates an exemplary
improvement in Lift/Drag ratio of a vehicle caused by
employing a relative change to the rotors 1lift as illustrated
in Fig. 29 hereinabove wherein the horizontal axis of the
graph represents the normalized difference in 1ift between
the forward and aft rotors and the vertical axis of the graph
represents the 1ift over drag improvement of the wvehicle
whereby the increase in the normalized difference in 1lift
between the forward and aft rotors increases also the 1lift
over drag improvement of the wvehicle and for example point
6400 shows that 1t 1s enough to <c¢reate a 20 percent

difference between the 1lift of both rotors in order to obtain
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a 50 percent improvement 1in the wvehicle’s L/D ratio. It
should be appreciated that the graph illustrated in Fig. 30
represents a gspecific vehicle at certain flight conditions
and other vehicles of different shapes, rotors and
characteristics and flight conditions would produce different

graphs.

[00125] Some of the preferred embodiments which can suitably
accommodate part or all of the features which were disclosed
in Figs. 24-30 hereinabove are typically vehicles
substantially as illustrated in Figs. 1, 6, 7, 8-13, 16-18
hereinabove or their related derivatives and developments or
other aerial vehicles especially of the short/vertical

takeoff and landing type and ducted unducted fans.

[00126] While the invention has been described with respect to
several preferred embodiments, it will be appreciated that
these are set forth merely for purposes of example, and that
many other wvariations, modifications and applications of the

invention will be apparent.
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CLATIMS
WHAT IS CLAIMED IS:
1. A control system for a vehicle having plural control

elements actuated at a single actuation point comprising:

a redundant electric actuator assembly including a
control rod moveable linearly in two opposite directions
mounting n electric motors, each motor having a controller
and a feedback sensor for controlling linear movement of said
rod, each motor contributing approximately 1/n of total
control power required for adjusting one or more of said
plural control elements, such that failure of any of said
motors controllers or feedback sensors leaves sufficient
predetermined minimum control power available for operating

said control system.

2. The control system of claim 1 wherein said rod
comprises a non-rotatable threaded ball screw and wherein
each of said plurality of motors includes a threaded nut

engaged with said ball screw.

3. The control system of claim 2 wherein said feedback
sensors are engaged with said ball screw at a location

axially spaced from said motors.

4. The control system of claim 1 wherein n = 4.

5. The control system of claim 1 wherein said vehicle
comprises a VTOL vehicle having at least a pair of ducted

lift fans, and wherein said plural control elements include a



WO 2009/077968 PCT/IB2008/055301

41

variable pitch propeller and a plurality of adjustable
directional vanes associated with each of said ducted 1lift

fans.

6. The control system of claim 1 wherein said rod

comprises a rotatable rod connected to a linear output.

7. A redundant actuator assembly for controlling a

linear output in a vehicle control system comprising:

n actuators divided into two groups, each group
including n/2 single-channel actuators, each adapted to
control specified control elements of said vehicle control
system, said plural, single-channel actuators of each group
arranged in series; one actuator of each group connected to
a chassis of the vehicle, and another actuator of each group
connected to a rocker arm pivotally secured to the linear
output, wherein movement of the linear output is affected by

movement of any one of said single-channel actuators.

8. The redundant actuator assembly of claim 7 wherein
each of said actuators is a linear actuator, and wherein
actuators of each group are connected at linearly-moveable

joints.

9. The redundant actuator assembly of claim 7 wherein
said vehicle comprises a VTOL vehicle having at least a pair
of ducted 1lift fans, and wherein said control elements
include a variable pitch propeller and a plurality of
adjustable directional vanes associated with each of said

ducted 1ift fans.
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10. A power distribution system for a VTOL vehicle

having forward and aft 1lift fans comprising:

a pair of engines connected to respective associated
transmissions arranged to distribute power to an aft lift fan
gearbox, each transmission also connected to a respective
intermediate gearbox which, in turn, is connected to a
forward 1ift fan gearbox, thereby establishing a redundant

load path to said forward 1lift fan.

11. The power distribution system of claim 10 wherein
each intermediate gearbox 1s a 90° gearbox, and wherein a
pair of substantially parallel shafts connect said respective
associated transmissions to said intermediate gearboxes, and
wherein a pair of substantially coaxial shafts, arranged
substantially perpendicular to said substantially parallel
shafts, connect said intermediate gearboxes to said forward

lift fan gearbox.

12. The power distribution system of claim 10 wherein
each intermediate gearbox is an angled gearbox, and wherein
a pair of substantially parallel shafts connect said
respective associated transmissions to said intermediate
gearboxes, and wherein a pair of angled shafts connect said

intermediate gearboxes to said forward lift fan gearbox.

13. A VTOL vehicle comprising:

a fuselage supporting forward and aft lift fans; a
section of said fuselage having a substantially airfoil-

shaped body with upper and lower surfaces; and at least one
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hollow passage having an inlet along a trailing end portion
of said lower surface of the body and an outlet along a
trailing end portion of said upper surface of the body, such
that, in flight, a pressure differential between an upper
surface zone and a lower surface zone will generate suction
along said lower surface sufficient to attach a boundary

layer flow stream to said lower surface.

14. The VTOL vehicle of claim 13 wherein said at least
one said inlet and said at least one outlet are connected

through one or more larger intermediate passages.

15. The VTOL vehicle of claim 13 wherein said at least
one inlet comprises plural inlets and said at least one
outlet comprises plural outlets, and wherein said plural
inlets and said plural outlets connect to regpective
manifolds that are, in turn, connected to one or more

intermediate passages.

16. The VTOL vehicle of claim 13 wherein said at least
one inlet comprises plural inlets and said at least one
outlet comprises plural outlets, each inlet connected to a

corresponding outlet by a single discreet passage.

17. A method of controlling separation of a flow stream
at a boundary layer along a surface of a VTOL vehicle
fuselage in forward flight, the fuselage supporting a forward

lift fan and an aft 1lift fan, the method comprising:
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(a) shaping a portion of the fuselage to have a
substantially airfoil-shape with upper and lower surfaces;

and

(b) creating a suction force along the lower surface of
said center portion by utilizing a low-pressure source
generated at another portion of the fuselage to thereby
attach the flow stream at the boundary layer to the lower

surface.

18. A method of operating a VTOL vehicle in forward
flight, the vehicle having a fuselage supporting a forward
lift fan and an aft 1lift fan, a center portion of the
fuselage having a substantially airfoil shape, the method

comprising:

(a) generating 1lift forces at the forward and aft 1lift

fans and on said center portion of said fuselage; and

(b) reducing the lift at the forward lift fan relative
to the aft 1lift fan to thereby lessen suction of air into the
forward 1lift fan and thereby increase overall vehicle 1lift
circulation and thus also the VTOL vehicle’s lift-to-drag
ratio, while contributing to the reduction of separation of
flow at a lower surface of said center portion of the

fuselage.

19. The method of claim 18 wherein step (b) is carried
out by one or more of (i) reducing rotational speed of the of
the forward lift fan; (ii) changing blade pitch of the
forward 1ift fan; or (iii) blocking air flow through the

forward 1lift fan.
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