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TRIM REFERENCE FOR HELICOPTER FEEL
- AUGMENTATION SYSTEM o

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to improved controls for air-
craft, and in particular to a feel augmentation control
for high speed helicopters. More specifically, this in-
~ - vention relates to-a system which provides the pilotof a
helicopter with a sensory input to enable him to corre-
late stick induced maneuvers of the helicopter to the
helicopter’s response.

Aircraft handling qualities are judged by the ease and
precision with which a desired aircraft flight path can
be achieved. To maneuver precisely, a pilot must be
able to correlate his inputs with the aircraft’s response.
The pilot measures response by the load factor exerted
on his body (the g-response). If stick inputs cannot be
correlated with the resultant load factor, both in phase
and in magnitude, precise maneuvering is difficult and
handling qualities deteriorate. With the present genera-
tion of high speed helicopters, two problems inhibit the
achievement of desirable handling qualities: first, there
is an absence of stick forces that can be easily related to
aircraft response; and second, the aerodynamic
response to. similar inputs increases rapidly with air-
speed. ' ‘

Currently, servo-boosted control systems do not
yield a satisfactory input/response correlation, since no
rotor head forces are felt on the input side of the servo.
The pilot is left with only a displacement of the stick to
compare with the load factor. Humans are not particu-
larly adept at sensing small hand motions, so the cor-
relation between stick input and aircraft reaction is
minimal at best. o

Present day automatic flight control systems employ
mechanisms attached to the stick trim servos which
exert breakout forces and spring forces on the pilot’-
hand. However, pilots often declutch the mechanisms
and fly without any stick forces at all during maneu-
vers. The alternative risks pilot induced oscillations due
to overcontrolling the aircraft after the breakout force
has been overcome. ‘ ‘

Changing sensitivity of the helicopter at different air-
speeds requires the pilot to adjust the size of his inputs
to produce the same response. Currently, in the
absence of stick force cues, pilots use vibrations due to
blade stall as cues to adapt inputs to changing
aerodynamics. If vibrations are eliminated by an ad-
vance in the art, a miscalculated input at high speeds
could seriously overstress the aircraft before the pilot is
aware that this has occurred.

A solution has been found to the sensitivity of the
helicopter to stick motions at high speed which also
provides the pilot with a direct sensory “feel” of the
response of the helicopter to the pilot induced inputs
through the cyclic stick.

Description of the Prior Art

Control feel augmentation for servo-boosted control
systems has been employed in fixed wing aircraft since
World War 11, Generally, one of two techniques is em-
ployed. The first is to attach a bob-weight on the pitch
control that reacts to any normal acceleration. The
-second technique is to increase the spring constant of
the trim spring for the control stick with advancing air-
speed. Both techniques are inadequate for high per-
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formance helicopters. The bob-weight system does pro-
vide a force gradient (pounds per load factor) that does
not vary with airspeed. However, fixed wing aircraft do
not enjoy the advantages of a direct lift lever, the col-
lective stick. Helicopters need not change the fuselage
attitude in order to climb. Thus load factors can be in-
duced in a helicopter with no cyclic stick input. This
advantage obviates the utility of cyclic bob-weights,
which cannot discern between load factors induced by
cyclic inputs from load factors induced by collective-in-
puts. Use of bob-weights thus leads to undesirable col-
lective-to-cyclic control coupling. This effect is par-
ticularly troublesome in high speed flight where the
load factor response to collective input increases, and
during the large attitude changes when transitioning to
and from a hover. Moreover, bob-weights exert objec-
tionable forces during maneuvers involving more than
90° of bank. ‘ ’
Currently, most servo-boosted’ helicopters use trim
springs to center the cyclic stick in hands off flight.
Changing the spring gradient (pounds per inch of
deflection) of the trim spring as airspeed changes can
compensate for the changes in pitch control sensitivity.
Moreover, collective stick inputs are not felt in the
cyclic stick. However, the spring forces felt by the pilot
do not correlate well with the resultant load factor dur-
ing maneuvers. For example, in the rolling reversal
maneuver where from a right level turn the aircraft is
rolled smoothly to a left level turn, the pitch cyclic stick
must momentarily pass forward of its trim point to
prevent the aircraft from gaining altitude as the aircraft
rolls through wings level. With a stiff spring attached to
the stick, an excessive pushing force must be exerted by
the pilot; even though no negative load factor is in-
duced. Similar instances of poor input/response cor-
relation .using Q-springs render this approach - in-
adequate. .

The present invention overcomes the problems en-
countered in the prior art feel augmentation systems
and provides a novel and unique feel augmentation
which has proven to enhance the high speed operation
of helicopters.

SUMMARY OF THE INVENTION

The present invention provides a unique feel aug-
mentation system for the helicopter cyclic stick for all
airspeeds by measuring fuselage pitch rate, airspeed,
stick deflection from trim and rate of stick movement,
and summing these signals to provide an input to a feel
actuating system which produces a force which op-
poses the deflection applied to the cyclic stick by the
pilot. By properly combining the signals, the feel aug-
mentation system implements a constant ratio of stick
force to mean load factor in the pitch axis. Load factors
induced by collective inputs are not translated to cyclic
stick forces. A similar control system may be provided
in the roll axis to provide a constant ratio of stick force
to aircraft roll rate.

In addition, the present invention provides
redundancy in the force actuating system, and fault de-
tectors that sense differences in the electrical or
mechanical portions of the duplicate systems are actu-
ated to shutdown the feel augmentation system when
discrepancies occur.
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The present invention also provides a novel trim
system as part of the feel augmentation system. The
cyclic control may be trimmed to any desired position
by thumbwheels located preferably in the pilot’s com-

partment on the pilot’s and copilot’s cyclic sticks. The .

novel trim system allows both the pilot and copilot to
trim the cyclic control indepenently, while still allowing
full control by each.

Other novel features of the present invention and a
preferred embodiment thereof will be described in con-
junction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing in partial block dia-
gram form showing the main features of the present in-
vention.

FIG. 2 is a schematic drawing in block diagram form
showing the details of the electronics portion of FIG. 1.

FIGS. 2A and 2B show respectively the general form
of the gain program and resultant force gradient
produced in the pitch axis by the system of FIGS. 1 and
2,

FIG. 3 shows schematically the details of the
mechanical portion of FIG. 1, and shows in block dia-
gram form the fault detection system.

FIG. 3A shows in graphic form the operation of the
detent mechanism of FIG. 3.

FIG. 4 is a sectional view of the thumbwheel used in
the trim system of FIG. 1.

FIG. 5 is a sectional view taken along the output side
of the thumbwheel of FIG. 4.

FIG. 6 is a sectional view taken along the input side
of the thumbwheel of FIG. 4.

FIGS. 7-and 8 show the segments A and C of FIGS. 4
and 6.

FIG. 9 is a schematic block diagram showing the
detalls of the trim system of FIG. 1.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The feel augmentation system described herein is ap-
plicable to any control element which produces an at-
titude or an altitude variation in a vehicle in response to
movement of the control element. However, in describ-
ing a preferred embodiment it will be restricted to the
cyclic stick of a helicopter, and specifically to attitude
variations in the pitch channel of the helicopter caused
by movement of the cyclic stick.

The feel augmentation system exerts forces on the
pitch stick grip (cyclic stick) that are related to the
load factor caused by pitch inputs. The ratio of exerted
forces to induced load factor is held constant as air-
speed changes. Thus the pilot is provided with desirable
handling qualities that do not change with airspeed.
That is, if the pilot exerts a 15 Ibs, pull on the stick, he
will achieve a 1-g load factor regardless of his airspeed.
While the stick deflection required to induce a 1-g load
factor diminishes as airspeed increases, the stick force
required does not change, and at 200 knots the pilot
commands a given aircraft response with the same
force input used at 100 knots.

The basic feel augmentation system is shown in FIG.
1. Redundant systems responsive to craft inputs are
utilized. Sensors 10 and 10’ provide aircraft flight path
measurements on which computations are performed
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in blocks 12 and 12'. As a result of the inputs from the
sensors and the computations performed thereon,
signals are fed to feel actuators 14 and 14’ which cause
a force to be exerted on yoke 16. Since the two feel ac-
tuators 14 and 14’ are identical and respond to identi-
cal inputs, the forces applied to yoke 16 from feel ac-
tuators 14 and 14’ should be identical, and should
cause yoke 16 to. move transversely and without any
rotational component.

Control rod 18 is pivotally connected to the center of
yoke 16 and is movable therewith. Connected also to
control rod 18 at pivot point 20 is the cyclic stick which
is connected through connector rod 22. A force ex-
erted on yoke 16 by the force actuators will be trans-
mitted through control rod 18 and be felt by the pilot
through the cyclic stick connector 22. An override
shown as 24 is provided in the control rod as is well
known in similar control systems to permit the pilot to
retain control of the helicopter even though a malfunc-
tion occurs which would lock the yoke 16 in a fixed
position. The control rod 18 connects the cyclic stick
to the helicopter control surfaces through a servo-actu-
ated system.

A trim control 26 controllably by a thumbwheel 28
provides additional inputs to computations blocks 12
and 12'. The trim position inputs adjust the steady-state
value of the force inputs provided by feel actuator 14
and 14’ to yoke 16 depending on the trim position of
the cyclic stick, and permit changes in the trim position
by the pilot as desired.

Cyclic stick inputs initiated by the pilot through the
cyclic stick 22 are fed to the proper control surface of
the cyclic stick 22 are fed to the proper control surface
of the helicopter, such as the rotor blades, to generate
an attitude change in the helicopter. The sensors 10
and 10’ respond to the attitude change and produce a
force in yoke 16 which is related to the load factor
caused by the pilot induced attitude change. The pilot
will feel this force as an opposing force in cyclic stick
22.

When the pilot' moves the cyclic stick 22, the load
factor on the helicopter induced by cyclic inputs can be
separated from the load factor induced by the collec-
tive stick by measuring fuselage pitching rate g and
multiplying by airspeed V. That is, the cyclic load fac-
tor is proportional to Vq. The concept is similar to that
of a mass whirling about on the end of a string of length
R at a rate ® which causes a tension in the string pro-
portional to Re? (neglecting gravity). In the case of the
helicopter, the tension is the load factor N, the rate of
rotation @ =¢, and the velocity is Rw=V. The load fac-
tor caused by pitchis N = Re?*=R ww=Vq.

Collective inputs do not cause significant pitching
rates, and the pitch rate approach avoids collective-to-
pitch control coupling. Since a pitch rate gyro senses a
bady pitching rate in any turn, the load factor is sensed
in any aircraft attitude. Equally important, the stick
forces due to the signal Vq yield excellent correlation
with cockpit load factors induced by the pitch control
during maneuvers. For example, at wings-level during a
rolling reversal, there is no pitching rate, hence no stick
force in the pitch rate approach.

Details of the system shown in FIG. 1 are illustrated
in FIG. 2. A rate gyro 30 senses the pitching rate of the
helicopter and feeds its output signal through demodu-
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lation 32 to block 34 where a gain is applied to the
pitch rate signal as a function of velocity. The gain
schedule Kg as a function of airspeed (velocity) is
shown in FIG. 2A. The compensated pitch rate 51gr1a1 is
then fed as an input to summing amplifier 36.

A signal indicative of the position of the cyclic stick
is generated as shown in block 38. A potentiometer
may be used for this purpose as is well known in the art.
The stick position signal is then fed through line 40 to
compensation block 42 where the cyclic stick position
signal is both lagged and differentiated to produce a
cyclic stick rate signal. This rate signal is then fed to
block 44 where a gain is applied to the stick rate signal
as a function of helicopter velocity: FIG. 2A shows the
gain KAB as a function of velocity. After the proper
gain is ‘applied, the stick rate signal is also fed to
summing network 36 as an input thereto.

The stick position signal from block 38 is also fed as
an input to dlfferencmg circuit 46. Also fed as an input
to block 46 is a signal indicative of the trim position of
the cyclic stick. Comparator 46 compares the two
signals and produces an output which is the difference
between the two inputs and which is indicative of the
cyclic stick deflection relative to its trim position. The
difference signal is then fed to block 48 where a gain
KAB is scheduled as a function of helicopter velocity,
the schedule also being shown in FIG. 2A. The stick
deflection signal with the proper gain applied thereto is
then fed as a third input to summing network 36.

The trim position signal which is fed to comparator
46 is generated in trim control block 50 to be described
in detail in conjunction with FIG. 9. Thumbwheels 52
and 54 to be described more fully in connection with
FIGS. 4-8 provide inputs to trim control 50. Briefly,
the trim control S0 generates a signal indicative of
cyclic stick trim position, and the thumbwheels func-
tion to-.change the trim position.

The cyclic stick: trim position signal from trim con-
trol 50 is also fed to a redundant control identical to the
pitch rate, stick rate and stick deflection control shown
in FIG. 2. That is, a duplicate control including a
summing amplifier is utilized to provide a redundant
system as shown in FIG. 1 where duplicate force actua-
tors are illustrated. The relationship of the trim control
to the two redundant systems comprising sensors and
computations is also shown in connection with FIGS. 1
and 3.

The gain changes applied to the pitch rate, stick rate
and stick deflection signals are required as the airspeed
changes. The gain on pitching rate Kq in block 34 is
made proportional to airspeed in order to maintain the
stick force to load factor ratio approximately constant.
The gain on the stick deflection KAB in block 48 is in-
creased with airspeed in order to improve hands off
stick stability, and to provide a tighter reference for the
stick trim function at high dirspeeds. The gain on stick
rate KAB is basically constant with airspeeds above 40
knots to encourage smooth pilot input and to ac-

- celerate shutdown if a failure occurs in the system. The
gains to the inputs are scheduled as shown in FIG. 2A
to'produce a force gradient on the cyclic stick as a
function of airspeed.

The redundancy of the sensors and computational
components is desirable so that a fault detection
criterion is provided. The feel augmentation system
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possesses both a high authority and a high rate capabili-
ty, and the redundant components provide a com-
parison which would not be available if a single channel
were used. _
Shown in FIG. 3 are the details of the mechanical
portion of the feel augmentation system together with
the fault detection system. Summing the network 36,
shown in both FIGS. 2 and 3, produces a voltage output
proportional to the sum of the compensated pitch rate,
stick deflection and stick rate input signals. The output
from summing network 36 is fed to a valve driver am-

‘plifier 60. Also shown in FIG. 3 is the redundant chan-

nel comprising summing network 36’ and valve drive
amplifier 60'.

The output from the valve driver amplifiers 60 and
60’ is fed to pressure valves 62 and 62' which produce
a differential pressure output to exert forces on rods 64
and 64’ by actuating servomotor 66 and 66'.

-Pressure valve 62 generates a fluid pressure which is
fed via channels 68 and 70 to produce a pressure dif-
ferential across piston 72 which exerts a force on rod
64. Inserted in the channels 68 and 70 respectively are
solenoid valves 74 and 76 which are shown in their
open position. As will be described, solenoid valves 74
and 76 may be rotated 90° by a valve actuator to close
off channels 68 and 70 and to open channel 78 which
will cause the pressure across piston 72 to equalize.
This shutdown occurs in a very short time, for example
0.04 seconds, An orifice restrictor 80 is incorporated in
channel 78 to provide a damping force to restrict piston
motion caused by pilot inputs after’ actuatxon of shut-
down valves 74 and 76.

Edch servomotor or actuator 66 and 66’ exerts one
half of the stick force felt by the pilot which is trans-
mitted through rods 64 and 64’ to the ends of the yoke
16. The yoke 16 is pivoted at its center 81 on control
rod 18. The yoke 16 transmits the sum of the forces
generated through rods 64 and 64’ to the pilot as felt in
the cyclic stick through the control rod 18.

If the forces transmitted through rods 64 and 64’ to
the yoke 16 are mismatched sufficient to tilt the yoke
16 more than a predetermined amount, for example 1°,
a fault detection system will initiate shutdown. To ac-
complish this, a synchro 82 is positioned on control rod
18 and connected to yoke 16 by means of arm 84. A
duplicate synchro 82’ may be positioned similarly to
synchro 82 as shown in FIG. 3. When the yoke. 16
pivots about control rod 18, an electrical signal is fed
via line 86 to level detector 88, which produces an out-
put signal if the yoke tilts more than a predetermined
amount. The output signal is fed to the OR circuit 90.
"The output from the level detector 88 will indicate that
a fault has occurred, and OR circuit 90 will produce a -
signal which is fed to latch circuit 92.

Valve actuator 94 is connected to solenoid valves 74
and 76 via connectors 96, and normally maintains the
valves in the open position as shown in FIG. 3, Upon
the occurrence of a fault, latch circuit 92 transmits a
signal to valve actuator 94 which causes the solenoid
valves 74 and 76 to be rotated 90°, closing channels 68
and 70 thereby equalizing pressure across piston 72
and removing all forces from control rod 64 except
damping forces in reaction to pilot inputs;

Synchro 82’ also transmits a signal to a level detector
88', similar to detector 88, which also feeds a signal to
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the OR circuit 90 if the yoke tilts more than a predeter-
mined amount. When any failure signal from a level de-
tector causes an output from the OR circuit, both valve
actuators are operated causing a complete shutdown of
the feel augmentation system.

A reset button 98 is attached to latch circuit 92, the
reset preferably being positioned in the pilot’s compart-
ment. Actuation of the reset will cause the valves 74
and 76 to return to their initial position, opening chan-
nels 68 and 70 to reinstate the force on yoke 16 caused
by piston 72 acting through rod 64. This reset will not
occur, however, when any failure signal is present.

While not detailed in FIG. 3, the OR circuit 90 and

latch circuit 92 are designed redundantly so that failure
of any component in this circuitry will not incapacitate
the shut down capability. Also, the OR circuit, the latch
circuit, the valve actuators and the. solenoid valves
revert to the shutdown mode in the event of any power
failure. .

A detent mechanism shown generally at 100 absorbs
small force differences in order to avoid failures caused
by. a slight mismatch in forces which would otherwise
cause rotation of yoke 16. As illustrated, a control rod
102 is pivotally connected to the end of yoke 16. The
rod 102 has a detent 104 therein. A pivotable member
166 is connected to the bottom portion of extension
108 of control rod 18. Inserted into member 106 are
two ball members 110 which are set in the detents 104
by means of a spring 112 held in place by a thumbscrew
114 adjustable to vary the spring tension. The detent
mechanism 108 will prevent movement of yoke 16 by a
slight force unbalance until the tension produced by
springs 112 on the ball members 110 is overcome, at
which time yoke 16 will rotate because of the force un-
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balance and cause synchros 82 and 82’ to provide a -

fault signal to level detectors 88 and 88'. FIG. 3A
shows graphically the yoke angular acceleration a as a
function of the difference in forces F,—F, which act
through rods 64 and 64'. Until the difference. in the
forces exceeds a predetermined value fixed by the
force of springs 112, the ball members 110 will remain
within the detents 104. Once the predetermined value
has been exceeded, the unbalanced force on rod 102
will overcome the spring forces and will allow yoke 16
to rotate. '

Shutdown of the system may be caused by other
failures than a force unbalance applied to yoke 16. For
example, a comparator 120 measures the difference in
voltages between the outputs of summing networks 36
and 36'. When the difference exceeds a predetermined
amount, a signal is fed via line 122 to level detector
124, and an output from the level detector is fed to the
OR gate 90 causing the servomechanisms 66 and 66’ to
be deactivated.

The output from comparator 120 may also be fed to
a limiting network 126 which produces an additional
input signal to summing network 36’. This signal will
compensate for any unbalance at the inputs to

_summing networks 36 and 36’ by adding a small input
signal to the summing network 36’. Limiting network
126 limits the input to summing network 36’ to an
amount sufficient only to compensate for a small un-
balance. Any unbalance or voltage difference between

the outputs of the summing networks greater than a

predetermined amount will deactivate the system as
previously described.
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The current outputs from the valve driver amplifier
60 and 60’ are compared in comparator network 128,
and any difference therebetween above a preselected
value will cause level detector 130 to actuate OR gate
90 and also cause the system to be deactivated.

The force exerted by the servomechanisms 66 and
66' on yoke 16 are transmitted through control rod 18
to the cyclic stick grip. These forces are then related to
the load factor caused by pitch inputs to the helicopter
through actuation of the cyclic stick. By virtue of the
novel system shown herein, the ratio of the forces ex-
erted on the cyclic stick to the induced load factor is
held constant as airspeed changes, and thus the pilot is
provided with a desirable sensory input that does not
change with airspeed. .

The trim control and thumbwheel system shown in
FIGS. 1 and 2 is described in more detail in connection
with FIGS. 4-9. The function of trim control and
thumbwheel need not be limited to the feel augmenta-
tion system as described herein, but may be utilized

with great advantage in any other system in which a

variable output independently controlled from two
remote locations is desired.

The basic system is shown in FIG. 9. Two
thumbwheels, 140 and 142, are shown. These
thumbwheels may be positioned respectively in the
cyclic stick grip at the pilot and copilot’s station in a
helicopter. The thumbwheels in-the present embodi-
ment will provide pitch trim signals independently from
the pilot and copilot, but allow each to maintain
complete control of the trim position of the cyclic stick.

A signal from thumbwheel 140 is fed to stepping
motor 144 to rotate the stepping motor either forward
or backward. The details of the thumbwheel and the
means for generating an output signal therefrom will be
described in conjunction with FIGS. 4-8. The output
shaft from the stepping motor 144 is connected
through gear assembly 146 and drive shaft 147 to the
wiper arm 148 of potentiometer 150.

The signal from thumbwheel 142 causes rotation of
stepping motor 152 whose output shaft is connected
through gear assembly 154 and drive shaft 155 to the
case 156 topotentiometer 150. The gear ratio must be
sufficiently high to ensure that the pilot-controlled
stepping motor will not drive the copilot-controlled
stepping motor through the potentiometer.

The output voltage from the potentiometer 150 is fed
from the slip rings 158 connected to the potentiometer
to the differencing circuit 46 as shown in FIG. 2.

By virtue of controlling the rotation of the wiper arm
of the potentiometer from thumbwheel 140 and con-

“trolling the rotation of the potentiometer case from

thumbwheel 142, the output voltage from the poten-
tiometer 150 may be continuously controlled by the
rotation of either of the thumbwheels. In other words,
regardless of the position of the potentiometer case as
determined by thumbwheel 142 thumbwheel 140 can
control the wiper arm of the potentiometer to produce
the full range of output voltages from the potentiome-
ter, Likewise, regardless of the position of thumbwheel
140 and the position of the wiper arm 148, thumbwheel
142 can cause rotation of the potentiometer case 156
to thereby produce the full range of output voltages
from the potentiometer.

The potentiometer incorporates mechanical stops to
prevent relative rotation of the case and wiper part, the
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positions of the stops corresponding to the end limits of
the desired output voltage signal. These end stops resist
* further rotation of a stepping motor even though the
thumbwheel may continue to demand further rotation.
If the rotation of the thumbwheel is reversed, however,
the potentiometer will immediately begin to respond.

Referring to FIG. 4, the thumbwheel comprises a sta-
tionary armature consisting of elements 160 and 161,
Encased therein is a rotatable portion consisting of a
circular ribbed or knurled outer portion 162 and an
inner element 163. A mounting hole 164 extends
through the center of the stationary armature element
161.
. Encased within the stationary armature is an electri-

cally conductive segment shown in FIG. 4 at 166. An
input brush 168 of conductive material such as carbon
is positioned so as to make electrical contact with seg-
ment 166. A power supply such as battery 170
produces a voltage at input brush 168.

FIG. 6 shows the details of the input side of the
thumbwheel with the stationary armature element 160
removed. A plurality of conductive segments A, B, C
and D are shown. Each segment is separated from each
adjacent segment by insulating material 172. Segment
166, shown in FIGS. 4 and 6, is an A segment and is in
contact with slip ring 174 shown in FIGS. 4 and 5. An
output brush 176 contacts slip ring 174 and conducts
the electrical voltage from battery 170 to the stepping
motor. A complete circuit from battery 170 through
input brush 168, segment 166, slip ring 174 and output
brush 176 occurs when the rotatable portion of the
thumbwheel is positioned with one of the A segments in
contact with the input brush. The construction of the
segments is shown in FIG. 7.

The B segments are all in contact with slip ring 178
and output brush 180. Segments C as shown in FIG. 8
are shaped so as to be in contact with slip ring 182, and
segments D -are in contact with slip ring 184. Thus,
when the rotatable portion of the thumbwheel compris-
ing member 162 and 163 and the segments A, B, C and
D are rotated, the battery voltage will pass through the
input brush and through whichever segment is in con-
tact with the input brush, through the corresponding
slip ring, and through the output brush to the stepping
motor.

Each of the four output brushes is connected to a
winding of stepping motor 144. The windings may be
separated by 90°. If the thumbwheel is moved from any
segment A to any segment B, for example, the stepping
motor will rotate 90° in one direction. If the
thumbwheel is moved from any segment A to any seg-
ment D, the stepping motor will rotate in the opposite
direction 90°. As is shown to those skilled in the art, the
input brush may be constructed such that it will contact
two segments, such as'A and B, simultaneously. In this
case, two windings will be energized and the stepping
motor will rotate at 45° intervals rather than 90° inter-
vals. Any number of segments, with corresponding slip
rings and output brushes, may be used.

A desirable result of the thumbwheel trim system as
shown in"FIGS. 4-9 is that complete failure of one
thumbwheel connection does not cause the system to
become inoperative, since the trim control' may be
operated by either thumbwheel.
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Rotation of either thumbwheel in FIG. 9 will vary the
output voltage from potentiometer 150 which is then
fed, as seen in FIG. 2, to differencing circuit 46. The
output from circuit 46 is a stick displacement signal.
This signal is fed through summing network 36 to the
feel actuating system to increase or reduce the force

~applied to the cyclic stick. This signal will be present

whether or not a maneuver is occurring, and hence may
be utilized by the pilot or copilot to retrim the cyclic
stick. The thumbwheel may be rotated at whatever rate
is desired and may therefore be utilized as a fine adjust-
ment to the cyclic stick. The cyclic stick will physically
move in response to any force generated by the feel ac-
tuators if ‘its movement is not opposed by the pilot.
Consequently, if the pilot is executing a maneuver
which would require the cyclic stick to remain in a new
position for an extended period of time, the
thumbwheel trim control may be used to readjust the
trim position of the stick and eliminate all forces acting
on the stick. ‘ :

Although the present feel augmentation control has
been described in relation to the pitch axis, an identical
system may be utilized for roll control. A roll rate gyro
will be substituted for the pitch rate gyro. Roll control
feel augmentation requirements are considerably less
stringent than for pitch control, since roll aerodynamic
response remains fairly constant for all airspeeds.

Roll stick deflection, roll stick rate and fuselage roll
rate are the preferred signals to provide roll feel aug-
mentation. A constant input force to aircraft roll rate
ratio, at force levels in harmony with pitch control
forces, will provide desired feel augmentation in the
roll control. To implement roll control, grip mounted
thumbwheels that control the stick trim position in roll
may be incorporated. Both pitch and roll augmentation
may also be used simultaneously. For this implementa-
tion, two thumbwheels will be incorporated on each
cyclic strick grip, one for the pitch channel and one for
the roll channel.

The present feel augmentation system thereby pro-
vides for the pilot a sensory input which provides a
reference for maneuvers which he has commanded,
The forces which oppose the cyclic stick movement,
either in roll or pitch, will always be constant for the
same maneuver, that is, for a maneuver which causes

the same load factor on the helicopter. Although the

stick deflection required to execute the same maneuver
will change as a function of airspeed, the forces felt by
the pilot’s hand will not change. High speed handling of
the helicopter is considerably improved by the present
feel augmentation system.

It is obvious that the forces applied to the cyclic stick
need not be linearly related to load, but may vary as
any desired function. For example, it may be desirable
to increase the forces that the pilot feels in an exponen-
tial or other non-linear manner with increasing load to
thereby provide a more positive sensory input to the
pilot that loading is being increased. Variations in the
gain profiles applied to the system input signals may be
used to produce the desired relationship.

Although the present invention has been disclosed in
its preferred embodiment, it will be apparent to those
skilled in the art that changes may be made to ‘the
details and the arrangement of parts without departing
from the scope of the invention as hereinafter claimed.

What is claimed is:
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L. In a control system for generating a variable out-.
put signal,

first and second cooperating members comprising
respectively the rotor and housing of a poten-
tiometer producing an output signal variable as a
function of the relative positions of said two mem-
bers, :

and first and second independently and continuously
rotatable input elements, said first input element

‘being connected with said first member and said
second input element being connected with said
second member,

rotation of either of said input elements producing a
change in the position of the member to which it is
connected relative to the other said member ir-
respective of the position of the other said input
element.

2. A control system as in claim 1 and including first
and second stepping motors respectively responsive to
the position of said first and second input elements for
independently controlling the position of said first and
second members. '

3. Apparatus for producing a variable output signal
which is independently controllable by either of two
continuously variable input elements comprising

a potentiometer having a movable rotor and a mova-
ble housing member, said rotor being contained
within said housing member, said rotor and said
housing member interacting to produce an output
signal determined by the relative positions
therebetween,

first and second independently and continuously
rotatable input elements,

a first stepping motor responsive to the position of
said first input element for positioning said mova-
ble rotor relative to said housing member indepen-
dently of the position of said housing member and
of the position of said second input element,

and a second stepping motor responsive to the posi-
tion of said second input element for positioning
said housing member relative to said rotor inde-
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pendently of the position of said rotor and of-the
position of the said first input element.

4. Apparatus as in claim 3 in which said rotatable
input elements comprise ,

a stationary outer member, :

an inner member rotatable within said outer
member, ‘

an input brush mounted on said outer member,

asource of voltage connected with said input brush,

a plurality of conductive elements mounted
peripherally about said- inner member, said input
brush contacting said conductive elements serially
upon rotation of said inner member within said
outer member,

a plurality of output brushes mounted on said outer
member and in contact with selected ones of said
conductive elements, :

and means for connecting selected ones of said out-
put brushes with the input windings of said
stepping motor to cause said stepping motor to
rotate when said inner means is rotated within said
outer member.

S. Apparatus for adjusting the trim position of an air-
craft control stick from two independent locations
comprising .

first and second thumbwheels, each of said
thumbwheels being continuously rotatable and
producing a control signal in response to rotation
thereof,

first and second stepping motors responsive respec-
tively to the said control signals generated by
movement of said thumbwheels,
potentiometer having a movable housing and a
movable rotor, said housing being connected to
one of said stepping motors and said rotor being
connected to the other of said stepping motors, the
relative position between said rotor and said hous-
ing producing an output signal,
and means responsive to said output signal for

generating a force on said aircraft control stick

tending to vary the trim position thereof.
* k% ok % %



