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1. 

AUTOMATED HELICOPTER FLIGHT CONTROL 
SYSTEM 

w 

BACKGROUND OF THE INVENTION 

Helicopter type aircraft are known to be aerodynami 
cally unstable. The piloting process for such vehicles 
involves the active use of both hands and both feet, as 
well as close attention to the aircraft attitude. The pro 
cess is especially complicated due to the interrelated 
nature of the controls. An increase in the pitch of the 
main rotor causes a twisting of the aircraft which must 
be corrected for by an adjustment of the tail rotor. In a 
similar manner, when the pilot desires to perform a 
single action with the aircraft, he must simultaneously 
perform a complex, learned series of actions on the 
controls in order to achieve the single action. 

In addition, helicopter type aircraft typically are able 
to operate closer to the limit of their material strength 
and limit of their flight envelope. An overstressing of 
the aircraft can cause mechanical damage. An over 
specification of a number of flight characteristics can 
also push the aircraft beyond its limit, or cause none of 
the characteristics specified to be achieved. 
Although there are numerous examples of advance 

ment of the helicopter control art, each typically deals 
with a narrow problem and its concomitant narrow 
solution, such as an engine torque limitation which 
prevents demands on the engine in excess of the torque 
limit. One reference, U.S. Pat. No. 4,420,808, E. D. 
Diamond, et al, inventors, discloses the use of a four axis 
force stick and a trim controller. The 808 patent recites 
that it has the ability to provide the capability for a pilot 
to control an aircraft in response to his perception of 
changes in attitude, altitude, speed, heading and the like, 
with control inputs provided by the pilot only in the 
event that a change in aircraft response is required. The 
system of the 808' patent, then, is a trim system which 
sets the controls of a helicopter to their last position. 
This method does not take into account changing condi 
tions such as wind shifts, or aircraft attitude. Under the 
system of the 808 patent, it is still the responsibility of. 
the pilot to make the minute control changes necessary 
to keep the aircraft stable, or steady with respect to a 
fixed point on the ground. The system of the 808 patent 
was intended primarily to increase cockpit usable space 
by integrating the controls into a four axis stick with 
some form of control. 

SUMMARY OF THE INVENTION 
The present invention is a fully integrated fly-by-wire 

system for a helicopter utilizing a ground and inertial 
reference system and automated stability control to 
enable vectored directional control of the aircraft The 
system of the present invention corrects for external 
changes and uses feedforward and feedback prediction 
to better implement pilot commands. Acceleration com 
mands enable the system to have greater compatibility 
with basic attitude stabilization loops currently in use. 

Control signals are reduced to their force and no 
ment components and then used according to a 
weighting matrix. All commands are continually modi 
fied by constraint feedbacks to thereby adapt limits of 
torque, rotor RPM and actuator authority performance 
envelopes. The built-in synchronization structures 
allow transient free transition into and out of differing 
control modes. A vertical flight path energy manage 
ment system takes vertical commands to produce verti 
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2 
cal accelerations, using kinetic to potential energy con 
versions plus power adjustments for larger maneuver 
requirements. 
The system of the present invention is designed to 

command computed attitude maneuvers which maxi 
mize the response obtainable to an acceleration com 
mand. This is especially important in helicopter aircraft 
where the aircraft attitude is a major determiner of the 
speed and direction of the maneuver. All control and 
stabilization functions are decoupled so that the pilot is 
not required to apply compensating controls in any axis 
orthogonal to the axis in which commands are inserted. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The structure and method of operation of the inven 
tion, together with additional advantages thereof, will 
be best understood from the following description of 
specific embodiments when read in connection with the 
accompanying drawings, in which: 

FIG. 1 is an isometric drawing of the control stick 
which can be utilized to affect command inputs to the 
system of the present invention; 
FIG. 2 is a conceptual block diagram of one axis of 

the acceleration command control system of the present 
invention driven by the control stick of FIG. 1; 
FIG. 3 is a block diagram of the pitch control block 

incorporated into the conceptual block diagram of FIG. 
2; 

FIG. 4 is a block diagram of the pitch stabilization 
control block incorporated into the conceptual block 
diagram of FIG. 2; 
FIG. 5 is a block diagram of the lateral maneuver 

control block incorporated into the conceptual block 
diagram of FIG. 2; 
FIG. 6 is a block diagram of the roll stabilization 

control block incorporated into the conceptual block 
diagram of FIG. 2; 
FIG. 7 is a block diagram of the directional stabiliza 

tion control block; 
FIG. 8 is a block diagram of the vertical maneuvering 

command and stabilization control block; 
FIG. 9 is a block diagram of the hover position con 

trol block, without hover sensor, incorporated into the 
conceptual block diagram of FIG. 2.; and, 
FIGS. 10a and 10b are block diagrams the hover 

position control block, with hover sensor, incorporated 
into the conceptual block diagram of FIG. 2. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBOOMENTS 

Referring to FIG. 1, a control stick 11 is movably 
supported by a support 13. The indicated control move 
ments shown are for vertical, yaw, pitch, and roll, and 
are indicated by the appropriate directional arrows. 

Referring to FIG. 2, a conceptual control path block 
diagram for one axis of the system of the present inven 
tion is shown. Each of the four control axes is a specific 
realization of this more general figure. It is understood 
that the diagrammatic representations illustrated herein 
may be implemented in a digital or analog fashion Stick 
inputs from control stick 11 representing vector direc 
tion command signals are connected to a gradient and 
limit control block 21. Gradient and limit control block 
21 provides limits and modifications to signals received 
from control stick 11 because of the finite performance 
limits inherent in the control surfaces of a helicopter. In 
addition to the finite structural limitations which are 
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constant, a set of limitations due to present operating 
characteristics, known as performance constraints, are 
also input into gradient and limit control block 21. 
The output from gradient and limit control block 21 

is connected to a non-linear dynamic model block 23. In 
this block, the now limited vector direction command 
signal from the control stick 11 is used to generate three 
command components. An attitude rate predictor out 
put from block 23 is a signal indicative of how rapidly 
the attitude of the aircraft has been commanded to 
change. An acceleration attitude predictor output from 
block 23 is a signal indicative of the expected attitude 
change required of the aircraft to achieve the com 
manded acceleration. The third output from block 23 is 
an acceleration command signal 
The acceleration command signal from block 23 is 

input into a heading transformation block 24. The head 
ing transformation block 24 resolves aircraft body axis 
acceleration commands into an earth referenced coordi 
nate frame. 
An integrator 25 receives the output from the head 

ing transformation block 24 and performs an integration 
to calculate a velocity command signal. The velocity 
command signal from integrator 25 is inputtably con 
nected to a second coordinate transform block 27, 
where the velocity command signal is transformed back 
into the aircraft body axis coordinate frame. These 
blocks 24, 25, and 27 implement one of the very unique 
features of the present invention, in that stick com 
mands generate acceleration commands in the aircraft 
coordinate frame; but the resulting velocity command is 
maintained in an earth referenced frame. 
The velocity command signal is first picked off from 

heading transformation block 27 and inputtably con 
nected to a trim table block 29. 
Trim table block 29 estimates the aircraft attitudes 

required to maintain the commanded velocity. The 
processing of the velocity command signal by trim table 
block 29 produces an attitude predict signal. 

Beneath coordinate transform block 27 is a velocity 
commands from position hold and fire control system 
block. This block provides a steadying input to the 
system based upon the last command of the position 
hold and fire control system. 

Velocity sensors on the aircraft comprise a velocity 
measurement block 35. The measured velocity from 
velocity measurement block 35 is inputtably connected 
to a velocity estimate filter block 37 in order to reduce 
any noise or vibration variations in the measured veloc 
ity. The negative summing of the output of the velocity 
estimate filter block 37 with a total velocity command 
signal creates a velocity error signal. 
The velocity command from block 27 is also summed 

at summing junction 33 with velocity commands from a 
position hold computation and fire control system block 
31 and the output of the velocity estimate filter block 37 
to arrive at the total velocity error command. 
The velocity error signal from summing junction 33 

is connected to the velocity control block 39 which is a 
proportional plus integral control element. The output 
of velocity control block 39 is an attitude command 
signal representing the attitude change required to re 
duce the velocity error towards zero. 
The output from trim tables block 29, the accellera 

tion attitude predictor from non-linear dynamic model 
block 23, and the output of velocity control block 39 are 
summed in a summing junction 41 to form an attitude 
reference signal. 
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4. 
The attitude reference signal from summing junction 

41 is introduced into a summing junction 43 where it is 
sumned with a signal which is the negative of the atti 
tude from the attitude measurement sensors. This atti 
tude measurement signal is generated from attitude 
measurement sensors aboard the aircraft (not shown), 
and is normally provided by standard aircraft attitude 
instrumentation. The output of summing junction 43 is 
the attitude error signal. 
The attitude error signal from summing junction 43 is 

fed into a rate command gain block 45. The gains of the 
rate command gain block 45 can be varied to affect the 
desired level of aircraft performance. 
A vibration filter block 49 receives an attitude rate 

measurement signal. The attitude rate measurement 
signal is also normally provided by standard aircraft 
attitude instrumentation. The vibration filter block 49 
smooths the attitude rate measurement signal to rid it of 
unwanted vibration to prevent overcontrol. The output 
of the vibration filter block 49 is negatively summed 
with the output of the rate command gain block 45 and 
with the attitude rate predictor signal from dynamic 
model block 23 in a summing junction 51. 
The output of summing junction 51 is fed to an atti 

tude stabilization control block 53. A mode control 
input to attitude stabilization control block 53 selects 
which control laws are to treat the signal from summing 
junction 51. The control laws embodied within attitude 
stabilization control law block 53 keep track of the 
physical limits of the aircraft to the extent to which 
control can be achieved. 
The output of the attitude stabilization control law 

block 53 is fed into a decoupling block 55. Within de 
coupling block 55 a decoupling matrix operation is 
performed to calculate the extent to which each output 
must be actuated in order to effect the stick inputs. The 
values used in the decoupling matrix at any one time are 
a function of the degree of interaction among the con 
trolled outputs, as well as the speed and attitude of the 
aircraft. The outputs of the decoupling block 55 relate 
to the traditional helicopter aircraft inputs of collective 
control, longitudinal cyclic control, lateral cyclic con 
trol, and directional control. Typically, the helicopter 
engine's fuel response to increased collective will be 
handled in a sub control loop not treated here. 

It is well known in the helicopter control field that a 
movement of one control, such as collective, not only 
produces an aircraft response in the desired axis, such as 
vertical, but also produces aircraft responses in other 
axes, such as yaw, pitch, and roll. In conventional heli 
copter control systems, the pilot must coordinate all 
four axes of control to produce a desired single axis 
response. A feature of the present invention performs 
that coordination automatically, in large part through 
the decoupling block 55, but also through other control 
feedback elements. Force and moment decoupling is 
achieved in decoupling block 55 by apportioning each 
single input to block 55 into all four control surface 
command outputs. Each output from block 55 drives an 
actuator, which may be of the electrohydraulic or other 
type within the scope of the current art. The actuator, in 
turn, moves the control surface to which it is attached, 
thereby effecting the commanded helicopter motion. 

FIGS. 1 and 2 illustrate the overall scheme of the 
present invention. The remaining figures are more de 
tailed control logic diagrams illustrating an intermedi 
ate level of control complexity and centering on the 
general types of control each subscheme is to control. It 
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is understood that each level of control logic is imple 
mentable either in analog or digital computer form. 

Referring to FIG. 1, the pitch axis is separate and 
distinct from the other axes pictured. Although the pilot 
may activate more than one axis at a time, each axis has 
its own distinct control limitation curve. Referring to 
FIG. 3, the longitudinal control scheme, a stick shaping 
block 21, similar to gradient and limit control block 21 
of FIG. 2, is shown in the upper left hand corner of 
FIG. 3. 
The stickshaping block 21 shown in FIG.3 is specific 

to the longitudinal control function. The graph in the 
stick shaping block 21 illustrates the signal output verti 
cally as a function of stick position input horizontally. 
The LQ line represents the output limit of the stick. The 
DQ zone just to the right of the vertical axis represents 
the stick deadzone, the range over which the stick may 
be moved forward and still produce no output. The 
point BQ on the horizontal axis represents the transition 
from a second order output between DQ and BQ to a 
linear output between BQ and LQ. At BQ, the slope of 
the second order segment exactly equals the slope of the 
linear segment. The purpose of the stick shaping func 
tion is to provide a low stick gain in the region of neu 
tral stick for precise controllability and a high stick gain 
in the region of large stick forces for maximum aircraft 
response. The deadzone region DO is needed to reject 
inadvertant pilot inputs which may occur when the 
pilot unintentionally applies a small force in an axis 
orthogonal to the axis that he intends to command. 
The output of stick shaping block 21 is input into a 

feedback summing junction 101. Summing junction 101 
and blocks 103, 105, and 107 together form a rate lim 
ited first order log filter on the shaped stick output of 
block 21. Filter bandwidth block 103 controls the band 
width of this low pass filter while stick rate limit block 
105 controls the maximum rate of change of the shaped 
pitch stick output of filter bandwidth block 103. The 
output of maneuver rate command limit block 105 is fed 
into integrator block 107. One output of stick rate limit 
block 105 will be subsequently applied to an input 
shown later. An output from integrator 107 is also 
picked off and applied to feedback summing junction 
101 to complete the filter implementation. 
The shaped pitch stick from the output of the integra 

tor 107 is also fed into a maneuver command scale fac 
tor block 109. The output from the maneuver command 
scale factor block 109 is fed into an acceleration limit 
block 111. The limitations of acceleration limit block 
111 placed upon the signal from maneuver command 
scale factor block 109 are a function of the limitations of 
the aircraft based upon its current velocity and current 
pitch position. 
The output of acceleration limit block 111 is the lon 

gitudinal acceleration command, and is fed into an ac 
celeration feed forward block 113. The acceleration 
feed forward block has a gain of the 57.3 degrees to 
radian conversion divided by 32.2 feet/sec2, the accel 
eration of gravity and represents the required pitch 
angle change to achieve the commanded acceleration 
The sign of the acceleration feed forward block 113 is 
negative for longitudinal to account for positive (for 
ward) acceleration requiring negative (down) pitch 
attitude. 
The output of acceleration feed forward block 113 is 

designated 6FF1 for reintroduction into another con 
trol sequence shown later. 
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6 
The longitudinal acceleration command output of 

acceleration limit block 111 is fed into a body orienta 
tion block 115. Body orientation block 115 also receives 
a lateral acceleration command which will be shown 
later on FIG. 5. The operation carried on within body 
orientation block 115 is shown in the lower left half of 
FIG.3 as a heading rotation matrix to rotate the accel 
eration command into an earth referenced north/east 
coordinate frame. 
The outputs of the body orientation block 115 include 

a north acceleration signal and an east acceleration 
signal The vertical north acceleration signal is fed into 
an integrator 117. The output of integrator 117 is a 
north velocity command which results from the inte 
gration of the north acceleration signal The east accel 
eration signal is fed into an integrator 119. The output of 
integrator 119 is an east velocity command which re 
sults from the integration of the east acceleration signal 
The east velocity command from integrator 119 and 

the north velocity command from integrator 117 are 
rotated back into the body axis frame through an in 
verse heading rotation matrix block 121. The outputs of 
block 121 are the longitudinal velocity command and 
the lateral velocity command. 

This rotation, integration, and inverse rotation 
method allows stick inputs to command body axis accel 
erations, but the resultant velocity commands are main 
tained in the earth reference frame. For a helicopter this 
provides a feature where the aircraft can be turned from 
its direction of flight to fire at a target, for example, 
without changing its flight path across the ground. 
Above and to the left of the inverse heading rotation 

block 121 is the position computation block 123. Posi 
tion computation block 123 receives data from any 
velocity or position currently available in the instru 
mentation sensing existing art. Position computation 
block 123 outputs a longitudinal velocity command 
which is summined with the longitudinal velocity com 
mand from the fire control system block 31, from FIG. 
2, in a summing junction 125. The fire control system 
block 31 was referred to in FIG. 2, and will not be 
discussed in greater detail. 
The longitudinal velocity is introduced near the bot 

tom right of FIG. 3 and is typically derived from stan 
dard inertial, doppler, or other sensors found on air 
craft. The longitudinal velocity measurement, the out 
put of summing junction 125, and the longitudinal ve 
locity command velocity commands output of heading 
rotation block 121 are summed in a summing junction 
127 to form a signal indicative of the longitudinal veloc 
ity error. 
The output of summing junction 127 is fed into the 

input of a displacement velocity loop gain block 129. 
The output of summing junction 127 is also fed into the 
input of an integral velocity loop gain block 131. The 
output of integral velocity loop gain block 131 is fed 
into the input of an integrator 133. The output of inte 
grator 133 and the output of displacement velocity loop 
gain block 129 are summed in a summing junction 135 
to form 0CV, the pitch command for velocity loop con 
trol. 

Referring to FIG. 4, the pitch stabilization control 
block diagram is shown. A trim attitude table 201 ac 
cepts a calibrated airspeed input. This input is normally 
available from air data equipment typically available on 
aircraft. The output of trim attitude table block 201 is 
the second feedforward pitch signal 6 FF2. Also shown 
on FIG. 4 are the first feedforward pitch 0FF signal 



5,001,646 
7 w 

from acceleration feed forward block 113 of FIG.3 and 
the third feedforward pitch signal 6 FF3 which emanates 
from a control loop to be hereinafter discussed in FIG. 
8. The first, second, and third feedforward pitch com 
mands, 8FF1, 8FF2, and 8FF3, respectively are summed in 
a summing junction 203. 

Still referring to FIG. 4, the output of summing junc 
tion 203 is summed with 8 cv from FIG. 3 at summing 
junction 209. Further, the measured pitch attitude is 
negatively summed with the total pitch command at 
summing junction 209 to form a pitch error signal. The 
measured pitch signal is normally obtained from aircraft 
flight data systems typically present on aircraft. The 
pitch error signal output of summing junction 209 is fed 
into a pitch error gain block 211. 
Near the bottom of FIG. 4, the shaped pitch stick rate 

quantity from FIG. 3 appears and is fed into a stick rate 
gain block 213. 
The shaped pitch stick quantity from FIG. 3 also 

appears and is fed into a pitch rate maneuvering mode 
gain block 215. The output of the pitch maneuvering 
mode gain block 215 is summed with the output of the 
stick rate gain block 213 in a summing junction 217 to 
form the total pitch rate command. 
The measured pitch rate quantity, normally obtained 

from aircraft flight data systems typically present on 
aircraft, is fed into a vibration filter block 219. The 
negative of the output of the vibration filter block 219, 
the total pitch rate command output of the summing 
junction 217, and the output of the pitch error gain 
block 211 are summed in a summing junction 221, to 
produce a pitch rate error signal. 
The output of the summing junction 221 is fed into 

the input of a pitch rate loop gain block 223. The output 
of the summing junction 221 is also fed into the input of 
a pitch rate loop integral gain block 225. The output of 
the pitch rate loop integral gain block 225 is fed to an 
integrator 227. The output from integrator 227 and the 
output from pitch rate loop gain block 223 are all 
summed in a summing junction 229. The output of sum 
ming junction 229 is fed into the decoupling block 55 
shown previously on FIG. 1. 

Referring to FIG. 5, the lateral maneuver block dia 
gram which is very similar to the longitudinal block 
diagram FIG. 3 is shown. A stick shaping block 301 in 
the upper left hand portion of FIG. 5 illustrates the 
signal emanating from the stick of FIG. 1 as it is actu 
ated in its roll axis. The block 301 is analogous to the 
stick shaping block 21 of FIG. 2. The block 301 illus 
trates the extent of the stick limit LP, as well as a stick 
dead zone DP and a breakpoint BP. The output of stick 
shaping block 301 is input into a feedback summing 
junction 303. Summing junction 303 and blocks 305, 
307, and 309 together form a rate limited first order log 
filter on the shaped stick output of block 301. Filter 
bandwidth block 305 controls the bandwidth of this low 
pass filter while stick rate limit block 307 controls the 
maximum rate of change of the shaped pitch stick out 
put of stick shaping block 301. One output of stick rate 
limit block 307 will be subsequently applied to an input 
shown later. The other output of stick rate limit block 
307 is input into an integrator 309. The output from 
integrator 309 is picked off and feedback to feedback 
summing junction 303 to complete the feedback imple 
mentation 
The rate limited lateral command from the output of 

the integrator 309 is also fed into a maneuver command 
scale factor block 311. The outPut from the maneuver 
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8 
command scale factor block 311 is fed into an accelera 
tion limit block 313. The limitations of acceleration limit 
block 313 placed upon the signal from maneuver com 
mand scale factor block 311 are a function of the limita 
tions of the aircraft based upon its current velocity and 
current pitch position. 
The lateral acceleration command output of accelera 

tion limit block 313 is fed into a body orientation block 
315. Body orientation block 315 also receives the longi 
tudinal acceleration command which was illustrated on 
FIG. 3. The operation carried on within body orienta 
tion block 315 was shown in the lower left half of FIG. 
3 as a heading rotation matrix to rotate the acceleration 
command into an earth referenced north/east coordi 
nate frame. 
The outputs of the body orientation block 315 include 

a north acceleration signal and an east acceleration 
signal. The north acceleration signal is fed into an inte 
grator 317. The output of integrator 317 is a north ve 
locity command which results from the integration of 
the north acceleration signal. The east acceleration 
signal is fed into an integrator 319. The output of inte 
grator 319 is an east velocity command which results 
from the integration of the east acceleration signal. 
The east velocity command from integrator 319 and 

the north velocity command from integrator 317 are 
rotated back into the body axis frame through an in 
verse heading rotation matrix block 321. The outputs of 
block 321 are the longitudinal velocity command and 
the lateral velocity command. 

This rotation, integration, and inverse rotation 
method allows stickinputs to command body axis accel 
erations, but the resultant velocity commands are main 
tained in the earth reference frame. This provides a 
feature where the aircraft can be turned from its direc 
tion of flight to fire at a target, for example, without 
changing its flight path across the ground. 
To the right of the inverse heading rotation block 321 

is the position computation block 323. Position compu 
tation block 323 receives data from any velocity or 
position currently available in the instrumentation sens 
ing existing art. Position computation block 323 outputs 
a longitudinal velocity command which is summmed 
with the longitudinal velocity command from the lat 
eral fire control system block 3, from FIG. 2, the lat 
eral velocity measurement which is introduced near the 
right of FIG. 5 and is typically derived from standard 
inertial, doppler, or other sensors found on aircraft, and 
the lateral velocity measurement in a summing junction 
327. The fire control system block 3 was referred to in 
FIG. 2 and will not be discussed in greater detail. 
The signal from summing junction 327 forms a signal 

indicative of the longitudinal velocity error. The output 
of summing junction 327 is fed into the input of a dis 
placement velocity loop gain block 329. The output of 
summing junction 327 is also fed into the input of an 
integral velocity loop gain block 331. The output of 
integral velocity loop gain block 331 is fed into the 
input of an integrator 333. The output of integrator 333 
and the output of displacement velocity loop gain block 
329 are summed in a summing junction 335 to form 6cy, 
the pitch command for velocity loop control. 
The output of acceleration limit block 313 is the lat 

eral acceleration command and is fed into an accelera 
tion feed forward block 339. The acceleration feed 
forward block has a gain of the 57.3 degrees to radian 
conversion divided by 32.2 feet/sec2, the acceleration 
of gravity, and represents the required pitch angle 
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change to achieve the commanded acceleration. The 
output of acceleration feedforward block 339 is desig 
nated dfr for reintroduction into another control se 
quence shown later. 

Referring to FIG. 6, the roll stabilization control 
diagram is illustrated. A signal dbFF is shown which 
emanates from acceleration feed forward block 339 of 
FIG. 5 dbPF is summed with the signal db.cv from FIG. 
5 in a summing junction 401. 
At the bottom left of FIG. 6 a roll reference signal, 

obtainable from standardized data equipment, is 
summed with the rate limited lateral command from 
integrator 309 of FIG. 5 in a summing junction 403. 
The output of summing junction 401 represents the 

total roll angle command from which is subtracted the 
measured roll attitude from summing junction 403 at 
summing junction 405 to produce a roll attitude error 
signal. The roll attitude error signal is multiplied by the 
gain from roll gain block 407. 

Referring to the bottom of FIG. 6, the shaped roll 
stick rate signal is fed into stick rate gain block 409. 
Stick rate gain block 409 amplifies the shaped roll stick 
rate to provide a shaped roll stick rate from FIG. 5 to 
provide a roll rate feedforward term. 

Referring to the lower right portion of FIG. 6, the 
shaped roll stick quantity is input into a roll rate maneu 
vering gain block 411. Roll rate maneuvering gain block 
411 enables a roll maneuvering mode allowing direct 
stick command of roll rate instead of lateral accelera 
tion. Mode logic is used to enable or disable block 411. 
The output from stick rate gain block 409 and roll 

rate maneuvering gain block 411 is summed in a sum 
ning junction 413. 

Referring to the top of FIG. 6, the measured roll rate 
signal is provided as an input to this system from a 
standard inertial navigation system or a rate gyro typi 
cally found in modern aircraft. Measured roll rate is 
filtered in roll rate vibration filter block 415. 
The output of summing junction 413, roll gain block 

407, and the negative of the filtered roll rate from roll 
rate vibration filter 415 are summed in a summing junc 
tion 417 to form a roll rate error signal. 
The output of the summing junction 417 is fed into 

the input of a roll rate gain block 423. The output of the 
summing junction 417 is also fed into the input of a roll 
rate integral gain block 425 The output of the roll rate 
integral gain block 425 is fed to an integrator 427. 
The output from integrator 427, and the output from 

roll rate gain block 423 are summed in a summing junc 
tion 429. The output of summing junction 429 is fed into 
the decoupling matrix 55 which was also shown previ 
ously on FIG.1. 

Referring to FIG. 7, the directional stabilization con 
trol block diagram is illustrated. A stick shaping block 
501 in the upper left hand portion of FIG. 7 illustrates 
the signal emanating from the stick of FIG. 1 as it is 
actuated in its directional orientation axis. The output 
from stick shaping block 501 is input to the stick filter 
comprised of blocks 503, 505, 507, and 509 
The block 50 illustrates the extent of the stick limits 

from LR to zero, as well as a stick dead zone DR, and 
stick break point BK. The output of the gradient and 
limit control block 501 is fed into a feedback summing 
junction 503. The output of feedback summing junction 
503 is fed into a filter bandwidth block 505. Filter band 
width block 505 filters out the small transients in the 
signal due to vibrations in the aircraft and its effect on 
the pilot's hand as stick 11 of FIG. 1 is actuated. 
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The output of filter bandwidth block 505 is fed into a 
stick rate limit block 507. The output of the stick rate 
limit block 507 is the directional rate of stick command, 
and is in the form for introduction in subsequent figures. 
The output of the stick rate limit block 507 is fed into an 
integrator 509. The output of integrator 509 is the direc 
tional stick command. The output of integrator 509 is 
fed back into summing junction 501. The filtered direc 
tional stick command output of integrator 509 is fed into 
a yaw rate command gain block 511. 
Near the bottom of FIG. 7 are a heading reference 

signal and a measured heading signal which are summed 
in a summing junction 513. The output of summing 
junction 513 is fed into a heading error gain block 515. 
Heading hold is triggered when the shaped directional 
stick command from block 509 is zero. When the stick 
command is non-zero, the heading reference is synchro 
nized to the measured heading. When the stick com 
mand is zero, this synchronization stops, thereby form 
ing a heading error signal at summing junction 513 The 
heading error gain block 515 is summed with the yaw 
rate command from block 511 at summing junction 517. 
Above summing junction 517 a turn coordination 

term, g/v sin d is fed into a switch block 519. At higher 
speeds, switch 519 enables a turn coordination signal 
which sums with the output of summing junction 517 at 
summing junction 523 to produce the total yaw rate 
command. The turn coordination term is the predicted 
body axis yaw rate required to maintain a zero lateral 
acceleration, and is computed as g, the acceleration of 
gravity, divided by v, the forward velocity, and multi 
Plied by the sine of b, the roll angle. 
The measured Yaw rate signal appears near the bot 

tom right of FIG. 7 and is fed into a vibration filter 
block 525 and then negatively summed with the yaw 
rate command output of summing junction 523 at sum 
ming junction 527. 
The output from summing junction 527 is fed into a 

yaw rate integral gain block 529. The output of direc 
tional control yaw rate integral gain block 529 is fed 
into an integrator 531. The output from summing junc 
tion 527 is also fed into a yaw rate gain block 533. 
The output of yaw rate gain block 533 and the output 

of integrator 531 are fed into a summing junction 535. 
The output of summing junction 535 is fed directly into 
the decoupling block 55, as was previously shown in 
FIGS. 2, 4 and 6. 
Referring to FIG. 8, the vertical maneuvering com 

mand stabilization diagram is illustrated. A stick shap 
ing block 601 in the upper left hand portion of FIG. 8 
receives the signal emanating from the stick of FIG. 1 as 
it is actuated in its vertical axis. The output from stick 
shaping block 601 is input to the stick filter comprised 
of blocks 603, 605, 607, and 609. 
The block 601 illustrates the extent of the stick limits 

from LR to -LR, as well as a stick dead zone DV, and 
stick break point BV. The output of the gradient and 
limit control block 601 is fed into a feedback summing 
junction 603. The output offeedback summing junction 
603 is fed into a filter bandwidth block 605. Filter band 
width block 605 filters out the small transients in the 
signal due to vibrations in the aircraft and its effect on 
the pilot's hand as stick 11 of FIG. 1 is actuated. 
The output of filter bandwidth block 605 is fed into a 

stick rate limit block 607. The output of the stick rate 
limit block 607 is fed into an integrator 609. The output 
of integrator 609 is fed back into summing junction 601. 
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The shaped and filtered vertical stick output from 
integrator 609 is converted into a vertical acceleration 
command through a vertical acceleration gain block 
617 and then into a vertical velocity command through 
an integrator block 619. When the vertical velocity has 
been commanded below a threshold, integrator block 
619 is synchronized to zero velocity command and 
altitude reference, which is synchronized to the altitude 
measurement when the vertical speed command is 
greater than the threshold. 
Near the left lower portion of FIG. 8, an attitude 

reference signal and an altitude measurement signal are 
input into a summing junction 621. The altitude mea 
surement is subtracted from the altitude reference at 
summing junction 621 to form an altitude error signal. 
The altitude error signal from summing junction 621 is 
applied to an altitude gain block 623 and also to an 
altitude integral gain block 625. The output of altitude 
integral gain block 625 is integrated through an integra 
tor 627 to remove any steady-state altitude error. The 
output of integrator 627 is summed with the propor 
tional term from block 623 at summing junction 629 to 
form a vertical speed command due to an altitude error. 
A vertical measurement signal is located atop integrator 
619. The vertical speed command due to an altitude 
error from summing junction 629 is summed with the 
vertical speed command from integrator 619 and the 
negative of the vertical speed measurement at summing 
junction 631 to form a vertical speed error signal. 
The vertical speed error signal is input to inverse 

pitch acceleration block 633 which is the inverse of the 
pitch attitude to vertical acceleration model, to form a 
pitch attitude command 6FF3 which is an input appear 
ing at FIG. 4. The pitch attitude to vertical acceleration 
model is a control relationship between the effect which 
pitch attitude has upon vertical acceleration. The verti 
cal speed error signal is also input to a lead/lag compen 
sation circuit 635 to increase phase margin in the verti 
cal speed control loop. The output of block 635 is input 
to a vertical velocity gain block 637 and also to a verti 
cal velocity integral gain block 639. The output of verti 
cal velocity integral gain block 639 is integrated 
through an integrator 641 to remove any steady-state 
vertical speed error. The output of integrator 641 is 
summed with the proportional term from block 637 at 
summing junction 643 to form a vertical acceleration 
command due to vertical speed error. 
The shaped and filtered vertical stick output of inte 

grator 609 is also input into a lead/lag block 611 to 
provide a command feedforward for faster vertical 
response to stick inputs. The output of lead/lag block 
611 is input to a vertical feedforward gain block 613 
which is then summed with the vertical acceleration 
command from summing junction 643 at summing junc 
tion 645 to form a total vertical acceleration command 
signal. 
The output of summing junction 645 is fed into de 

coupling block 55, the same decoupling block 55 as was 
previously illustrated in FIGS. 2, 4, 6, and 7. 

Referring to FIG. 9, the hover hold position control 
computation without hover sensor is shown. At the left 
side of FIG.9, a doppler velocity input signal, poten 
tially available from a ground reference radar unit (not 
shown), is fed into an inertial reference unit 701. A 
velocity north signal, a velocity east signal and a head 
ing signal are generated by inertial reference unit 701. 
The north and east velocity signals are integrated at 

integrators 702 and 703, respectively, to form north and 
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12 
east position errors. The two integrators 702 and 703 are 
synchronized to zero when position hold is not en 
gaged. Position hold is engaged when longitudinal and 
lateral stick forces are both zero and the vector sum of 
longitudinal and lateral velocity commands is less than 
a prespecified velocity, in knots. 
The north and east position error components are 

rotated into the aircraft body axes through the heading 
rotation block 704 to form longitudinal and lateral posi 
tion error components. Each of these components are 
input to proportional plus integral controllers to pro 
duce velocity commands to maintain a Zero position 
error and therefore hold position. The longitudinal axis 
position controller is embodied in longitudinal position 
gain block 705, longitudinal position integral gain block 
707, integrator block 709 and summing junction block 
711. The longitudinal velocity command from position 
control loop signal, VXCP, the output of summing 
junction 711, is an input to FIG. 3, shown on FIG.3 as 
emanating from position computation block 123. The 
lateral axis position controller is embodied in lateral 
position gain block 715, lateral position integral gain 
block 717, integrator block 719 and summing junction 
block 721. The lateral velocity command from position 
control loop signal, VYCP, the output of summing 
junction 721, is an output to FIG. 5, shown emanating 
from position computation block 323. 

Referring to FIGS. 10a and 10b, the hover hold posi 
tion control computation without hover sensor is illus 
trated as an alternative means of determine position 
eO. 

A hover sensor is a subsystem on a helicopter that 
outputs longitudinal (X-Xo) and lateral (Y-Yo) position 
errors from a reference position. These error signals are 
inputs to the position controllers in FIGS. 10a and 10b. 
The longitudinal position error (X-Xo) is input to the 

longitudinal position gain block 705 and to longitudinal 
position integral gain block 707, the output of which is 
integrated in integrator block 711. Summing junction 
711 computes a longitudinal velocity command signal as 
the sum of the output of block 705 and block 709. 
VXCP, the output of summing junction 711, is an input 
to FIG, 3. 
The lateral position error (Y-Yo) is input to the lateral 

position gain block 715 and to lateral position integral 
gain block 717, the output of which is integrated in 
integrator block 719. Summing junction 721 computes a 
lateral velocity command signal as the sum of the out 
put of block 715 and block 719. VYCP, the output of 
summing junction 721, is an input to FIG. 5. 
The description thus far has been in terms of analog 

controls and utilizing analog control symbology. Since 
control schemes are themselves a process, the operation 
of the present invention is embodied in the control sche 
matics and figures illustrating it. The blocks of the con 
trol diagrams employ suitable gains, limits and integrat 
ing characteristics, and the summing of analog voltages 
to drive the relevant aircraft systems. However, the 
invention is practicable in a digital computer. Indeed, 
the best mode of implementation is in a digital com 
puter. To practice the invention in aircraft utilizing 
computers, the voltage output of stick 11 of FIG. 1 
would be accessed through various multiplexed inputs 
to the analog to digital converters and other electronic 
equipment to enable the proper accessing of input and 
output devices. 

Signal processing may be accomplished by means of 
a table look up for constants followed by calculations 
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using those constants or by computation of the con 
stants using algorithms. The digital techniques required 
for implementing the various control functions shown 
herein are known, being currently utilized in various 
systems for piecemeal simplistic control for simple sub 
systems on aircraft of various types. 
The invention is readily used with any suite of air 

craft instrumentation existing in the current art, and 
indeed many of the inputs of the present invention may 
emanate from such systems. Since the present invention 
is best implemented digitally, the inputs from the air 
craft sensor systems can be flexibly handled in utilizing 
their inputs into the system of the present invention. 
The present invention has been described in terms of 

helicopters, and the control system of the present inven 
tion is especially well fitted to helicopter applications. 
However, the principles embodied herein are equally 
applicable to control systems utilized for fixed wing 
aircraft. In the case of a fixed wing aircraft, the pitch 
command would control the elevator of a fixed wing 
aircraft, the roll command would control the ailerons, 
and the yaw axis would control the rudder. The vertical 
axis could be used to control lift or power. 
The forgoing disclosure and description of the inven 

tion are illustrative and explanatory thereof, and various 
changes in the gains, constants, and types of control, 
(e.g. electrical, mechanical, pneumatic, etc.) as well as 
in the details of the illustrated schematic may be made 
without departing from the spirit and scope of the in 
vention. 
We claim: 
1. In an aircraft having control surfaces, an apparatus 

for controlling the velocity vector of said aircraft com 
prising: 

input means for inputting a signal indicative of de 
sired flight performance; 

stabilization means for maintaining the velocity and 
orientation of said aircraft in the absence of input 
from said input means; and, 

decoupling means, connected to said input means and 
said means for maintaining the velocity and orien 
tation, for generating a complex set of signals to 
said aircraft's control surfaces, to produce an air 
craft motion only in the desired direction of flight, 
and wherein said decoupling means further com 
prises a matrix of coefficients which transform a 
commanded change in aircraft velocity in one di 
rection into affirmative and compensating con 
mands to said aircraft control surfaces to effect said 
change in aircraft velocity in one direction. 

2. The apparatus for controlling the velocity vector 
of an aircraft as recited in claim 1 wherein said matrix of 
coefficients are representative of the state variables of 
said aircraft. 

3. In an aircraft having control surfaces, an apparatus 
for controlling the velocity vector of said aircraft com 
prising: 

input means for inputting a signal indicative of de 
sired flight performance; 

stabilization means for maintaining the velocity and 
orientation of said aircraft in the absence of input 
from said input means; 

decoupling means, connected to said input means and 
said means for maintaining the velocity and orien 
tation, for generating a complex set of signals to 
said aircraft's control surfaces, to produce an air 
craft motion only in the desired direction of flight; 
and, 
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14 
sensor means, connected to said decoupling means, 

for providing compensating inputs to said decou 
pling means based upon the state of said aircraft. 

4. The apparatus for controlling the velocity vector 
of an aircraft as recited in claim 3 wherein said sensor 
means senses the aircraft angular rate, inertial velocity, 
and attitude. 

5. In an aircraft having contori surfaces, an appartauS 
for controliling the velocity vector of said aircraft com 
prising: 

input means for inputting a signal indicative of de 
sired flight performance; 

stabilization means for maintianing the velocity and 
orientation of said aircraft in the absence of input 
from said onput means; p1 decoupling means, con 
nected to said input means and said means for main 
taining the velocity and orientation, for generating 
a complex set of signals to said aircraft's control 
surfaces, to produce an aircraft motion only in the 
desired direction of flight; and, 

standard air data instrumentation connected to said 
decoupling means. 

6. In an aircraft having control surfaces, an apparatus 
for controlling the velocity vector of said aircraft com 
prising: 

input means for inputting a signal indicative of de 
sired flight performance: 

stabilization means for maintaining the velocity and 
orientation of said aircraft in the absence of input 
from said input means, wherein said stabilization 
means further comprises: 
sensing means for detecting aircraft inertial rate, 

aircraft attitude and aircraft velocity; and, 
means for computing aircraft control and stabiliza 

tion response, connected to said sensing means, 
using said input means, aircraft inertial rate, air 
craft attitude and aircraft velocity; and, 

decoupling means, connected to said input means and 
said means for maintaining the velocity and orien 
tation, for generating a complex set of signals to 
said aircraft's control surfaces, to produce an air 
craft motion only in the desired direction of flight. 

7. The apparatus for controlling the velocity vector 
of an aircraft as recited in claim 6 wherein said sensing 
means further comprises: 
doppler radar sensor means for directing aircraft 

motion relative to any reference; and, 
inertial sensor means for detecting accellerational 
movement of said aircraft. 

8. An apparatus for computing the control surface 
actuation commands for the control surface of an air 
craft for forward and lateral acceleration commands, 
comprising: 

lateral command input means for inputting the de 
sired amount of lateral movement said aircraft is to 
assume; 

forward command input means for inputting the de 
sired amount of forward movement said aircraft is 
to assume; 

pitch change signal means for generating a signal 
indicative of the change in the pitch of said aircraft; 

roll attitude signal means for generating a signal in 
dicative of the change in the roll of said aircraft; 

integration means, connected to said lateral command 
input means and said forward command input 
means, for integrating said commands; 
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filtration means, connected to said pitch change sig 
nal means and said roll attitude signal means, for 
filtering said signals; 

means for measuring the rate of change of said con 
mands; and, 

decoupling means, connected to said filtration means, 
said integration means and said means for measur 
ing the rate of change of said commands, for gener 
ating a complex set of signals to said aircraft's con 
trol surfaces, to produce an aircraft motion only in 
the desired direction of flight. 

9. An apparatus for computing the control surface 
actuation commands for an aircraft for vertical acceler 
ation commands, comprising: 

vertical command input means for inputting the de 
sired amount of vertical movement said aircraft is 
to assume and outputting a vertical command sig 
nal; 

filter means, connected to said vertical command 
input means for filtering said vertical command 
signal; 

integration means, connected to said filter means, for 
integrating said vertical command signal; 

comparator means, connected to said integration 
means, for comparing the difference between the 
integrated vertical command signal and a signal 
indicative of said aircraft's vertical velocity, and 
generating an error signal indicative of said com 
parison; 

decoupling means connected to said comparator 
means, for generating a complex set of signals to 
the interrelated direct controls of said aircraft to 
produce acceleration in the desired direction of 
flight; 

controller means, connected to said decoupling 
means, for actuating the control surfaces of said 
aircraft, in response to said complex set of signals, 
to effect vertical acceleration without significant 
changes in other aircraft flight characteristics. 

10. The process of controlling an aircraft comprising 
the steps of: 
commanding a change in velocity in at least one di 

rection; 
sensing the aircrafts current speed and orientation 

parameters; 
processing said commanded change based upon the 

physical limitations of said aircraft and said sensed 
parameters to form a limited commanded change; 

decoupling said commanded change into the constit 
uent commands for each control surface necessary 
to effect said commanded change; and, 

actuating the control surfaces of an aircraft with said 
constituent commands. 

11. The process of controlling an aircraft according 
to the steps of claim 10 and further comprising the steps 
of: 

sensing the aircraft velocity; 
setting the velocity command vector to zero when 

aircraft velocity has reached a threshold near zero 
and no affirmative changes in velocity are con 
manded, in order to fix the aircraft's position. 

12. The process of controlling an aircraft according 
to the steps of claim 10 and further comprising the stePs 
of: 

sensing the aircraft velocity; 
disengaging a turn coordination sequence when air 

craft velocity falls below a speed threshold, in 
order to bypass eliminate the unnecessary turn 
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16 
coordination calculations when the aircraft is trav 
eling at low speeds. 

13. The process of claim 10 wherein said physical 
limitations of said aircraft comprise the kinetic energy 
available to the aircraft. 

14. The process of claim 10 wherein said commanded 
change is transmitted by means of a command signal 
and said processing step further comprises the steps of: 

limiting said command signal based upon the perfor 
mance constraints of said aircraft; 

filtering said command signal to remove unwanted 
transients; 

summing said command signal with a trim signal 
representing earlier command signals; and, 

decoupling said command signal into a multiplicity of 
affirmative and compensating signals for each of 
the control surfaces of said aircraft to be affected 
by said command signal. 

15. The process of claim 14 further comprising the 
step of actuating the control surfaces of said aircraft 
with said multiplicity of affirmative and compensating 
signals. 

16. The process of claim 10 wherein said steps are 
performed using a digital computer. 

17. The process of controlling a rotor wing aircraft 
comprising the steps of: 

receiving an input velocity vector command; 
computing the required change in pitch to implement 

said input velocity vector command; 
computing the required change in roll to implement 

said input velocity vector command; 
computing the required change in directional orienta 

tion to implement said input velocity vector com 
mand; 

computing the required change in vertical accelera 
tion to implement said input velocity vector com 
mand; 

decoupling said computed required changes into a 
multiplicity of affirmative and compensating sig 
nals for each of the control surface inputs of said 
rotor wing aircraft, comprising the main rotor 
collective, the main rotor longitudinal cyclic, the 
main rotor lateral cyclic and the tail rotor collec 
tive. 

18. The process of claim 17 wherein said steps are 
performed using a digital computer. 

19. An apparatus for controlling attitudes, attitude 
rates, heading, heading rate, velocity vector and rate of 
change of velocity vector of an aircraft having control 
lable aerodynamic surfaces comprising: 
means for inputting a signal, from a pilot's compliant 

control stick, which will effect various types of 
aircraft performance; 

stabilization means for maintaining the velocity vec 
tor of the aircraft with respect to an earth fixed 
coordinate frame and the heating of the aircraft 
with respect to that velocity vector; and, 

decoupling means, connected to said means for input 
ting and said stabilization means, for actuating con 
trols in all four axes of an aircraft such that aircraft 
velocity vector changes occur only in the control 
ler/manipulator axis receiving a pilot input to 
thereby preclude the need for the pilot multi-axis 
control inputs to compensate for inherent aircraft 
coupling. 

20. The apparatus described in claim 19, wherein said 
stabilization means further comprises: 
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means for detecting that the velocity vector reaches a 
threshold near zero; 

means for automatically transitioning to a hover posi 
tion hold control mode in response to said detec 

65 

18 
stabilization means for maintaining the aircraft's 

flight path angle in the absence of vertical control 
stick input; and, stabilization means for maintaining 
the aircraft's flight path angle during forward ve 

tion; 5 locity changes via input from angular deflections of 
means for automatically latching a three dimensional the control stick, wherein the vertical acceleration 
hover position reference in response to the velocity and light Pat g IS Ele Va a cities 
vector further reaching a threshold near zero, E. Sh aircra PE E. t R control, 
which may be smaller than the transition threshold; and wherein the flight path angle changes are pri and O marily caused by pitch changes at higher speeds 

means for automatically controlling the aircraft to and by power changes at lower speeds, and further 
hold said hover position reference by generating comprising: 
velocit ds in th rth l means for automatically controlling forward speed 
elocity commands in three i thogona adjustment range to produce a speed adjustment 

position errors relative to said refer is range which varies from greater speed changes at 
ence, and wherein said means for detecting, said higher speed to zero speed change as the aircraft 
means for automatically transitioning, said means approaches hover; and, 
for automatically latching, and said means for auto- pilot speed adjustment range control means for fur 
matically controlling, are all connected to said ther reducing the amount of forward speed change 
decoupling means. 20 allowed by the automatic control, said means for 

21. An apparatus for responding to a vertical control automatically controlling and said pilot speed ad 
stick input which will cause a vertical acceleration pro- justment range control means connected to said 
portional to control stick vertical deflection and to stabilization means. 
applied force in the vertical direction comprising: Ek xk xk is 
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