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United States Patent Office 3,031,775 
Patented May 1, 1962 

3,031,775 
FIGHT SMUATOR 

Charles L. Cohen, Hyattsville, Md., assignor to ACF 
Industries, Incorporated, New York, N.Y., a corpora 
tion of New Jersey 

Filed Nov. 4, 1957, Ser. No. 694,376 
7 Claims. (C. 35-12) 

This invention relates to a flight training simulator 
and more particularly to an organization for representing 
the operation of the controls of an aircraft. 
Modern aircraft design frequently requires that the 

stick control member be connected to control an hy 
draulic servo motor instead of being connected directly 
to the ailerons and elevators, thus eliminating the realistic 
feel of the elevator and aileron's reaction when the plane 
is in flight. In order to give the pilot the impression of 
this force reaction against his control stick a bungee pro 
vides an arrangement representative of the forces normal 
ly encountered in flight. An example of this type of 
construction is the F86 Sabre which is a military craft 
and has the control stick connected to the servo motor 
to transmit an initiating force through mechanical am 
plifiers to move the rudder and aileron assemblies where 
by the course of the ship is actually controlled. The 
servo system and associated mechanical amplifiers insu 
late the control stick from the control member that is 
moving in the air stream and the pilot does not receive 
any resisting force to his thrust upon the stick. A spring 
type bungee has been used on the craft to give the feel 
of resistance and consists of two pre-loaded compression 
springs mounted with their longitudinal axis aligned and 
respectively urging against opposite sides of a part of 
the control member. For further details of this organiza 
tion see the patent to Chenery et al. 2,678,177. Since 
there is a degree of preload on the stick in neutral posi 
tion the transition between static and kinetic friction is 
not encountered, but the amount of force to be exerted 
varies linearly with the displacement once the preload 
ing of the spring is overcome and the stick starts to move. 
As will later be more fully pninted out a structure and 
circuit to simulate this preloading resistance and the sub 
sequent linear force-motion relationship is revealed 
herein. 
A principal object of the invention is to provide in a 

flight trainer a simulated control member which has the 
realistic feel of the aircraft in flight. 
Another object of the invention is to provide an im 

proved control loading means for simulated aircraft dur 
ing a training cycle. 
A further object of the invention is to provide an or 

ganization to provide non-linear forces to react against 
a control member during motion thereof. 
A still further object of the invention is to simulate 

a preloaded bungee. 
A yet further object of the invention is to provide a 

flight computing means for preloading simulated aircraft 
controls to represent flight conditions. 
A yet still further object of the invention is to provide 

an electronic function generating circuit which receives 
a linear input and delivers a non-linear output. 

Referring now to the drawings wherein like or corre 
sponding parts are designated by corresponding reference 
characters: 
FIGURE 1 is a perspective view partly in section and 

partly broken away illustrating a mechanical arrange 
ment of a simulated aircraft control. 
FIGURE 2 is a schematic representation of a spring 

loaded bungee. 
FIGURE 3 is a curve showing the relationship between 

force and displacement for the bungee of FIGURE 2. 
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FIGURE 4 is a fragmentary perspective view showing 

a torque member. 
FIGURE 5 is a schematic wiring diagram of a circuit 

used in the simulation of forces. 
FiGURE 6 is a curve showing the R.M.S. relation 

ship between input signals and output signals for the 
circuit of FIGURE 5. 
FIGURE 7 is a schematic wiring diagram of a modifica 

tion of the circuit of FIGURE 5; and, 
FIGURE 8 is a curve showing the R.M.S. relation 

ship between input and output for the diagram of FIG 
URE 7. 
A typical simulated training station for a student is 

shown in FIGURE 1 wherein the stick control is indi 
cated by reference character 9 and is mounted for move 
ment in a conventional manner on a platform 12. As 
is usual the trainee's seat (not shown) is disposed adja 
cent the stick 10 and an aperture 14 is formed in the 
platform 12 to permit free movement of stick 10 in any 
direction. The stick 10 combines the usual elevator and 
aileron control function and is mounted for universal 
movement by means of a rockable yoke 16 which carries 
a rod 18 on which the stick is rotatably mounted for for 
ward and after movement simulating the elevator control 
motion. The yoke is connected to a shaft 20 which is 
Supported by bearings (not shown) so that the stick is 
also free to move laterally thereby simulating the aileron 
control. Stick 10 is secured at one end thereof to shaft 
22 which is in turn connected to rod 24 leading to crank 
26 supported in torque member 28 to load the stick. A 
potentiometer having a resistance winding 30 grounded 
at the midpoint has a wiper 32 mechanically connected 
to the end of stick 18 as indicated by the dotted line there 
shown and is electrically connected to torque member 28 
by circuit 34 which includes amplifier circuitry 90 to be 
later described. 
A fragmentary detail of a typical torque member to 

load the stick is shown in FIGURE 4 wherein shafts 5 
and 17 are driven in opposite directions from a conven 
tional motor and gear train (not shown). Electrcmag 
netic clutches 19 and 21 each having the usual relatively 
rotatable members have one respective member connect 
ed to be driven from shafts 15 and 17 and the other mem 
ber connected to drive shafts 23 and 25 when energy is 
applied to their coils through terminals 27. The clutches 
may be either the eddy current or the magnetic fluid type, 
both of which are well known in the art. Spur gears 29 
and 31 mesh with pinion 33 having shaft 35 connected 
thereto which is joined to cranks 26 and 36 of FIGURE 
1. Normally there is zero energy input to the clutch 
pair and pinion 33 does not move. Energy fed to either 
clutch will result in a resultant torque being transmitted 
to the gear 33 and its shaft. A polarity sensitive gate 
such as a diode pair is provided to pass energy of selected 
polarity to the proper clutch to provide torque in a pre 
determined direction. As will later be more fully pointed 
out a circuit having a “jump' function for a characteristic 
is connected to the clutch pair to give a large input upon 
initial signal and subsequent linear relationship. 

Referring again to FIGURE 1, shaft 20 is secured to 
crank 36 rotatably supported in torque member 38 of 
construction similar to member 28 and a potentiometer 
having a resistance winding 49 is energized by an A.C. 
voltage and has its center grounded to be engaged by 
wiper 42 mechanically connected to yoke 16. Circuit 44 
including amplifier circuitry 92 connects between the 
wiper 42 and torque member 38. 

It is desired to simulate the reaction to the pilot of a 
bungee system like that shown in FIGURE 2. Here the 
control stick 10 is mounted in the same manner as the 
stick of FIGURE 1 and is shown partly broken away. 
Shaft 22 is connected to the lower extremity of the stick 
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and terminates in an upturned portion 44. A pair of 
springs 46 respectively urge against opposite sides of end 
44 and are retained between bulkheads 48 and 56 by any 
conventional means. The springs are respectively pre 
compressed or preloaded to a degree whereby force ap 
plied by the pilot to the stick 50 must overcome the initial 
preloading of the spring before any movement may 
be imparted to it. It is well to consider the spring Sys 
tem as comprising two forces F and F2 mutually opposed 
one to another and embracing member 44 between them. 
A spring retainer (not shown) is fixed at the stick's neu 
tral position to prevent forward excursion of the Springs 
beyond such position when the stick is moved by the 
trainee. 
FIGURE 3 illustrates the relationship between force 

(F) and displacement (D) of the bungee of FIGURE 
2. Here an increment of force F must be exerted upon 
stick 10 before any displacement at all is obtained and 
thereafter the force displacement relationship is entirely 
linear because of spring reaction and the same is true in 
the negative sense wherein a force F2 must be imposed 
upon the stick before the stick is displaced and there 
after the relationship is linear. This is the force char 
acteristic that the circuit now to be described simulates. 
Although FIGURE 3 graphically pictures a force-dis 
placement relationship to be simulated by the circuitry, 
it should be understood that any non-linear physical re 
lationship between two parameters can be simulated by 
the same circuitry with a suitable transducer. 

Referring now to FIGURE 5, reference character 58 
indicates an amplifier which is of the inverting impedance 
transforming type and has an input terminal 52 and out 
put terminals 54. A feedback connection 56 is provided 
between the output and the junction 58 between a diode 
pair 60 and 62. This feedback network includes a re 
sistor pair 64 and 66 having identical resistance values 
connected to input terminal 52. The input of the ampli 
fier is received at terminal 63 and has input resistor 70 
connected thereto having the other end thereof connected 
to input terminal 52. A transformer 72 has its primary 
71 energized from a source of reference voltage of the 
same frequency and phase relationship as the input signals 
to be applied to input terminal 68 and has its secondary 
73 grounded at the center point 75 and the terminals 
thereof connected at junctions 74 and 76 to a diode bridge 
comprising diodes 78, 30, 82 and 84. Resistors 64, 66 
and 79 together with the input impedance of amplifier 
50, existing between point 52 and ground, provide a con 
ventional summing network for producing between point 
52 and ground a voltage which is substantially propor 
tional to the sum of the voltages applied to resistors 64, 
66 and 70. 

Before the operation of the above described circuit is 
explained the essential characteristics of the diode and 
the inverting feedback amplifier may be briefly reviewed. 
A diode may be considered as a resistance element whose 
resistivity is unsymmetrical with respect to the polarity 
or sense of the applied voltage. In an ideal diode the 
resistivities are zero and infinity for respective forward 
and backward applied voltages. In practice however the 
forward resistivity never quite equals zero and the back 
resistivity seldom goes beyond several thousand megohms. 
The feedback amplifier here used is an inverting imped 
ance transforming A.C. amplifier the net overall gain of 
which, as is known, is determined by the ratio of the total 
feedback resistance to the input resistance. 
With the transformer primary 71 energized by, for ex 

ample, a sinusoidal varying waveform of frequency and 
phase identical to the amplifier input signals then the 
center grounded secondary produces two waveforms, as 
shown, of opposite phase which appear at junction 74 
and 76 of the diode bridge and only positive half cycles 
reach resistor 66 and negative half cycles reach resistor 
64 because of the polarities of the diodes as there con 
nected. During the interval wherein a positive half cycle 
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4. 
is impressed on diode pair 84 and 78 and hence is con 
ducted to resistor 66 a negative half cycle is simultaneous 
ly produced by the lower half of the grounded trans 
former secondary and is conducted to diode pair 82 and 
86 and is impressed across resistor 64. The resultant 
voltage at the input junction 52 of the amplifier 50 arriv 
ing via resistors 66 and 64 is zero since the phase of 
positive and negative half cycles cause the voltages to 
cancel each other. Therefore if transformer 72 be con 
sidered the only source of signal input, amplifier 50 re 
ceives no effective input because of the balancing feature 
and delivers no output. Diodes 60 and 62 of course also 
have impressed thereon the positive and negative volt 
ages derived from the transformer and the diode bridge. 
With such voltages applied thereto the diodes cannot pass 
energy entering at their junction point 58 unless the volt 
age there impressed is of sufficient amplitude to exceed the 
back biasing voltage from the transformer and bridge 
maintained as a standard of reference. 
When, as later will be apparent, A.C. voltage from the 

amplifier output 54 is impressed via feedback connection 
56 to the junction 58 and does exceed in amplitude the 
voltage from either of the bridge connected diode pairs 
which reflect the transformer reference voltage, then 
diode 60 or 62 will instantaneously prevent one or the 
other bridge diodes from passing its voltage by back bias 
ing the same depending on the instantaneous sense of the 
voltage impressed on junction 58. The diode which is 
not affected by the amplifier output voltage continues to 
pass the transformer voltage from one secondary half. 
This voltage has a phase in opposition to that impressed 
at the diode junction 58 but it will now have a magnitude 
lower than the amplifier output voltage and therefore the 
difference between amplifier feedback voltage and trans 
former voltage is the resultant voltage impressed upon 
resistors 66 and 64, one receiving the positive half cycle 
and the other negative half cycle and being of unequal 
amplitudes. The amplifier thus finds a path for the con 
duction of feedback to its input, and since the gain of the 
amplifier is proportional to the ratio offeedback resistance 
to the input resistance, as soon as the feedback resistance 
becomes a finite value the amplifier gain drops thus giv 
ing the characteristic curve shown in FIGURE 6. 
The operation of the circuit of FIGURE 5 will now be 

explained in terms of a waveform. Assuming that a 
signal of small amplitude and negative polarity, a, is 
impressed upon resistor 70, the amplifier 50, then, will 
invert the polarity and amplify the signal at its maximum 
gain level because the amplitude of the reference voltage 
from transformer 72 effectively back-biases diode 62 and 
the feedback path has an infinite resistance. Since the 
Voltage of signal frequency and phase relationship is im 
pressed upon transformer 72 the waveforms there shown 
(c and d) will be used to illustrate the interaction between 
the feedback energy and the bridge reference energy. If 
We assume the Small signal, a, applied to input resistor 
70, then a larger signal occurs at output terminal 54 
and is fed back through connection 56. The positive half 
cycle attempting to pass through diode 62 will be back 
biased by the positive half cycle, c, appearing at the upper 
half of transformer secondary, and the negative half 
cycle will be biased back in its turn through diode 60 
by the transformer secondary. If then the input signal is 
Small as compared with the amplitude of reference volt 
age from transformer 72 then instantaneously the energy 
level appearing at terminal 58 will be back biased by the 
values passing through junctions 74 and 76. Thus no 
feedback resistance exists in the amplifier circuit and the 
gain for small input values is as high as the amplifier de 
sign permits. As the input voltage to terminal 68 in 
creases the feedback increases as previously explained 
by the output signal appearing at 58 overcoming the ref 
erence voltage at diode pair 60 and 62 and the gain drops. 
Thus the "jump' characteristic relationship for R.M.S. 
voltages as shown in FIGURE 6 is obtained. This is 
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identical with the characteristic of preloaded spring assen 
bly shown in FIGURE 2 and having the characteristic 
curve shown in FIGURE 3. 

Referring now to FIGURE 1 it will be seen that when 
the pilot moves stick 10 in a forward or reverse direction 
he moves the wiper 32 across potentiometer 30 thereby 
first impressing small signals upon the amplifier circuit 
shown generally by reference character 90 which is con 
nected in a manner shown in FIGURE 5. The output 
signals from the amplifier circuit are connected to torque 
device 28 which as previously explained becomes un 
balanced and produces torque to resist the thrust of the 
trainee. Upon the trainee overcoming this torque and 
moving the stick further along the potentiometer wind 
ing the input signals become larger and the amplifier 
gain automatically drops and the resistance to the trainee 
follows a straight line relationship. It will be seen that 
in the neutral position of the stick where the input is ex 
tremely small the gain of the amplifier is high and the 
torque device 28 is thereby energized in a preloaded sense 
so that the trainee feels a resistance on the stick which 
must be overcome before it is moved, in the same manner 
that the resistance of spring 46 must be overcome before 
the stick 10 can be moved. 

In a similar manner shaft 20 connected to yoke 6 
could in the aircraft have a pair of torsion springs sur 
rounding the same to act as a bungee whereby lateral 
motion of the stick encounters an initial force, such force 
being the preloading of the spring. In the simulator, 
the wiper 42 is constrained to move along potentiometer 
winding 40 upon sidewise motion of the stick and signals 
from the wiper are connected through amplifier 92 and 
connection 44 to torque device 38 which is similar in all 
respects to torque device 28. Here again initial motion 
from neutral position derives a small signal which passes 
from amplifier 92 to torque device 38 and receives maxi 
mum amplifier gain which tends to resist the initial mo 
tion of the stick, but upon overcoming the torque the 
amplifier gain drops to thereby impart a voltage to torque 
device 38 which follows a straight line relationship as 
shown in FIGURE 3. 
A modification of the circuit of FIGURE 5 is illustrated 

in FIGURE 7 wherein like reference characters designate 
corresponding parts. Here the variation from the show 
ing of FIGURE 5 is the addition of a feedback resistor 
designated by reference character 94. Derived signals, 
impressed on input resistor 70 appear at the input 52 of 
an impedance transforming amplifier 50, and signals of a 
constant magnitude and corresponding frequency and 
phase relationship are impressed upon transformer 72. 
When input signals at 70 are small as compared with the 
amplitude of the reference energy applied to transformer 
72, then the only feedback path around amplifier 59 is 
resistor 94 and this resistor may be selected to provide 
any overall amplifier gain, perhaps one slightly above 
unity. Feedback voltage from the output of amplifier 50 
appearing at junction 58 between diodes 60 and 62 can 
not pass through resistors 64 and 66 if the magnitude of 
the feedback signal is less than the magnitude of the 
reference voltage drawn from transformer 72 and the 
preliminary characteristic is shown as e. Upon the im 
pressing of a signal to resistor 70 which results in an out 
put of a greater magnitude than the reference voltage from 
transformer 72 then the back biasing previously described 
can no longer prevail and diode 60 and 62 will respec 
tively pass the negative and positive portions of the en 
ergy as they occur in time thereby placing resistor 94 in 
parallel with whichever of the resistor pairs 64 and 66 
may be instantaneously conducting, whereby the feedback 
loop of the amplifier now has a lower resistance and the 
amplifier gain is reduced as shown in portion f of the 
curve of FIGURE 8. FIGURE 8 shows this charac 
teristic which illustrates how the amplifier gain is reduced 
as a function of input signal. Obviously the circuit of 
FIGURE 7 could be substituted in the simulator structure 
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6 
of FIGURE 1 if a characteristic stick resistance of the 
type shown in FIGURE 8 were desired. 

It will be understood that the amplifier circuits here 
illustrated are of general utility in other and different com 
binations than in the preferred combination revealed in 
FIGURE 1, they are useful in generating functions which 
are non-linear and may be applied in any computer com 
bination wherein derived signals beyond a predetermined 
magnitude are to experience differentials in the gain of 
an amplifier. 
The form of the invention herein shown and described 

is to be taken as a preferred example of the same and 
various changes may be resorted to without departing 
from the spirit of the invention and the scope of the sub 
joined claims. 
What is claimed is: 
1. A function generating circuit for use in a stationary 

trainer or the like comprising an amplifier having an 
input and an output, a resistor connected to the ampli 
fier input to receive A.C. signals of varying magnitude, 
a feedback network for said amplifier, the gain of the 
amplifier being a function of the ratio of the total feed 
back resistance to input resistance, said network com 
prising a pair of resistors connected at one end of each 
resistor to the amplifier input and a diode pair con 
nected in Series between the other ends of the resistors, 
the junction between the diode pair connected to the 
amplifier output, a diode bridge, a source of A.C. volt 
age of constant magnitude and of the same frequency 
and phase as the input signals connected to two of the 
bridge terminals, the other terminals connected to the 
diode pair to bias the said diode pair to a non-conduct 
ing state for values of input signals which produce out 
put voltages smaller than the reference voltage whereby 
values of input signals which produce output voltages 
larger than the reference voltage permits conduction 
through the diode pair and the said resistors to thereby 
reduce the total feedback resistance and lower the am 
plifier gain. 

2. A function generating circuit for use in a stationary 
trainer or the like comprising an amplifier having an 
input and an output, a resistor connected to the amplifier 
input, means to connect derived A.C. signals of varying 
magnitude and representative of a variable to the resistor, 
a feedback network connected to said amplifier, the am 
plifier gain being a function of the ratio of the total 
feedback resistance to the input resistance, said network 
comprising a pair of resistors connected at one end of 
each resistor to the amplifier input and a diode pair 
connected between the other ends of the resistors, the 
junction between the diode pair connected to the ampli 
fier output, a diode bridge, a source of A.C. voltage of 
constant magnitude and of the same frequency and phase 
as the input signals connected to two of the bridge ter 
minals, the other terminals connected to the extremities 
of the diode pair to bias the same to a non-conductive 
State for values of input signals below a predetermined 
magnitude whereby input signals exceeding such magni 
tude produce output voltages to permit conduction 
through the diode pair and associated resistors to reduce 
the feedback resistance and lower the amplifier gain. 

3. A circuit for simulating a physical relationship be 
tween parameters comprising a feedback amplifier having 
an input resistor, the amplifier gain being a function of 
the ratio of the feedback resistance to the input resist 
ance, means to connect derived A.C. signals having mag 
nitudes varying in accordance with one of said parameters 
to the input resistor, a source of A.C. reference voltage 
of the same phase and frequency as said derived signals, 
and a feedback circuit including means connected to the 
reference voltage source and to the amplifier output to 
reduce the feedback resistance and thereby the ampli 
fier gain when the input signal exceeds a predetermined 
magnitude in either direction, the said last recited means 
comprising a pair of diodes having a common junction, 



8,081,775 
7 

a resistor connected between each diode and the ampli 
fier input and means connecting the diode junction to 
the amplifier output. 

4. A circuit for generating a non-linear function com 
prising in combination a feedback amplifier having an 
input resistor, the gain of said amplifier being a func 
tion of the ratio of the feedback resistance to the input 
resistance, means to derive A.C. signals varying in mag 
nitude in accordance with a variable of said function 
and to connect said signal to the input resistor, a source 
of reference voltage of the same frequency and phase 
as the derived signals, a diode bridge connected to the 
said source and a second circuit connected to the bridge 
and to the amplifier input and output terminals to re 
duce the feedback resistance and thereby reduce the am 
plifier gain when the input signals exceed a predeter 
mined magnitude from the reference voltage, the said 
second circuit comprising a pair of diodes having a 
common junction connected in series across two bridge 
terminals, a resistor pair connecting the diode pair ex 
tremities and the amplifier input and means connecting 
the diode pair junction to the amplifier output. 

5. The invention as set forth in claim 4 wherein the 
said second circuit includes a third resistor connected 
between the amplifier output and input and providing the 
value of feedback resistance when the derived signals are 
smaller than the reference voltage, the said resistor pair 
being connected with the said third resistor to reduce the 
effective feedback resistance when the derived signals ex 
ceed the reference voltage. 

6. A circuit comprising in combination a feedback ann 
plifier having an input resistor, the gain of said ampli 
fier being a function of the ratio of the feedback re 
sistance to the input resistance, means to derive A.C. 
signals of variable magnitude and to Supply said signals 
to the input resistor, a source of A.C. reference voltage 
of the same frequency and phase as the derived signals, 
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a diode bridge connected to the said source, and a second 
circuit connected to the bridge and to the amplifier to 
reduce the feedback resistance and thereby the amplifier 
gain when the input signals exceed a predetermined mag 
nitude from the reference voltage. 

7. The invention as set forth in claim 6 wherein the 
said circuit comprises a pair of diodes connected in series 
across the bridge, a resistor pair connecting the series 
diode pair extremities to the amplifier input, and means 
connecting the diode pair junction to the amplifier out 
put. 
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