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INTRODUCTICN

Sirnulator designers have been faced
with two familiar problems throughout the
digital age of simulation; namely, framing
time crunch and discrete system anamolies
associated with models of analog systems.
This project has been oriented to impact both
of these problem areas as well as to produce
a piece of gear suitable for general simula~
tor usage. The primary rationale for con-
ducting this research has been to distribute
the intelligence of the simulator to points
where it is needed and thus relegate the host
computer o the role of a system manager.
The control loading task was selected
because of its suitability for distributed pro-
cessing and because of its need for frame
rates higher than the nomipal 15 to 30
frames-per-second simulator rate. The
U. 8. Air Forcelspecified that the results of
this effort must contain data from which it
can write specifications and select future
simulator configurations.

THE CONTROL LOADING TASK

Pilots have always and, no doubt, will
always complain that the simulator doesn't
quite "feel" like the aircraft. This tendency
for precise control on the part of the pilots
is often offset by the astute engineer who
taps on the side of a control cabinet and then
says "How's that feel now? "

The "feel” which the pilot experiences
in his control system is usually composed of
six independent forces: spring, breakout,
travel limit, viscous friction (damping),
Coulomb friction, and velocity limit. The
first three forces are functions of displace-
ment whereas the later three are velocity
functions. Occasionally inertia, which is an
acceleration term, is also required for
complete control gsynthesis. Another indis-
pensible parameter is the deadband which
the pilot experiences around a variable trim

setting. In addition, the airframe may very
well influence this "feel" through actuator,
bobweight and/or control surface force feed-
back.

The selected hardware configuration
for this project includes a force~type control
loader equipped with position and velocity
transducers as shown in Figure 1. A micro-
computer is emmployed to calculate the
various forces mentioned above based on
inputs from the control lbader's transducers
and selected parameters from the “host
computer, a Honeywell 316. The control
loader selected for the task was the
McFadden Electronics 392A" 3-axis control
loader and the microcomputer was an Intel
System 80/20. In order to provide the

_project with direction and credibility, the

A-10 was selected as the study aircraft.
This selection was made primarily on the
basis of the availability of suitable control
loading data.
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Figure 1. General Configuration Diagram

PARAMETRIC ANALYSIS

Each of the individual forces in some
way models an element of the aircraft
control system. These forces are, in
general, additive as shown in Figure 2, even
though they may be the result of nonlinear
processes. However., the total solution
requires that these forces be logically con-
nected to accurately represent the fully
integrated control system.

! Aeronauntical Systems Division, Wright-Patterson Air Force Base, Chio.

2 Control Loader was loaned at no-cost to the University of Dayton or the U.S. Government.
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For example, consider the forces
generated for a single axis {e.g. pitch con-
trol) which has a deadband due fo rigging
slack at the control stick. The pilot would
therefore experience nearly zero force
within the deadband which is described as
follows:
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where the above terms stand for total,
spring, viscous, coulomb, breakout, travel
limit, velocity limit and aircraft related
forces, respectively. The unit operator "U"
indicates that the quantities within the
brackets are nil in the deadband.

As an alternate example, consider a
case where the rigging slack is remote from
the stick. The Coulomb friction due to pulley
drag may then be placed cutside the influence
of the deadband with the resultant force
equation
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These two examples represent wiring dif-
ferences in an analog system but only soft-
ware differences in a digital system, an
important consideration in a research or
development environment. For the A-10
model, the deadband is very small but
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follows the format of Equation 1. The com-
plete pitch force equation then becomnes

F = - [k X[, #2.5 sign (Xp) +1.5 sign (X) 464 X] U{DB}

viscous deadband
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travel bobweight

where X is the displacement (in inches)
past a travel limit, Xp is the displacement
past a deadband limit and X is the velocity
in inches-per-second. Ngz and § are the
normal and angular accelerations from the
airframe computer which produce the
control system bobweight effects. Kg repre-
gsents five nonlinear spring coefficients
{breakpoints) which characterize the A-10,
Similarly, KT represents a large gain
coeificient which produces the large feed-
back forces for small amounts of travel
(X)) past the limit. The force is calculated
in pounds and, of course, requires a sign
change to produce the reguired opposing
force. Egquation 3 is obviously stylized and
requires special handling due to the non-
linearities involved and moust be properly
scaled. The nonlinearities are discussed
below and the microcomputer processing,
which was performed entirely in integer
format, is discussged in the software section.

In order to handle the nonlinearities

of such a system, the frequency response of

the control loader must be considered. The
nominal 30 frames-per-second for digital
simulators is usually sufficient to make the
pilot believe that he is {lying in a parallel,
analog world as evidenced by his visual
displays. However, the pilet's tactile
mechanism is capable of much higher fre-
quency response. Lmpirical studies con-
ducted on the McFadden control loader
revealed frequency corponents of 1000 Hz
and higher, As one might expect, these
components are experienced at the breakout
and travel limits where forces suddenly
change. To satisfy the ground rules of )
information theory put forth by Shannon, the
microcomputer should ideally be framing at
a 5000 Hz rate or better., However, this
project demonstrated that quite acceptable
results can be had at 120 frames-per-second
by judiciously choosing compensation
schemes. Thatis, by optimizing lead, lag,
and gain coefficients in the individual com-
ponent force calculations relatively sharp
breakouts and stops were obtained.



Various techniques were attempted to

achieve the proper compensation, including a-

Tustin recursion method to approximate the
desired transfer function. However, the
final product was a resuit of an educated cut-
and-try effort. For exsmple, consider the
travel limit force component which can be
expressed mathematically as a recursion
relationship

FTR=KT[XT(N) +XT(N- 1)}+KLX {(4)

In the digital implementation, the needed lag
term is obfained by employing both the pre-
sent frame value for travel limit displace-
ment Xp(N) and the previous frame value
Xq({N-1l). The gain is controlled by the
value of KT and the needed lead term is .
obtained from the available velocity signal X
which is modified by the constant Kj. The
unscaled magnitudes of Ky and Ky, and the
number of terms in the recursion portion of
the lag component were determined empiri-
cally with the final values set at K¢ = 6 and
K1, = 2. The breakout term of Equation 3
reguired a slight lag compensation augmented
by-a lead term (Kg = 0.3) and was empiri-
cally structured as

FBR=2XD+K X for ZXD<2.5 (5a)°

B

=2.5 sign (XD)-I-KB}'{ for 2X 22.5 (5b)

Similerily, the Coulomb frietion term

required compensation to offset a tendency

to "dither' because of its dependency on the

sign of the velocity. In this case a simple

lag was implemented by employing the
velocity value as follows:

F =2

co for I%l<1.5 T (6a)

1,5 sign (55‘.) for ]5([ =1.5 {6D}
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THE HARDWARE

One of the important driving factors in
this study was that the hardware must be
composed of off-the-shelf components to the
greatest extent possible. A preliminary
analysis showed that four primary functions
must be supplied by the hardware; namely,
central processing, analog input, analog
output, and high-speed mathematics.

Figure 3 illustrates the hardware configura-
tion which employs the System 80/20 com-
ponents from Intel Corporation. Each of
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Figure 3. Hardware Configuration

the four blocks represents a bus compatible
circuit board which resides in the System
80/20 chassis. The only hardware modifi-
cations performed were wiring options which
are incorporated on the individual boards

for customizing purposes.

The CPU is an 8-bit processor with
2K of RAM (random access memory) and
with 8K of ROM (read only memory) and has
a clock cycle time of 490 nanoseconds. The
apnalog boards convert analog signals with

C12-bit (0. 025%) accuracy and were con-

figured to handle converntional enalog signals
(+10v) and offset binary (2's complement)
digital values. The high-speed mathematics
unit provides both integer, and floating point
operations with appropriate 16 and 32-bit
accuracies. Additionally, the CPU provides
a teletype {TTY) interface for changing
equation coefficients and digital parts for
trim switch inputs and for frame-time
monjtor outputs.

The interfaces with the contrel loader
and host computer (as shown in Figure 1)
were entirely analog due to contractual
requirements for generality. An ideally
flexible system would have a digital host/
micracomputer interface for parameter
passing and software downloading. Each of
the three axes required four input para-
meters to satisfy its force eguation (e.g.
Equation 3), stick displacement and velocity,
airframe normal and rotational accelerations.
The analog input board, which kas a capacity
for 16 analog inputs, converted the required
12 analog values in approximately 800 micro-
seconds. Three of the four available analog
outputs were employed to drive the respec-
tive control loader force inputs for each
axis, pitch, roll, and yaw.



THE SOF TWARE

The entire control loader software was
written in the Intel high-order microcomputer
language called PLM, with the exception of
the analog-to-digital conversion routine which
was performed in assembly language. The
programs were structured into a utility
module and a simulator module. As the
pame implies the utility module provided )
system support in the form of calibration and
test routines, system interface procedures,
and system initialization. The simulator
rmodule contains the frame rate generator,
simulator initialization routines, the analog
scan/convert routine, and the simulator
equations themselves. The executable
machine code was placed in PROM (pro-
grammable read only memory).

Perhaps the most unique feature of the
software structure is that the calculations
were carried out entirely in integer format
resulting in a very significant reduction in
processing timne required for each frame.
As seen in the above equations, the only
mathematical processes required are
addition, subtraction and multiplication.
Since hoth the analog input and analog output
boards operate with 12-bit precision, the
microcomputer was designed to employ 16-
bit precision (two 8-bit words). The PLM
language and the high-speed math board both
support 16-bit operations of this nature. All
parameters were scaled to keep the values
within these limits. The equation coefficients
were scaled to be either integer values or
fractional values less than 1. The fractional
coefficients were rescaled vpward by multi-
plying them by 216 (65536). The result of an
integer multiplication {(a 32-bit value in the
high-speed math board} was scaled back down
by 65536 by taking only the most significant
16 bits from the result register. The only
drawback to this method of processing was the
unsigned nature of the multiplication, thus
requiring procedures for sign conversion of
negative quantities.

CONCLUSIONS

A purely objective evaluation of an
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engineering system usually involves graphs,
strip charts and compuber printouts. Thus,
the usual static and dynamic tests were
carried out with excellent success. Howevel
the last word on a system involving ''feel’
must be subjective. Those who were able to
experience the 'feel' of the control loader
employing the microcomputer base con-
sidered it to be of "'good' guality compared
to the same system employing the analog
base gsupplied with the McFadden system
{(which is easily judged as excellent). The
microcomputer, of course, was performing
additional airframe related calculations
which the standard analog system does not.
The only difference in quality seemed to be
at the stops and breakouts. Due to the
limited irequency response of the micro-
computer system, the respective gains
were held relatively low for stability
reasons. This practice resulted in the dis-
continuities being less "sharp" than the
analog based version. On the other hand,
the system was judged by most to be suitable

for direct application in existing simulators.

RECCMMENDATIONS

This study has clearly demonstrated
the feasibility of microcomputer control.
The only conseguentional recommendation
as a result of this study would be to increase
processing frame rate by a factor of five to
six times. This improvement is within the
capabilities of present technology but not
exactly Y'off-the~shelf." The most imme-
diate thought would be to use a 16-bit
processor instead of the 8-bit processor
but this would result in only a 50% to 60%
speed improvement without any other
changes. The most significant improvement
would be to use & multiprocessor architec-—
ture with a processor devoted to each axis.
Ancther dramatic speed improvement could
be obtained if a hardware multiply unit was
employed which performed signed (as
opposed to the present unsigned) integer
multiplication. If these three changes were
coupled with improvements in micro-
computer technology {a daily oceurrence) ,
frame rates up to 1000 per second are
within reach.
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