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MOMENCLATURE

reference altitude
aspect ratio

time non-dimensionalizing terms

wing span
side force

drag coefficient

drag coefficient due to control inputs
drag coefficient for zero 1lift
drag coefficient due to angle of attack

drag coefficient due to rate of change of
angle of attack

drag coefficient due to elevator deflection

increment of drag coefficient due to flap
extension

increment of drag coefficient due to landing
gear extension

center of gravity location

reference center of gravity location
lift coefficient

lift coefficient due to control inputs
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maximum lift coefficient

lift coefficient at zero angle of attack

lift coefficient due to angle of attack

lift coefficient due to rate of change of

angle of attack

lift coefficient due to elevator deflection

increment in lift coefficient due to flap

extension

1lift coefficient due to pitching velocity

rolling moment

rolling moment

deflection

rolling moment

velocity

rolling moment

deflection

pitching moment

pitching moment

deflection

pitching moment

of attack

pitching moment

velocity

pitching moment

of attack

coefficient

coefficient due to control

coefficient due to rolling

coefficient due to aileron

coefficient

coefficient due to control

coefficient at zero angle

coefficient due to pitching

coefficient due to angle
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pitching moment coefficient due to rate of
change of angle of attack

pitching moment coefficient due to elevator
deflection

increment in pitching moment coefficent
due to flap extension

increment on pitching moment coefficent due
to landing gear extension

wing aerodynamic chord
force coefficient along the X axis
force coefficient along the Z axis

drag

wing efficiency factor

acceleration of gravity

moment of inertia about the X axis
moment of fnertia about the Y axis
moment of inertia about the Z axis
product of inertia in the ZX plane

rolling moment
lift

lift due to control inputs

pitching moment
aircraft mass, weight

yawing moment
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vii

rolling velocity

pitching velocity

dynamic pressure

yawing velocity

rate of climb

wing area

thrust

X velocity

airspeed

Y velocity

Z velocity

aircraft axis, positive forward
aerodynamic force in X direction
aircraft axis, positive along right wing
aerodynamic force in Y direction
aircraft axis, positive down
aerodynamic force in Z direction
angle of attack of the zero-lift line

absolute angle of attack
angle of attack

rate of change of angle of attack
sideslip angle

aileron deflection angle

elevator deflection angle
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Subscripts
() ()

e

(g

()

w

)

( )ph

%

()

r

viii

flap extension angle

gear state; 0 up, 1 down

flight path angle
wing sweep angle
pitch angle
density

bank angle
heading angle
period

undamped natural frequency

damping ratio
first derivative with respect to time

second derivative with respect to time

reference condition, steady-state condition

Earth axis reference frame

wind axis reference frame

body axis reference frame

phugoid mode

short period mode

roll mode
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1. INTRODUCTION

In today's sophisticated aircraft, much emphasis has been placed on
acquiring and displaying more and more complex information to the pilot.
This trend has resulted in ever increasing pilot workloads, an undesir-
able sifuation because it increases the margin of pilot error and lowers
the probability of mission success.,

It is possible that a computer system can provide mathematically
sound, evaluated decisions which could reduce pilot workload and pilot
error.1 The pilot then begins to function as a system manager rather
than a system component. Unfortunately this reasoning does not apply to
critical high workload periods. Conventional automation tends to present
more data to the pilot and requires him to key in requests for specific
information. Hence, while automation tends to lower workload during
cruise and other similar workload periods, it tends to increase workload
during critical times such as close combat or terminal area navigation.2
Two studies of advanced cockpits and procedures by the U. S. Air Force,
the Integrated Information Presentation and Control System (IIPACS)3 and
the Information Management Aspects of Integrated Avionics (IMS)a, have
tended to confirm the above predictions.

The Coordinated Science Laboratory (CSL) and the Aviation Research
Laboratory (ARL), after a joint study of the ITIPACS and IMS documents,
feel that a solution to the problem of information overload might be
found by considering systems with program intelligence. Such a system

can carry out optimum decision-making tasks according to preset
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guidelines under a variety of circumstances and, therefore, possibly
lower workload and improve safety in flight operations.

The purpose of the Computer-Aided Decision-Maker (CADM) project is
to provide documentation and techniques for developing such a program
intelligence. The hardware and software developed, as well as the experi-
ence gained in the construction and operation of a prototype CADM, are
being used to suggest methods of reducing pilot workload in both high and
low workload areas.

An intelligent system needs an environment to interact with: to
operate on and acquire data from. The purpose of the work discussed in
this thesis is to provide the aircraft environment fof the CADM. Figure 1
illustrates the interaction of the aircraft, the man, and the CADM.
Figure 2 shows how such a computer could interact with the aircraft's
systems (avionics, sensors, displays, etc.), the pilot, and the environ-
ment.

The nature of the CADM and the limits imposed by the availability of
computer facilities define the form of the simulation. The necessity for
a real-time aerodynamic simulation and the limited computer space avail-
able require that the aerodynamic model u;ed be a simple one, yet not so
simple that it is not a realistic reflection of the parameters that the
CADM needs to manipulate in an actual aircraft. Thus, a complex aero-
dynamic model, while desirable for an accurate simulation, is noé
operationally practical.

More important to the simulation is the subsystem model. The more

complex this model is, the better a test of the CADM's capabilities we
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Figure 1. Aircraft/man/computer interaction.
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can achieve. The ability of a failure in one subsystem to affect the
other subsystems and the aerodynamic model is of paramount importance,
not only as a test of the CADM's decision making abilities, but also in
testing the ability of a pilot to work effectively with the CADM. The
wide range of failures in the subsystems can tax the CADM and the pilot

3
to any degree desired.




3

5
P4
AL

1

6

2. AERODYNAMIC SIMULATION

The aircraft being simulated is a single seat, twin jet, variable
geometry, fighter :lircraft.5 The engines develop 15,000 pounds of thrust
each and the wings have five sweep setting; 15, 25, 35, 50, and 70 degrees.
The flaps are located on the trailing edges of the wings and can be
extended to four positions; 10, 20, 30, and 40 degrees. The flaps can

ext orded for wing sweep angles of 352 and less, only. The landing
gear have two positions; fully extended and fully retracted. A complete
listing of the aircraft's characteristics can be found in Appendix 1.

’" as well as non-dimensional stability

Using standard techniques,
derivative representation of a high performance aircraft, an aerodynamic
model was derived. Appendix 2 lists the non-dimensional stability deriv-
atives and coefficients used. However, two important changes were made
from the standard development. Lateral motion was reduced to the simplest
motion; roll being the only lateral motion allowed. This not only sim-
plified the aerodynamic model but also eliminated the need for rudder
controls in the simulator hardware. The other change made was to ccnsider
only those derivatives that have a major effect on aircraft stability.
The resulting model is both simple enough for real~time simulation and
complex enough to be a realistic simulation of an actual aircraft.

The aerodynamic model simulation program is written in the FORTRAN
computer language.8 The program flow begins by initializing all the
variables in the program. At this point, the non-dimensional stability

derivatives are set to zero. After all the variables have been initialized,

S e e




the program checks the angle of the wing. The program flow is routed to
the appropriate section of the program containing the initial variable
values for that wing angle. The non-dimensional stability derivatives
are initialized to their particular values for the current wing sweep
angle.

The first variqbles to be calculated are the coefficients of 1lift
and drag. The second task of the program is the calculation of the
aerodynamic forces and moments. Body-axis accelerations and angular
velocities are computed next. Finally, by integrating the accelerations
and velocities, the body-axis velocities and Euler angles are found.
Altitude is calculated from an initial altitude and the integration over
time of the rate of climb. Velocity and the Euler angles are calculated

in a similar manner.

2.1 DEVELOPMENT OF THE EQUATIONS OF MOTION
Etkin6 gives the following set of equations of motion for an aircraft.
X' - mgsin 6 = m (4 + qw - rv)
Y' + mgcos 9 sin ¢ = m (V + ru - pw)
Z' + mgcos O cos = m (W + pv -~ qu)

L= pr - sz (r + pq) - (Iy - Iz)qr

5 2 2
M Iyq - sz (r" - p°) - (Iz - Ix)rp

N = Izr - sz (p - qr) - (Ix - Iy)pq

p+ qsin ¢ tan 6 + rcos ¢ tan O

€.
]

<.
a

qcos ¢ - rsin ¢

Ty AP




.

y = (gsin ¢ + rcos ¢) sec 0

@ =q-q sec B - pcos a_ tan f - rsin o tan B

w X X
8 =r + psina_ - rcos «a

w X X

p, = Pcos a_ cos B 4+ (q - dx) sin B + rsin a cos B
iE = Vcos 0 cos ¢

w w
= Vcos 6 sin ¢

w w

2. = -Vsin 0
w

Figures 3 and 4 define the geometry involved.
The above equations were developed using the following approxima-
tions:
1. The Earth is a sphere rotating on an axis fixed in inertial
space
2. g is a radial vector
3. The centripetal acceleration caused by the rotation of the
Earth is neglected
4. 'The aircraft is a rigid body and has a plane of symmetry
5. The atmospliere is at rest
6. The surface of the Earth directly under the aircraft is
considered to be flat ;
7. All rotor effects are neglected

8. g is a constant,
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As explained above, for the purposes of the simulation, lateral
motion is restricted to roll motion only, e.g., v=0, ¢ = & =0, B =0,
etc. Thus, the Dutch roll and spiral modes are suppressed. With this

restriction, the above equations of motion become:

X' - mgsin 8 = m(a + qu)
where X' = L'sin a - ‘Dcos a
Z' - mgcos 0 cos ¢ = m(w - qu)
where Z' = -L'cos a - Dsin a
L = pr
M = I q
yq

é = p + gsin ¢ tan 0
8 = qcos ¢

W ey
where vy =
Y qw

v = Ccos a
P X

The *E and z, equations have been dropped since they are not needed

E
for the simulation. Principal axes have been assumed.

The above equations of motion are nonlinear. However, linear approx-
imations are used for to calculate the aerodynamic forces and moments,
i.e., linear air reactions are assumed. Lift, for example, is considered
to be a function of various other variables, i.e.,

oome o, &, q, L'c)

Assuming that L' is a linear function of these variables,
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the equation becomes:

Bt . '
L fl (a) + f2 (&) + f3 (q) + ALC -

The individual f's are defined as the dimensional stability derivatives.
Inserting the stability derivatives into the above equation we obtain:

L' = L'a ® bs + L'd a + L'q q + AL'c
All the components of the aerodynamic forces and moments, X', Z', M, L,
can be expanded in this manner.

The stability derivative data for the aircraft to be simulated are
given in non-dimensional form.5 Therefore, these data must be converted
to dimensional form to be used in the equations of motion. However, the
aerodynamic moments are proportional to pV213, and the aerodynamic forces

2.2

are proportional to pV'1", allowing a relatively simple conversion between

the dimensional and non-dimensional equations. Thus,

where q L L pV2

L D

The non-dimensional stability derivatives can, with appropriate con-

and C = C,  sina - C_ cos a
X

versions, be substituted for the dimensional stability derivatives, e.g.,

the equation for the lift coefficient becomes

g Rt g e, CANS R TR o .
o a q ¢
where CL = CL Ge + CL Gf
c 6e 5f

~and a, is the time non-dimensionalizing term.

1




The equations used in the simulation are summarized below. The
equations are dimensional with linear approximations for the aerodynamic
forces and moments. Because of the omission of speed derivatives, proper
control and dynamics will not be simulated in the transonic speed range.
Accelerations

a = -wq + % - gsin 0

w = uq + ﬁ + gcos 0 cos ¢

PIE PRt TR
P I

X

2
2 I

y

Euler Angle Rates
é = qcos ¢

¢ = p - gsin ¢ tan ©

Aerodynamic Forces

X' = C_q,_ S
' =
Z Cz q, S

where Cx = (C sina - C, cos a

1 D

and CZ = -CL cos a - CD sin a




Lift and Drag Coefficients

!n!

. c q
= + - + C
" O Pihe e SR SR I %
o a q c
where CL = CL 59 + CL 6f
c § S
e f
and §%~ .8 the time non-dimensionalizing term

CL2
O % G + RSB o
» DO m e. AR Dc
0
where C -~ C 1) + C ) T Egnel o 8
DC Dé e D6 f D6 g
e £ g
Aerodynamic Moments
M = Cm q, Sc
LU c
= + q
i Cm Cm Cm e Cm. T Cn YAY
(o] o o .q
CL (c.g. = ¢ g,ref) Cm
c
and Cm = Cm 58 + C 5f G s
] 8 m5 m(s 14
e £ g
L = L S
1 q_ b
where C, = C P tb + C
1 1 2V 1
P c
and C1 = C1 Ge
c §

b
and 7V a

the rolling velocity.

2 the time non-dimensionalizing term for

+




Velocities and Angles

TR 1
woom S gedt
q = [ qdt
po= [ p dk

] = S 6 dt

4§ ol e e
a = tcm—1 L
u u
&5 W - wi
u2 + w2
v = u2 + w2

Mach nc¢. = V/A
where A is the speed of sound
R/C = Vsin 7

b = 0 - a

2.2 SIMULATED FLIGHT TEST AND DATA COLLECTION METHODS

The aerodynamic model of the CADM simulator served mainly as a side
task for the pilot; applying various workloads on him. A simulated
flight test of the model was performed for two reasons. First, the
test was used to determine that the aerodynamic model was responding to
control inputs as an actual aircraft would, and second, by analizing

the flight test data, handling qualities were determined.
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The stick-fixed flight test method9 was chosen to evaluate the
handling qualities of the aerodynamic model. Although this method does
not exactly duplicate the flying qualities of an aircraft controlled by
a pilot, the stick-fixed modes of aircraft motion are often used as para-
meters in specifying flying qualities criteria.lo Thus, through the use
of controlled tests, we obtained data that could be used to determine
how the aircraft simulator would respond under a pilot's control.

Although the simplification of the aerodynamic model reduced the
number of stick-fixed modes that could be evaluated, the number of
possible flight configurations to be tested, due to the inclusion of
flaps, landing gear, and wing sweep in the model, was quite large.
Appendix 3 is a listing of the conditions tested.

The aerodynamic model was run on the Digital Equipment Corporation
PDP 11/40 mini-computer at ARL. Because of the limitations in the
computer data collection procedures and data plotting routines, two
separate methods were used in performing the simulated flight test. One
method was used solely to observe the effects of control inputs. The
other method was used to collect quantitative data for selected flight
conditions. 1In the first method, control inputs were initiated through
the use of a plasma screen touch panel. This panel also included an
attitude indicator, and numerical readouts for velocity, altitude, rate
of climb, pitch angle, and bank angle, giving immediate feedback of
results. In tﬁe second method, control inputs were initiated from the
computer console keyboard. Using these inputs, the simulator program

was run. Data were collected from it and stored in the computer. The
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data were then output to a line printer through a plotting program.
Numerical data were also output. Figure 5 shows a typical computer plot.
Every variable in each condition had its own plot.

The control inputs were a -.02 radian step input to the elevator
(forcing the aircraft's nose up) and a +.175 radian step input to the
ailerons (forcing the aircraft into a right roll). For each condition,
the controls were activated when the simulator program was started.

The starting point for the simulator was the calculated steady-state
condition for that particular configuration. Two testing time periods
were used: 20 seconds for short period mode data and 480 seconds for
the phugoid and roll mode data. The initial flight condition for the
"clean" configuration was at the steady-state values of the rate of
climb and climb angle associated with an altitude of 5000 feet and a
velocity of as close to 450 feet per second as was practical, with
the exception of one condition that was run at a velocity of 300 feet
per second. Flap and landing gear tests were started at the steady-
state conditions for various other velocities. However, the initial
altitude for all tests was 5000 feet. The initial velocities are
listed on the appropriate tables presenting these data.

Note: The initial velocities (Ve) presented in the tables are

the equilibrium velocities before the deflection of the controls.

ER AR
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.38‘1 u = 450 fps
A = 25°
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Figure 5. Typical computer data plot.
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2.3 SIMULATED FLIGHT TEST RESULTS

The 25° wing sweep angle was the only configuration for which
complete graphical data were collected, i.e., flight tests were run for
every possible flap angle, landing gear and c.g. position, and aircraft
weight configuration. Graphical data were also collected for elevator
and aileron step input responses for the "clean" configuration of the
remaining wing sweep positions. A '"clean" configuration meant that
the flaps and landing gear were not extended, the aircraft was at gross
weight, the c.g. was at the reference position, and the aircraft was
flying in the steady-state condition. The remaining conditions were
run and observed on the plasma panel attitude indicator. Here, stability
was coﬁfirmed if no divergence occurred and some damping was observed.
All conditions tested were observed to be stable under these criteria.
It should be noted that because no provision was made in the simulation

program for a direct relationship between the c.g. and the Cm ,» changes
o

in the c.g. affected the pitching moment equation only through the

CL (c.g. = c'g'ref) term.

Before the simulated flight tests began, the basic dynamic character-
istics, i.e., wn s, & 4, and T were calculated. These results were then
compared with 'hose determined in the flight test. Some differences
between the experimental data and the calculated data were expected
since the predicted results were calculated using approximate methods.

The following equations from Etk1n6 were used to calculate the predicted

data.




——————~ a—

Phugoid Mode:

ph 8
Sl g
nph Ve
1. D
e )
1]
J2 L =
Short Period Mode:
2om
T =
i mn 1 - Cs &
sp P
Cm
2 VL a
w ~ X Sc I +
sp y
q
© §
G226 )
e o
Cm s
- N .k
chpwn ( e I 2V
sp y
qm S c
m :n \Y La )
e

20




21

Roll Mode:

The experimental and predicted phugoid mode data for the 25°
sweep angle are presented in Table 1. The data show very good agree-
ment, indicating that, at least for the long period motions, the simulator
is performing as expected. Figure 6 gives an example of the output for
the phugoid mode motions. The short period response has been omitted
for clarity.

Figure 7 shows the effect of elevator deflection on equilibrium
flight for two initial flight conditions, one well above the speed for
minimum thrust required and the other just below the speed for minimum
thrust required. For the 25 wing sweep angle configuration, the speed
for minimum thrust required is 317 feet per second. The two speeds
chosen are 450 feet per second and 300 feet per second. The results
of this comparison are presented in Table 2. The graphical data show
that the simulator is performing as an aircraft should. The o and q
variables settle to the same points. The rate of climb for the 450 fps
condition shows an increase from the steady-state value while the R/C
for the 300 fps condition shows a decrease, even though slight. 1In
both cases, the airspeed decreases as expected.

Figure 8 presents a comparison of the phugqid mode data for various

sweep angles. Table 3 is a presentation of the experimental and predicted
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TABLE 1
Phugoid Mode Results
Ve = 450 fps
= Experimental Calculated
A = 25
'rph,sec 59.5 62.1
cph 0.0918 0.106
W rad/sec 0.1058 0.1012
ph
| o g el pade s B &% v';.‘
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TABLE 2

Phugoid Results, A = 25°

e e s X

v , fps 1, Experimental, sec T . Calculated, sec

e ph ph

450 59.5 62.1

300 41.92 41.4

v, fps w  Experimental, rad/sec w Calculated, rad/sec
ph ph

450 0.1058 0.1012

300 0.1502 0.1518

» fps E )

Ve P cph xperimental Cph Calculated

450 0.0918 0.106

300 0.0664 0.0845
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TABLE 3

Phugoid Results

A, deg Tph Experimental, sec TPh Calculated, sec. Ve,fps
15 58.56 61.69 447
25 59.5 62.1 450
35 60.8 61.69 447
50 60.4 61.41 445
70 60.4 61.27 444
A, deg @~ Experimental, rad/sec w  Calculated, rad/sec

ph "ph
15 0.1079 0.1018
25 0.1058 0.1012
35 0.1041 0.1018
50 0.1042 0.1023
70 0.1041 0.1025
A, deg r,ph Experimental cphCalculuted
15 0.107 0.123
25 0.0918 0.106
35 0.0872 0.106
50 0.0656 0.0889
70 0.0511 : 0.0719
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data. Again, good agreement between the two is shown. 1In all cases, the
phase relationships between 6 and a, ¢ and q, and 6 and Q are correct.
Also, the final values of a correspond to the values calculated from the
non-dimensional stability derivatives. For example,

A - a8

Q
n

-1.6/rad

o
i

- .8/rad

C
A i (-1.6)
3 Ll = & = 5 e = -
where, in the steady-state A S C 8 2.0
e m
a
thus, if 6e = =.02 rad or (-1.1440), the a increase should be

(-1.148) (<2.) =  Z.288°

The experimental data yields a Aa of .04 rad or 2.288°. Similar agree-
ment is shown for all the phugoid conditions tested.

Table 4 presents the predicted and experimental results for the
other conditions tested for the 25° wing sweep angle. Because no
unexpected motions or data appeared in these tests, the data is not
presented in graphical form.

The short period mode results for the 25° sweep angle are shown in
Figure 9. The agreement between the experimental and predicted data

for all wing angles, as shown in Table 5, is very good.
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TABLE 4

Phugoid Results, Various Conditions

A =25
6f 6g YE, Zﬂi}é TphExperimental, sec TphCalculated, sec Ve s EDS
20 0 SRR o35 45.76 43.61 316
40 0" 95K, 35 51.52 50.65 367
0 i ) R 59.84 61.65 446.7
0 Of ol i 35 58.24 61.93 448,75
0 050K 30 60.48 61.63 446.6
0 0 55K .40 59.20 61.96 449. 1
6f 6g Why S ange w . Experimental, rad/sec w - Calculated,rad/sec
1b chord ph ph
20 @ 55K J35 0.1377 0.1441
40 0. 50K .35 0:3223 0.1241
0 I -55K .35 0.1027 0.1019
0 O 35K .35 0.1018 0.1012
0 0 55K .30 0.1002 0.1019

0 0 55K .40 ) 0.1005 0.1014
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TABLE 4 (continued)

C e e byt
20 0 55Kk .35 0.0755 0.0874

40 0 55K .35 0.0798 0.0943

0 1 55K .35 0.1152 0.125

0 0 35K .35 0.1329 0.147

0 0 55K .30 0.0869 0.106

0 0 55K .40 0.848 0.106

TR
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TABLE 5

Short Period Results

A, deg

15

25

35

50

70

A, deg

15

25

35

50

70

A, deg

15

25

35

50

70

TSpExperimental,sec

3.97

3.72

3.36

3.20

2.92

0 Experimental,rad/sec

sp
1.58
1.79
1.96
1.96

2.14

cspExperimental

0.535

0.503

0.472

0.364

0.279

1 Calculated, sec
sp

4.54
3.86
3.48
3.30

3.06

W Calculated,rad/sec
sp

1.654
1.897
2.064
2.050

2.144

t Calculated
sp

0.548
0.516
0.486
0.373

0.283

fps

447
450
447
445

444
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Table 6 gives the results of aircraft response to a +.175 rad step
aileron input. This table compares the time to half amplitude for the
roll mode. Agreement between the experimental and predicted results is,
again, fairly good. The roll response of the simulator, a flying qualities
paramenter, is given in Table 7. These data indicate a quite fast roll
response. This response is, perhaps, not as fast as it should be for a
fighter-type aircraft, but it is very acceptable for the purposes of the
CADM project.

Figure 10 presents the roll mode results in graphical form. As is
to be expected, the p and & data correspond very well. The most interest-
ing result of these tests is that the roll response for the 35° sweep
angle is the slowest, followed by that for the 25° sweep and then that
for the 15° sweep angle. This would indicate that roll response in cruise
(25 and 35 degree angles) is lower than that for slow speed flight (150)
and high speed flight (50 and 70 degrees). This is not, however, an
unexpected result since the size of the Cl derivatives for the various
wing sweep angles indicate this result. ;

Overall, the results of the simulated flight test are quite good.
Predicted and experimental data show good agreement in all conditions
and modes. From the results of the various tests we can be sure that
the simulator is responding as an actual aircraft should. The phugoid,
short period, and roll mode data also give enough information to indicate

that the simulator has satisfactory handling qualities in all modes.11
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TABLE 6

Roll Results

A.deg

15
25
35
50
70

rkExperimental

0.29
0.35
0.34

0.61

1.44

0.332
0.407
0.383
0.644

1.72

t&Calculated
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vV , fps

450
450
450
450
450
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TABLE 7

Flying Qualities Parameters, Roll Mode

A, deg Time to 300, sec

15 1.09
25 1.20
35 1.28
50 1.57
70 1.7

A, deg
15
25
35
50

70

Time to 60° , sec
2.05
2.08
2.16
2.59

2.66

35
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3. AIRCRAFT SUBSYSTEM SIMULATION

The aircraft subsystem model (AIRSYS) is ﬁhe primary work area for
the CADM. Through it, the CADM can investigate and act on its environ-
ment. AIRSYS provides CADM with numerical data on various systems and
components of the aircraft and allows the CADM alternatives in correct-
ing failures when a system or systems malfunction(s). The aircraft sub-
systems modeled in AIRSYS are the Fuel/Engine System, the Electrical
System, and the Hydraulic System. A central program controls the flow
through AIRSYS by cycling through a series of calls to subroutines
responsible for simulating the various components of the subsystems.

These particular aircraft systems were chosen for a number of reasors.

Since the general task area of the CADM was degraded mode operations,
AIRSYS had to simulate hardware readily identified with actual aircraft
components. The chosen hardware had to be capable of failure modes, and
if possible, alternate paths for failure correction had to be provided.
Thus, included in the Fuel/Engine System were two fuel tanks, alternate
fuel flow routes, and numerous valves. Mechanically and electrically
driven pumps were provided in the Fuel/Engine System and the Hydraulic
Systems. Hydraulic and electric activation of the flap and landing gear
was also included.

Gremlin is the program which sets failures in AIRSYS. Through
Gremlin, a failure can occur in any system or component. Failures occur
on two levels. A soft failure is one which can be corrected by closing

a circuit breaker or some similar action. A hard failure can not be
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corrected by the CADM or the pilot. Gremlin, however, can change the

status of any level of failure.

3.1 FUEL/ENGINE SYSTEM

The Fuel/Engine System is composed of two engines, two fuel tanks,
two tank drain pumps, one intertank pump, two engine-driven fuel pumps,
two electric fuel pumps, and four valves. The valve and plumbing network
allows one fuel tank to feed either or both engines. 1In addition, the
system produces, through the Electrical Syst n, sensor outputs and
failure characteristics for the CADM to evaluate. Figure 11 shows the
interconnection of this hypothetical hardware.

Any of the system components can fail. Pumps and valves can jam in
any current state. Since the center of gravity (c.g.) of the aircraft
depends on whether the fuel tanks are empty, partially full, or full,
the c.g. can be affected by incorrect draining of the fuel tanks. The
engines produce thrust proportional to the fuel flow and the altitude.
Engine failures are as follows. The engines can catch fire and produce
reduced thrust. The engines can be destroyed and produce no thrust, or
they can flame out with no thrust produced. Fuel flow, because of
jammed valves and pumps can be cut’ off or continued when it is undesir-
able to do so. Sensors can jam or give erroneous readings.

Sensor outputs from this system are:

1. Fuel available in tanks
2. Fuel flow to engines

3. Measured thrust of each engine
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4. Measured temperature of each engine's exhaust
5. Measured vibration modulation of each engine

6. Current states of pumps and valves.

Table 8 summarizes the activities of the Fuel/Engine System simula-
tion. The CADM, the pilot, AIRSYS, Gremlin, and the aerodynamic model
interact through a Shared Data Base (SDB). Each reads the data it needs

and writes the results of its operation back into the SDB. The method of

interaction for all AIRSYS programs and, in this case, the Fuel/Engine
System, with the SDB is the same. First, the entire SDB is read and any

failures specified by Gremlin are acknowledged by setting jam flags for

the specific components affected. Control settings set by the CADM or

the pilot are implemented if not prevented by a Gremlin.set jam. For
example, the CADM may ask that a valve be closed. Regardless of whether

the valve has previously been closed, the valve is set "closed" if Gremlin
has not set a jam of that valve. If Gremlin has set a jam, the valve can
not be changed from its previous state and the CADM is informed that a
failure has occurred.

The fuel flow in the plumbing network is a function of four variables.
These are the availability of fuel, the state of the valves (open or closed),
the state of the fuel pumps (on or off), and the amount of demand thrust.
There are 156 possible routes for fuel flow in the network. The Fuel/
Engine System simulation determines what amount of fuel flow the current
plumbing network will allow, based on the valve states. A route for fuel
is feasible if there is fuel available, the pump to force the fuel is on,

and the valves controlling the path are open.
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For the intertank fuel line, the direction of the flow is determined
by the state of the intertank pump. The rate of flow is either zero or
the maximum rate possible for the intertank pump. The state of the pump
is under the control of Gremlin, the CADM, and the pilot, or AIRSYS, if
the tank auto-level function is on.

The drain fuel lines in the tanks have only one direction of flow:
overboard from the source tank. The state of the pump is determined by
Gremlin, the CADM, and the pilot. The flow rate is the maximum possible
for the pump.

The direction of fuel flow to the engines is from the source tanks
to the engines. The states of the valves and pumps are determined by
Gremlin, the CADM, and the pilot. The flow rate through the engine pump
is either zero or the rate specified for the demand thrust by the pilot's
throttle position. The fuel flow rate through the plumbing network is
either zero or the rate required by the engine pumps. If two pipes have
fuel flow into the same pump, each carries half the demand fuel load.

With the preceeding fuel network description, we can now describe
the engine simulation. The amount of actual thrust produced by each
engine, called measured thrust, is equal to the demand thrust if no
engine failures exist. If the fuel flow is zero or the engine is
destroyed, the measured thrust is zero. A destroyed engine state is
nonrecoverable. Only Gremlin can set an engine destroyed state. A
flame out of the engine, caused by fuel starvation, is recoverable. The
procedure for recovery is to re-establish fuel flow to the engine and

perform an engine restart. Either the pilot or the CADM may issue an
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engine restart command. AIRSYS responds by attempting ignition of the
engine and resetting the engine restart function. A restart can not be
initiated if the Electrical System has failed.

An engine flame out state can be set by Gremlin. To restart the
engine, fuel flow to the engine is established by the previously described
fuel network procedures. Thus, fuel starvation can occur from pilot or
CADM blunders as well as from deliberate failure settings from Gremlin.

The measured thrust will be half the demand thrust if the engine is
on fire. The engine fire state is set by Gremlin and is reset bv turning
off the fuel flow to the engine. The engine is now in a flame-out state.
To obtain thrust again, the pilot or the CADM must start fuel flow back
into the engine and issue an engine restart command. In this simulation,
no penalty is given for attempting to restart an engine after a fire.

A general clean-up of state flags is performed at the beginning of
every AIRSYS "write" into the SDB and specific items for which AIRSYS is
responsible are updated. Examples of such items from the Fuel/Engine
System are engine temperature, engine vibration, and fuel flow.

Both the pilot and the CADM have access to the information necessary
and the means to correct any soft jam caused failure through the SDB.

The number and complexity of failures to this particular systeﬁ is large,
as are the possible corrections. Through such complex manipulation of
this and the other systems of AIRSYS, we can apply varying workloads to

the pilot and the CADM.
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3.2 ELECTRICAL SYSTEM
The Electrical System is composed of two engine driven generators,
two fuel pumps, two hydraulic pumps, 48 circuit breakers, all sensors,
and all valve actuators. It also includes the back-up landing gear and
flap motors. Some failures in this system are caused by the incorrect
opening of the individual circuit breakers for the ATRSYS components.
Other failures result from the system causing the sensors to give
erroneous readings to the pilot and the CADM.
Outputs from this system are as follows:
1. Status of electrical pumps, motors, and valves
2. Status of the circuit breakers
3. Status of sensors
4. Status of generators

5. Status of entire Electrical System.

The structure of the mathematical model of the Electrical System is
shown in Figure 12. Table 9 summarizes the activities of this system.

The Electrical System contains two relay connected generator sub-
systems, one connected to each engine. An engine driven generator supplies
power to a distributing bus through a master circuit breaker. Each bus
distributes power to 23 AIRSYS components, each of which is connected to
the bus through a circuit breaker. 1f one of the generators can not
supply power to its bus, either through engine failure, failure of the
generator itself, or jamming of the master circuit breaker in an open

position, the other generator can supply power to both buses with no
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reduction in current to any component, but only if the interbus relay is
closed. 1If the relay will not close, the components connected to the
failed generator's bus will fail.

Failure of the entire Electrical System results in the leoss of most
of the components in the AIRSYS simulation. However, depending on the
status of the components at the time of failure, such a loss need not be
fatal to the aircraft.

Again, both the pilot and the CADM have access to all outputs from
this system, and the means to correct any failure with the exception of
one caused by a hard jam. Gremlin has access to all parts of the

Electrical System and can set failures in any component.

3.3 HYDRAULIC SYSTEM

The Hydraulic System is composed of one hydraulic fluid reservoir,
two engine driven pumps, two electrically driven pumps, one accumulator
pressure tank, eight valves, and the mechanisms for activating the wing
sweep, landing gear, and flaps. The structure of the Hyvdraulic System is
shown in Figure 13. The activities of this system are listed in Table 10.
Failures of componentg in this system can cause the landing gear, flaps,
and wing sweep to be jammed in their current states. Also, the wing
sweep can be jammed because of reduced pressure in the accumulator
pressure tank. FEven with reduced pressure, however, the landing gear and
flaps can still be operated hydraulically. Leaks can develop in any of
the hydraulic lines, forcing the shut-down of the components fed by that

line. A leak also reduces the amount of fluid in the reservoir tank.
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Total system failure can come from the loss of the pumps, loss of
pressure, jamming of valves, or the loss of hydraulic fluid because of
leaks. Neither the landing gear nor the flaps can operate asymmetrically,
although the electric motors can be used to activate one or more elements
while the Hydraulic System activates the other(s). Valves and pumps
operate in a network much like that of the Fuel/Engine System. Senmsor
data from the components of this system are provided for the pilot and
the CADM through the Electrical System. Commands from the pilot and

CADM to this system are also carried by the Electrical System.

The major component of the Hydraulic System is the accumulator
pressure tank. Two engine and two electrically driven pumps pressurize
this tank. The electric pumps work only when the engine driven pumps are
off. If both pumps on one side are off, the pump on the other side can
not pressurize the tank to maximum pressure. Without maximum pressure
in the accumulator tank, the wing sweep mechanism will not function.

One pump can, however, supply enough pressure to operate the flaps and
landing gear.

In order to activate one of the subsystems, the valve in the hydraulic
line leading to that subsystem device is opened. The pressure in that
line is checked to indicate the presence of leaks in the line. 1If the
line is pressurized, the component is activated. If a no-pressure condition
is indicated, the controlling valve is closed and a signal is sent for the
back-up electric motor controlling the device to be activated. 1If both the
hydraulic and electric actuators for the particular device are out, the
subsystem failure flag is set "on'". This prevents asymmetric activation

of the cﬁmponents of a subsystem.

T R
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* For example, in the flap subsystem, when a flap activation signal
is received, the pressure in the accumulator tank is checked. Then, if
there is pressure in the tank, the valve to the left flap is opened. If
the line is pressurized, the flap is set for activation. Then the right
flap valve is opened and the pressure checked. If the line is at pressure,
the flaps open to the desired angle. If either or both lines are unpres-
surized, the electric motors for the devices on the no-pressure lines are
turned on, and the flaps open to the desired angle. Non-activation of
both the actuators on one side causes the flap subsystem to fail. The
flap subsystem failure flag is then set "on'".

Six hydraulic lines return fluid from the actuators to the reservoir
tank. If more than three of the lines have leaks or zero pressure, an
insufficient amount of fluid is returned to the reservoir tank to feed
the pumps pressurizing the accumulator tank. Tnsufficient fluid in the
reservoir tank results in total Hydraulic System failﬁte. as does a
no-pressure condition in the accumulator pressure tank.

Total failure of the Hydraulic System does not have the immediately
serious consequences of the total failure of the other two systems in
AIRSYS. However, total failure of the Hydraulic System can have long
range effects on mission success. A wing sweep angle of 70 degrees
without flaps and perhaps without landing gear may not be serious in
a cruise condition, but later in the mission when a landing is necessary,

this aircraft configuration can have a very serious effect on safe

mission completion.
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CADM and the pilot have access to outputs from the Hydraulic System
and the means to correct any non-hard jammed failures. Outputs from the
Hydraulic System are as follows:

1. Accumulator tank pressure

2. Status of flaps, landing gear, and wing sweep
3. Status of pumps and valves

4. Hydraulic line pressures

5. Fluid reservoir level

6. Overall Hydraulic System status.

3.4 INTERACTION BETWEEN SYSTEMS

'All three AIRSYS systems are heavily interconnected. Figure 14
shows how a typical command is transmitted from the pilot to an individual
component and the response of the subsystems to the command. Failures in
one system could result in failures in another, increasing the complexity
of any solution to a problem. Also, because of these interactions,
recognizing the source of a series of failures becomes more difficult.
For example, as shown in Figure 15, the loss of an engine results in the
loss of the engine driven fuel and hydraulic pumps as well as the electric
generator attached to that engine. The loss of the generator can cause
the loss of many components in all three systems. A list of these com-
ponents lost due to the above failure is given in Table 11. Thus, the
loss of an individual component of one system can cause the loss of com-
ponents in another system and perhaps the entire system. The use of such
an arrangement taxes the abilities of the pilot and the CADM to function

separately and cooperatively.

SEE s
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The interaction between systems applies not only to system failures
but also to component back-ups. The electric motors, in the flaps and
landing gear, back-up hydraulic actuators for those subsystems, and the
electric fuel and hydraulic pumps back-up the engine driven mechanical
pumps. Cooperation between the systems and duplication of components
offers the CADM and the pilot alternatives to total component and system

failure.
4, CONTROLS AND DISPLAYS

The physical hardware of the simulator includes a joystick, two
throttles, a touchtone keyboard to i?put and request data, a monitor
display to display current subsystem states, and a vertical situation
display (VSD). Figure 16 indicates the present physical hardware of the
simulator. l

The monitor display is based on the Hughes Master Monitor Display
(MMD).12 The MMD presents current AIRSYS information, as well as thrust
levels and other sensor outputs to the pilot. 1t can also warn him of
a failure or impending failure in the simulation. The MMD is the CADM's
principal means of communication with the pilot. Figure 17 shows the
MMD display and keyboard arrangement. Table 12 lists the method of
calling information from the SDB.

The VSD displays aircraft pitch and bank angles through an artificial
horizon. Heading is displayed on a compass. Altitude, airspeed, rate of

climb, and command information are displayed on the VSD by means of bar
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Figure 16. Simulator physical hardware.
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TABLE 12

Keyboard Entry Coding Method

SYMBOL DEFINITION USE
™ ~ CHARACTER | CHOICE OF MENU
® RETURN TERMINATOR
® DECIMAL DELIMITER
EXAMPLES :
™ ® SPECIFIES A DATA DISPLAY OPERATION
(® (N (® SPECIFIES A MULTI- FUNCTION DISPLAY
OPERATION

DATA CHANGES, FUNCTIONS IN USE, AND
MESSAGES ARE INTENSIFIED FOR A PERIOD OF TIME.

- e ey
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graphs, alphanumeric symbols, and a moving aircraft symbol. Figure 18
shows the make-up of the VSD.

The joystick and throttles send signals to the SDB through an A/D
signal converter. The aerodynamic model program reads the SDB and acts
on these signals. The results of the reactions to these inputs are
returned to the SDB where the VSD and the MMD read and display them
tc the pilot. The CADM also has access to this data in the SDB.

The touchtone keyboard is used by the pilot to input data and
requests for data into the SDB. There, the other programs can read and
act upon these pilot inputs. The pilot sees the result of his inputs
on the MMD and the VSD. Through the keyboard, the pilot can change
the wing sweep angle, the flap angle, and the gear state. He can also
investigate or change the current state of any AIRSYS component and can
correct a failure through the use of the appropriate code input to the

keyboard.
5. RESULTS AND CONCLUSIONS

Tests on the aerodynamic model of the CADM simulator are described
in Section 3.3 of this work. The results of these tests show that the
model is responding correctly and is stable in all aircraft configura-
tions and flight conditions. Analysis of the lengitudinal and lateral
mode experimental data shows good correlation with the predicted results.
The aerodynamic model was found to be a suitable and adequate simulation
of a variable geometry fighter aircraétt for the purposes of the CADM

study. Flight experience with the simulator indicates that the flying
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task is fairly complex, with the ability to apply varying workloads on
the pilot.

Testing of the AIRSYS is accomplished through the use of the MMD.
While the nature of the AIRSYS does not allow for the collection of
quantitative data, the functioning of the subsystems can be observed
on the MMD screen.

By implementing failures into AIRSYS and observing the actions and
reactions of the subsystem components, the functioning of AIRSYS and the
individual components was confirmed. In all cases, AIRSYS performed as
designed. -

The work described in this thesis was performed in support of the
CADM project. Its purpose was to provide an operating environment for
the CADM. The design, testing, and operation of the CADM was not part
of this thesis work. These aspects of the CADM project have been de-
scribed elsewhere.13 Tests on the entire system, CADM and environment,
have Yeen very encouraging. Even when faced with the complexity of
failures possible in the simulator, the CADM has shown its ability to

operate in an aircraft environment.

A L
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APPENDIX 1

AIRCRAFT CHARACTERISTICS

(e}

T/eng

wt, gross
wt, empty
Alt, max

Mach no, max

I min
y

I max
y
Getrim @450 fps

CeBeof

atrim
b

10
15
6.55

70000

260000

320000

.0745

25
.06

60

9.16
15,000
55,000
35,000
80,000
5.3
550
0.9
100
20 30
25 35
5.90 5.46
70000 70000
260000 260000
320000 320000
.061 045
35 37
.066 .0726
54 50
i e
S B AR il

AT R R R
e S VT e

ft
1bs
1bs
Ibs
ft
ftz
1b/£t?
40
50 70
4 .37 3.28
45000 45000
275000 275000
335000 335000
.00125 -.069
40 50
.0985 .1306
40 30

66

deg
deg

slug ftz

slug ftz

slug ftz
rad

% chord
rad

ft
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APPENDIX 2

NON-DIMENSIONAL STABILITY DERIVATIVES AND COEFFICIENTS

Derivative 15 25 35
C 0.1701 0.1504 0.1401
m()
[
CL 2.0 1.8 1.6
max
C -0.6 -0.8 -1.0
m
(4 4
C -1.8 -1.6 -1.5
mg
e
Cm =20.0 -25.0 -27.5
q
CL S.7 5.4 Sk
a
CL 6.0 7.0 8.0
q
CLG 1.0 1.0 1.0
e
CL- 3.0 3.0 3.3
o
CL -0.0015 -0.0024 -0.00026
o
C -4.0 -4.0 -5.0
me
o
CD 0.06 0.05 0.05
o
C 0.029 0.029 0.029
Dg
e ‘

50

0.11995

1.3

-1.2

-1.4

-20.0

4.2

8.25

0.9

3.0

-0.000175

=5.5

0.04

0.027

69

70

0.10004

-12.5

5.0

0.8

2.8

-0.00004

-6.5

0.03

0.028




APPENDIX 2 (continued)

C -0.085

s
a
<, -0.4
P
cL6 1.1428
£
cD6 0.012
f
¢, 0.011
8
g
cm6 -0.024
£
c -0.05
s
8

-0.085

1.1428

0.011

0.011

 -0.021

-0.05

-0.085

1.1428

0.010

0.011

-0.02

-0.05

-0.0775

0.011

-0.05

70

-0.0575

0.011

-0.05

SOV
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APPENDIX 3

SIMULATED FLIGHT TEST CONDITIONS

LONGITUDINAL MOTION

CONDITIONS VARIABLES
1-5 A
6-9 : §¢

10-13 8¢
14-17 ‘ ¢
15-19 8¢
20-22 c.g.
23-25 (24
26-28 c.g.
29-31 c.g.
32-34 c.g.
35-39 wt, A

LATERAL MOTION

CONDITION VARIABLE
1-5 A
6-8 §

a

72

NOTES

A =15, 25, 35, 50, 70 deg

|

A =15 8 =10, 20, 30, 40 deg

"

P Ly & =10, 20, 30, 40 deg

A =35 & =10, 20, 30, 40 deg

A =15, 25, 35, 50, 70 deg
§g = 1 (extended)

A =15 cg = .20, .25, .30 chord

A =25 cg=.30, .35, .40 chord
K =35 cp = .32, .37, .42 chord
A =50 cg= .35, .40, .45 chord

A =70 cg = .45, .50, .55 chord

A =15, 25, 35, 50, 70 deg

wt = 35000 1b
NOTES
§,=10°A =15, 25, 35, 50, 70 deg
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