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Abstract

Digital simulations were developed to implement a pitch

rate control system for the F-16 aircraft engaged in aerial

gunnery . First , the EASY Modelling and Analysis Program

by Boeing Computer Services was adapted to implement a

longitudinal axis F-16 aircraft, f l ight control system, and

• pilot model . Comparison of closed loop system responses

indicated a proposed pitch rate flight control configur~ation

would improve target tracking performance. The Terminal

Aerial Weapon Delivery Simulation (TAWDS ) program by McDon-

nell Douglas Corporation was adapted for the F-16 aircraft.

A non-linear, six-degree-of-freedom aircraft model, multi-

axis flight control system, and multi-axis pilot model were

developed to demonstrate target tracking capabilities.

Eight different air-to-air scenarios were developed to simu-

late evasive encounters with an F-4 target aircraft. Time

history target tracking errors indicated the improved

tracking performance of the proposed pitch rate flight

control conf iguration over the present normal acceleration

configuration of the F-16 aircraft.

xiv
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PITCH RATE FLIGHT CONTROL

FOR THE F- 16 AIRCRAFT TO

IMPROVE AIR-TO-AIR COMBAT

I. Introduction

One of the most challenging tasks facing today ’s tacti-

cal fighter pilot is that of air-to-air gunnery. When

engaged in aerial combat with an enemy aircraft, today’s

fighter pilot must maintain an offensive role by tracking

his target. To be successful, he must achieve a target

tracking solution that allows him to deliver his weapons

quickly and accurately. All too often, this task requires

more skill and control precision than the pilot is able to

provide.

- 

During recent years, considerable USAF and industrial

efforts have been directed to developing advanced tactical

aircraft flight control systems to improve weapon delivery

accuracy. The most promising of these engineering efforts

involves integrat ion of aircraft flight and f ire control

systems. The benefits of automatic flight control, coupled

with automatic weapon delivery, will allow a fighter pilot,

while engaged in air-to-air aerial combat , to select a

1-. degree of automation to assist him in both flying his

1
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aircraft and firing his weapons more effectively. This

could range from a manual system to a fully automatic mode

of operation. Preliminary investigations have shown that

weapon delivery accuracy can be improved by coupling air-

craft flight control and weapon delivery fire control

systems to relieve the fighter pilot of his ever increas-

ing workload (Ref 1). However, the possibility also exists

of improving weapon delivery effectiieness by conditioning

flight control systems without removing the pilot from his

primary tasks. Manual flight control investigations of im-

proving aerial gunnery will be considered in this study.

4 -

Flight Control System Background

The performance of air superiority aircraft such as the

McDonnell Douglas F-l5 or the General Dynamics F-16 in air

comba t maneuvers places unusual and heavy demands on the

flight control system. This is true because today’s high

performance aircraft are operated over extremely wide flight

envelopes. In addition to using the total altitude and Mach

range, the pilot exercises the aircraft through its full

angle of attack capabilities during air combat (Ref 2).

To aid the pilot in his primary task, handling quality

specifications have been designed using a weighted combina-
1..

tion of pitch rate, normal accelerat ion, and pitching2
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acceleration criteria (Ref 3). Aircraft flight test perform-

ance ratings have indicated a pilot preferenc e of this

blended system for normal cruise maneuvers. As a conse-

quence, several systems have been built which combine

S pitch rate and normal acceleration as the feedback variables.

One method for mechanizing the flight control system

• feel/response is the C* approach that was first proposed

by Boeing aircraft design engineers (Ref 3). This approach

uses a linear blend of normal acceleration, pitch rate, and

pitch acceleration. The weighted control combination can

be described as follows:

I C* = k
1

A~~~ + k
2

ô + k
3~~ ( 1)

where

A
~~ 

= normal acceleration at c.g.

6 = pitch rate

= pitch acc eleration

The C* equation can also be defined in g’s where the

Units of k2 
are equivalent to a velocity divided by gravity

(g) and k3 is equivalent to the distance between the linear

accelerometer and the center of gravity of the aircraft

divided by g. Using k1 
= 1, Equation (1) can be written as:

S



U 6 L~
C* = A  + 

co ( 2 )
n g g

where

Uc = the cross-over velocity (approximately 400 ft/sec )

L = distance between linear accelerometer and the

center of gravity of the aircraft.

Selection of the cross-over velocity specifies the

operating point at which the control contributions of pitch

rate and normal acceleration feedback are equal . At lower

airspeeds, such as in landing approaches where the control

surfaces are relatively less responsive than at cruise

flight, the pitch rate feedback is predominant . At air-

speeds a~ove the cross-over velocity, in flight regions

where the aircraft control surfaces are relatively more

responsive than at lower airspeeds, the normal acceleration S

feedback is predominant. The C* approach is convenient for

the mechanization of a feel system because of the ease by

which the pitch rat e, pitch acceleration, and normal accel-

erations can be measured (Ref 3).

Gunsight Technology

Although present technology has developed very advanced

flight control systems that could be used in the integration

of flight and f ire control syst ems, a key limiting factor in
5 
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• advancing a i r - to-air  combat is target tracking systems. The

• aircraft gunsight is mechanized to compute and display to

the pilot the lead angle required to hit the target . This

is generally done by displacing an aiming reticle for the

• required lead angle from some gunsight reference line to the

target. Essentially, if the pilot flies his aircraft so as

to keep the reticle on the target, he then is maintaining

the proper lead angle to achieve a target hit (Ref 2).

For many years , target tracking has been accomplished

using a disturbed reticle sight . The most popular of these

• sights and the one that is used on most present day fighter

aircraft is the Lead Computing Optical Sight System (LCOSS).

The LCOSS generates a gunsight l€ad angle based on the

attacker aircraft’s own dynamics. The attacker aircraft’s

own body rates, load factor, angle of attack, and airspeed

are used to determine a gunsight lead angle solution. To

achieve a continuous target tracking solution with the LCOSS

sight, the pilot must fly his aircraft to remain in the same

• plane of motion as the target aircraft .

In contrast to the LCOSS, a new director gunsight is

V
presently being developed and demonstration flight test

programs are scheduled to begin in the near fu ture .  Gen-

erally, the director sight incorporates actual measurements

A 
_ _  _ _ _ _ _________________________ - ‘~~~~—— 
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of target aircraft motion to determine a gunsight solution.
4

Line of sight angle rate and position measurements are used

in the director sight instead of own-ship body rates as in

the LCOSS. The director system employs a tracking device

such as an angle tracking radar or an electro-optical tracker

• to measure target motion. With actual target measurements,

the director system incorporates a Kalman filter to determine

the expected future target position (Ref 4).

Objective

• The primary objective of this study will be to compare

• the target tracking performance of a director gunsight im-

plementation for manual flight control involving two air-

craft flight control configurations. Present handling qual-

ities specifications, supported by Cooper-Harper pilot rat-

ings have indicated that normal acceleration feedback may

be effective for most flight conditions. However, a pitch

• rate flight control scheme will be investigated to improve

aerial gunnery during air-to-air combat. Since the director

• guns ight incorporates actual target measurements of angular

error and angular error rate, it seems appropriate that a

pitch rate control feedback scheme could be employed to

provide improvements in manual target tracking systems.

6
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Plan of Attack
4 - H

To begin the investigation of pitch rate control, it

was necessary to select an aircraft whose flight control

system incorporates the C~ concept. Selection of the F-l6

flight control system as a candidate system is discussed in

Chapter II. Considerations of a flight condition and air-

craft characteristics are also included in Chapter II.

Implementation of a representative F-16 pilot model is

discussed in Chapter III. This analytical representation

allowed a closed loop system to be established for man-in-

the-loop simulations necessary for manual flight control

evaluation.
‘.5

A digital simulation of the F-16 a i rcraf t  dynamics,

flight control system, and pilot model is developed in

Chapter IV. Analysis of the present F-16 flight control S

system is described along with the investigation of a

• predominately pitch rate control configuration.

A second digital simulation program is discussed in

Chapter V. A non-linear six-degree-of-freedom aircraft,

flight control model, and multi-axis pilot model is de-

veloped to provide a closed loop simulation. To provide

realistic target tracking encounters, a series of eight

(. different air-to-air combat scenarios is developed.

7
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The results of the air-to-air encounters using a direc-

tor gunsight implementation is included in Chapter V. Time

history simulation data is generated to measure the target

tracking performance of both the present normal acceleration

flight control configuration of the F-16 aircraft and the

new proposed pitch rate flight control system.

4:
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II. Aircraft Selection

Selecti-~n Criteria

The F-16 fighter aircraft built by General Dynamics

Corporation was selected as the baseline aircraft simula-

tion model. The F-16 was chosen because it represents the

present state of the art in fighter aircraft design. Its

fly-by-wire f l ight  control system enabled design engineers

to harness a basically unstable aircraft and obtain unpre-

cedented flight performance. The design of this flight

control system incorporates the C* concept discussed in

Chapter I (Ref 3). The F-l6 flight control system incorpo-

rates angle of attack, pitch rate, and normal acceleration

feedback. As the C* concept implies, normal acceleration

feedback is predomina nt at cruise airspeeds. A blending of

S 
normal acceleration and pitch rate feedback is employed in S

the longitudinal axis control system. In addition, angle of

attack (i.e. alpha) is fed back to the flight control system

to aid stability and achieve alpha limiting at high angles

of attack. This unique configuration makes the F-l6 aircraft

a very likely candidate to examine various flight control

configurations and incorporate these into a manual flight/fire

control system evaluation (Ref 5).
~~ t S  S
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In addition to this interesting flight control con-

figuration, the F-l6 was selected because of the ongoing

joint programs between the Air Force Flight Dynamics Labora-

tory and General Electric Company. Their continuing investi-

gations of integrating f l ight  and fire control systems has

recently included a manned simulation program using the F-lB

as a baseline aircraft model (Ref 1) .

Aircraft Model Description -

To complement the ef~forts of the Air Force Flight

Dynamics Laboratory and General Electric Company, realistic

scenarios were developed for the simulation. The air-to-
L.

air encounters were set with the F-16 aircraft in its clean

conf iguration at a cruise airspeed of .8 Mach and altitude

of 20,000 f eet !~~L. It was from this cruising flight con-

dition that the attacker aircraft would engage the enemy

target. Assuming that the pilot had fired his two available

Sidewinder missiles, he was equipped with only his 20-milli-

meter M-61 conventional cannon with which to continue the

engagement.

To validate the aircraft dynamics of the modelling

program s, F-16 aircraft dynamic simulation data obtained

from the Air Forc e Fl ight Dynamics Laboratory LAMP~.RS fac i-

lity was selected as the desired test case. A digital

10
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program by John Griffin (Ref 6) provided aerodynamic data

for computer validation of selected aircraft configurations

and flight conditions for the F-l6 manned simulatic ts in

the LAMARS facility . This data serves as a basis for the

F-16 digital simulations to be developed. Table I des-

cribes the F-16 aircraft model characteristics of the test S

case selected. A more complete aircraft model description

and detailed listing of the flight condition stability 
S

derivatives are shown in Appendix B.

4.
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Table I
F-l6 Aircraft Model Characteristics

(Ref 6)

Fl~~ht Condition

Alt i tude  - 20,000 f t
Airspeed - .8 Mach

(829.5  ft/scc~,@ 20,000 ft.)
Dynamic pressure - 436.06 lbs/ft
Air Density - .001267 ~lu.i-f1

Aircraft

Clean confi gurat ion
Gross weight - 19 , 000 lbs
Mass - 590.5 slugs
e.g. location - 33.92~, moan aerodynamic

chord (MAC)
Chordlength - 11.32 ft
Wing span - 30 f t  

2Wing ar ea - 300 f t
Moments of Inertia 

2fl-axis - 9007.5 s lugs-f t ,
YY-axis - 49956. slucis-ft.,
ZZ-axis - 5 6 7 7 0 .  s1ugs-ft~,
XZ-axis - 198.0 slugs-ft

Trim Fliciht Condi tion Parameters

Load factor - 1 g (32.174 ft/sec )
Flight path anqlo - 0 degrees
Angle of attack - 2.1039 deoree~
Stabilator — —1.9123 de~i t’o~;

(elevator ) (up deflection)

Armament

M— 6 1 gun — 20 mm ammunition
- 3400 ft/sec muz~1eveloc i t y
- 6000 rounds/mInute

12
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III. Pilot Model Development

i i

Basic F-4 Ai rc ra f t  Pilot Model Descript ion

In order to implement a closed loop system performance

analysis, an F-l6 multi-axis pilot model was required.

Manned simulation effor ts  by McDonnell Douglas Corporation

have been instrumental in the development of an analytical

pilot model for the F-4E aircraft. Their mathematical model

was developed from target tracking data produced by twQ
I

iEAF pilots flying in the ?v~AIR flight simulator (Ref 7). In

simulating air-to-air weapon delivery, a data base was provi-

ded by measuring aircraft tracking time histories, pilot

tracking task responses, statistical tracking performance

and weapon delivery performance. The pilots were required

to track a target aircraft through programmed maneuvers

while their tracking performance responses were documented.

Although efforts of McDonnell Douglas were directed

to developing an F-4E aircraft pilot model, they determined

from time history data that pilot elevation and traverse

tracking error characteristics were similar regardless of

the pilot , the weapon delivery task, aircraft fl ying quali-

ties, or sight system characteristics. The results of the

McDonnell Douglas study indicated that elevation track ing

error contained two predominant modal components. This was

13
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due to the pilot ’s interaction with the aircraft’s short
~~ -

SS

period dynamics and the sight dynamics. Both frequency

components were observed to exhibit a limited or lightly

damped response. Their study of pilot responses indicates

that the longitudinal pilot model treats the pilot as a

proportional-plus-derivative observer of the tracking error .

The pilot threshold limit of error rate is indicated by use

of a dead zone in the error rate cha~tnel. This proportional-

S 

plus-derivative observer of elevation angular error results

in a tracking error projected a time interval into the

future. This projected error is then coupled with the output

of a low pass filter to determine the pilot’s rate input

to the control stick. Integratinq this control stick rate S

provides the control stick position or stick force that
S 

determines the pilot model response to the flight control

system. The pilot model schematic is shown in Figure 1.

Just as in the longitudinal pilot model, the lateral-
S 

directional model is based on the assumption that the pilot 5

acts as a proportional-plus-derivative observer of the tra-

S verse tracking error with the dead zone on the error rate.

However, additional visual ques that the pilot may perceive

W in traverse tracking are incorporated in the lateral-direc- S

F 5
~

- tional pilot model . This includes feedback of attacker

14
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aircraft bank angle relative to the target aircraft. This

S addit ional input , which incorporates a dead band for thres-

hold limits, is used to modify the lateral stick commands

based on traverse tracking error.

The schematic diagram of the longitudinal and lateral-

directional multi-axis pilot model developed by McDonnell

Douglas is shown in Figure 1. A root locus stability

analysis of the pilot model transfer function was used to

determine how the parameters of the pilot model affect

S closed loop system stability and control during weapon

delivery. Both the director sight and the lead computing

optical sight system were used in the air-to-air gunnery

S investigation and pilot model validation. Tracking perform-

S ance time histories and frequency responses of the pilot

model performing weapon delivery tasks closely represented

those of the human pilot in the manned simulations (Ref 7).

F-16 Aircraft Pilot Model Description

Unfortunately, the gain parameters of the pilot model

developed by McDonnell Douglas for the F-4 aircraft configu-

ration was not sufficient for an F-16 simulation. Since

this basic model was not compatible with the F-16 aerodynamic

H - and fl ight control charact erist ics , an eff ort was made by

General Dynamics to adapt this basic F-4 pilot model to the

j 
- 

- - 
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aircraft bank angle relative to the target aircraft. This

additional input, which incorporates a dead band for thres-

hold limit s, is used to modify the lateral stick commands

based on traverse track ing error .

The schematic diagram of the longitudinal and lateral-

directional multi-axis pilot model developed by McDonnell

Douglas is shown in Figure 1. A root locus stability

analysis of the pilot model transfer function was used t0

determine how the parameters of the pilot model affect

closed loop system stability and control during weapon

delivery. Both the director sight and the lead computing

optical sight system were used in the air-to-air gunnery

investigation and pilot model validation. Tracking perform-

ance time histories and frequency responses of the pil ot

model performing weapon delivery tasks closely represented

those of the human pilot in the manned simulations (Ref 7).

F-16 Aircraft Pilot Model Description

Unfortunately, the gain parameters of the pilot model

developed by McDonnell Douglas for the F-4 aircraft conficju-

ration was not sufficient for an F-16 simulation. Since

this basic model was not compatible with the F-lG aerodynamic

and fl ight contr ol chara cter istic s, an eff ort was made by

General Dynamics to adapt this basic F-4 pilot model to the

16
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A F-16 aerodynamic and flight control characteristics. Their

approa ch was f ir st a pilot model gain study followed by a

comparison of flight test data with manned simulation re-

sults. Their study provided a multi-axis pilot model that

produced fairly adequate tracking performance for a stabi-.

lized 5 g target aircraft model. Table II indicates the

parameter gain values of the multi-axis pilot model adapted

for this simulation. The parameters of the pilot model

shown are for employing the director sight system. Pilot

performance variations while employing the LCOS system are

included by the gain changes as indicated by the asterisk

(Ref 8).

Tabl e II
Parameter Values of the F-lô Pilot Model
Implementing Director Sight (Ref 8)

c
.05 1.0 0.6 .125 .125 .25 .0573

KAIL ~RTR 1
~RUD DB-l DB-2 DB-3

.10 1~~5 0.0 lmr/sec 5 deg 2.5mr/sec

*To implement the LCOS, the above parameters remain the same

except:

~~~~

- (. KAIL
_ .17

17
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IV. Development of the Analysis Model

EASY Pro~p-am Discussion

To aid in the analysis of the present flight control

configuration and implementation of a pitch rate controller,

the EASY Modelling and Analysis Program by Boeing Computer

Service was adapted (Ref 9). The EASY program package con-

sists of two programs which allow the modelling and analy-

sis of dynamic aircraft systems in both steady state and

dynamic behavior . The first of these is the EASY Model

Generation program . Thi s pre-compiler program accepts model

description instructions from the programmer and from these

S 

instructions generates a FORTRAN model of the aircraft system.

The output of the EASY model program is a complete system

model description including a computer generated schematic

diagram showing inter-connections between the components of

the constructed model. Standard EASY components used in-

c].ude a i rcraf t  modelling components and control system

components. The computerized model was analyzed using the

linear, non-linear, steady state, and dynamic techniques

available in the EASY Analysis program . FORTRAN statements,

referred to as “program commands”, allowed the analysis to

- 
. include non-linear simulation, steady state calculation s,

linear model generation from the original non-linear model,

18
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• eigenva lue calculat ion, root locus analy sis, transfer

function calculation and several other dynamic analysis

techniques.

F-l6 EASY Model

The EASY Model Generation program was begun by develop-

ing a schematic diagram of the longitudinal axis of the F-16

flight control system. The fold-out of Figure 2 indicates

the present F-l6 aircraft control configuration. Simplif i-

cations of the pitch axis system (upper left of Figure 2)

were made for the EASY model program. The aircraft flight

condition chosen was .8 Mach at 20,000 feet and the aircraft

model configuration was that for cruise flight with no

pitch trim nor pitch autopilot included. Trailing edge S

flaps were not implemented and, because very little control

blending occurs at cruise airspeeds, the diff erent ial ta il

deflection of the F-16 aircraft was also not modelled.

Instead, it was assumed that the aircraft exhibits conven-

tional elevator deflections. Assuming rigid body dynamics,

the high frequency structural filters were also omitted.

The resulting F-16 longitudinal flight control system

modelled for the EASY analysis program is shown in the

schematic diagram of Figure 3 (Ref 10).

- 
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Only standard components of the EASY program wore

necessary to complete the flight control system modelling .

The dash boxes around the elements in the control system

diagram of Figure 3 indicate each standard component use1i .

For example, the FU components indicate table look-up

functions . These Include both the pitch command gradient

and gain scheduled vari ables that are func t ions  of dy namic

and static pressure. The LA and LG components were used to

model first order lag transfer func tions. First order lead-

lag transfer functioii~ were modelled with the LE component .

The multiply and add components , MA and ~~ were used to

model the summing j unc t ions . Second order transfer functions

such as in the elevator actuator wore modelled usinq the

TF component . L i m i t in ~ f u n c t ion s  or s a t u r a t ion  func t i on

components, SA , were used to regulate the pilot commanded

maximum a forces, angle of attack, actuator rates , and

elevator deflection.

In addition to specifyinDi the F—lG flight control

system components , the aircraft dynamic modelling was

necessary. Description of the aircraft motion centered

around the standard components AV, LO, and SD. The AV

component uses the aircraft ntates to compute aerodynamic

variables such as an ~ile  of a t tack , air sp eed , body rates , etc .

23
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The longitudinal aerodynamic component, LO, computes the
S 

longitudinal aerodynamic forces and moments. The six-degree-

of—freedom equations of motion component , SD, contains the

rig id body dynamic equations for integrating the a i rc raf t

- - 5 states and is driven by the aerodynamic variables generated

-~~~~ 
- in LO.

In addition to the aircraft and flight control system

model, the longitudinal pilot model described in Chapter III

was also implemented into the EASY program . Again , standard

S 
components were used to complete the pilot model description

as shown in the schematic diagram of Figure 4. This pilot

t model implementation incorporates parameter requirements

for the director sight. Although the description appears

different from that of Figure 1, p. 16, a mathemat ically —

equivalent model is shown. The time delay component of

Figure 1 has been incorporated in both the proportiona l and

derivative channels of the longitudinal pilot model . In

addition, Figure 4 indicates the pseudo target tracking task

of the pilot model for the EASY analysis. A closed loop

system was achieved by feeding back the attacker aircraft

pitch angle. This pitch angle was compared to a reference

angle to allow performance evaluations of system response

to step inputs. The aircraft pitch angle was chosen since

24
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it is angular target measure that is observed by the pilot

in his target tracking task. Unit measurement changes are

also reflected in the diagram of Figure 4.

To complete the requ irements of the EASY modelling

program, a component block diagram with interconnections was

specified. The output of the EASY Modelling Generation

program provided a schematic of the overall system indicating

input, output, and parameter requirezr.ents of the flight

control system aircraft model and pilot model. A listing

of the model description statements along with a computer

generated schematic diagram of the total system modelled

4 is included in Appendix A.

F-16 EASY Analysis 
-

Parameter requirements of the analysis program for the

flight control system and pilot model were specified by the

input list generated by the model program . This data is

in two parts; first, data necessary to generate the table

look-up functions of the flight control system; and secondly,

parameter values of the standard components. The gain

scheduling blocks indicated in Figure 2 were built using

the table function components, FU. This tabular data was

4 
loaded by describing both the independent and dependent

variables. Additional parameters were loaded in the analysis
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program to specify either linear interpolation or extrapola-

tion of the table look-up functions . Following the tabular

data, parameter values were loaded to specify all require-

ments of the standard components shown in Figure 3 and

Figure 4.

Additional data requirements included stability deriva-

tive information necessary to satisfy the longitudinal equa-

tions of motion. Inconsistencies were found in stability

derivative definitions, sign conventions , and unit measure-.

ments. It was therefore necessary to develop an axis system

and sign convention to be consistent throughout the simula-

tions. The most convenient system was a set of mutually

perpendicular reference axes intersecting at the center of

gravity of the aircraft. About this point , the a i rcraf t

motion, moments and forces were measured. The positive

directions for these axes were selected as: forward or

opposite the direction of airflow for the X axis; to the

right for the Y axis; and downward for the Z axis. Reference

data provided by the aircraft manufacturer and the test case

from the Griff in program was selected using the stabilit y

axes as reference. The stability axes are established with

the X axis parallel to the undisturbed airflow with respect

to the aircraft  body. The axis system selected is described
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in Figure 5. The sign convention established, although

not universally used, is consistent with both the data

presented by General Dynamics and that of the test case

selected. A graphic description of the sign convention

used is shown in Figure 6 (Ref 11).

Data preparation for the constant coefficient aero

model of the EASY analysis program included external forces ,

torques, and aerodynamic stability derivatives. The non-

dimensional stability derivatives were obtained from test

data derived from a test program used by the Air Force

Flight Dynamics Laboratory LAMARS simulation program . Run

( #43 of this Griffin program was used as a data base and is

listed in Appendix B. It should be noted that the dynamic

stability derivatives (e.g. functions of control surface

deflections) are listed in per degree units while static

stability derivatives are listed in radian measure. The

non-dimensional derivatives used to satisfy the longitudinal

equations of motion of the EASY program are shown in Table

III along with their respective EASY program names (Ref 6).

F-16 Aircraft Model Validation

With the tabular data, parameter values, and stability

derivative requirements satisfied, the EASY analysis program

was used to verify the aircraft dynamics. The first check

28
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Table III
t Longitudinal Stability Axis I I

Stability Derivatives
(Non-Dimensional ) 

S

(Refs 6, 12, 13)

Drag EASY 
S

Coefficient Definition Value Parameter Name

- -D - .0250 XO LO
0 qS

aC
D - .1644 XA LO

-C -MC - .0746 XU LO-
u 2 M

+ .0525 XDELO

e

Lif t
Coefficient

-C -L - .1443 ZO LO
0 qS

-4.8159 ZA LO

-C _
~

CL + .6600 ZADLOL. 
____

_CL _ aCL -2.5965
q

12U
0
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Table III
(Continued)

Lift EASY
Coefficient Definition Value Parameter Name

-C -M C - .0607 ZU LO
u M

_C
L 

_
~

CL - .4986 ZDELO

36
e

Pitching
Moment

Coeff icient

C - - .0182 M O Wm
0

PS

C aC + .0943 MALLO

C ØC - .9550 MADLOm. m
a

C 3C -2.3187 !~K~ LO
q

2U
0

C 74 C~~~ - .0145 MU LO - 

-

C ~C - .6669 MDELOin6 rn
e
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p

of the system was to trim the aircraft in straight and level

flight at an alt itude of 20,000 feet and airspeed of .8

Mach , or an equivalent 829.5 feet per second. In order to

trim the a i rcraf t , two additional int egrators were added

to the system model . The input of the first trim integrator

was the difference in reference altitude of 20,000 f eet and

the actual calculated altitude of the SD component during

the trim iterations. This difference error was then inte-.

grated and the output fed into the system as a stick input

to help achieve a steady state at 20,000 feet. This trim

S integrator is shown in the upper left hand corner of Figure

3. Likewise, a second trim integrator was used to compare

actual velocity calculated in the SD component to the

reference velocity of 829.5 feet per second. This velocity

difference was integrated and the error was used to help

achieve the desired trim condition.

Through the use of program commands, a steady state 
S

system solution was determined . Following trim iterations

of the EASY program, the computer output shown in Figures

7 and 8 verify the aircraft trim condition. The system

states, as defined by the EASY program, are those quantities

described by first order differential equations. As shown

in Figure 7, the system modelled consists of 25 states. The
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S value of each sL~ t c i.~; given for the trim condition. Out—

put variabi ~~~~; a r~ shc’~rn Lha L correspond to the coxnponon 1:

outpu N; eU F’i~3ure ~~, p. 21 . The pa.rametex values for each

s tandard cernp~ nen L are ii.~ted in Fiquro 8. To achieve the

dos i t e d  t:rim coitd.i 1: S i Ofl f t h e  pilot model . was ±~ Olci t~ d from the

S aircraft and II . icihl I. ~5 5n t  t L  l~ niodcl . 1~ - Proor arn cenunands were

then u~ ecl t:o ci enera t:c t :eadv tat. e I I. oral: .i ens - In do Inc

th i s, the dynam Ic equa L I oiis of motieii  wer per Lu i’bed f I: or

each i t :crot  ion stop unt .i 1 the trim coudi Lion :;pec i lied by

altitude ~nd airspeed m i  t:Iai conditions Wa;; achieved . The

~tal.c variab]. os indicate t:he quani : i t  ic~-~ I h i t. rosul L front

in tegrat ing the set of f i r s t  orde r di lf ~ .t cn I: i l -i ]  equa Lions

tha t cs:snlp t i ~; ‘ I Ii e dy flLuffl C sS l\ I l l S  cm model . —

Once that an operatiun po.t nt was c’s t :ci l~l ishied , al l. iiì i Lial

cond i t ions  ol integrator sI:at:es wore t r a n s .t:orred to ftc sys—

t ent through a program coitmiand . With  the two addi t ional  t r im

intogrator s  for  a l t i t u d e  and airspeed turned o f f  ( i . e .  inte-

grator s tates  “f ro~ on ”) v e r i f i c a t i o n  of the F-l6 a i r c r a f t  
S

charactor ist :ics cont inued .

1fl~~ model developed by the l~A~Y p r i  i aut wh i cli in c l u d es

the F—16 aircrift5 ch a r a c t  ct is! ics , .1 ~~ii~~ itudinal fi. iqht:  con-

trol sys t e r n , and 1 ono I t.ii d .1 na 5l p.i l e t  model , I :; described by

the s 1mp h . i t ie d block d L.Ia r Irn ~~~ h i ( l t t t O  9.
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Figure 9. EASY Model Simplified Diagram

By selecting summing junction parameters to open all

flight control system feedback loops and f reez ing  integra-

tors in the pilot model and flight control system, transfer

functions of the aerodynamic variables for elevator deflec-

tion could be obtained . With the above provisions completed

throug h program commands, the total system was effectively

r educed to the a i r c r a f t  dynamic model shown in the sixnpl i-

fied diagram of Figure 10. The basic aircraft dynamics of

the Griffin program were compared with EASY Analysis program

calculations. A comparison of the computer generated
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Figure 10. EASY Transfer Function Diagram

characteristic equation roots with the G r i f f i n  program data

is listed in Table IV.

Table IV
Roots of the F-16 Characteristic Equation

( Longitudinal Dynamics)

Griffin Data Easy Analysis Data

Short Period +.8282 +.8l68
—2.745 ~2.746

Phugoid — .0262 + j.1528 - .0288 + j.1245
— .0262 — j.1528 — .0288 — j.1245

-ì
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At the flight condition selected for this simulation,

flight data indicates that the basic F.-16 airframe is un-

stable. The relaxed static stability is demonstrated by

the real positive eigenvalue. As shown above, the short

period mode of the F-l6 aircraft has two real roots. One

of these in the right half plane brings about the a i r f ram e

instability. The phugoid mode is indicated by the pair of

dominant complex poles near the origin.

Although the numerator characteristics were calculated

in the EASY Analysis program, it was not possible to have

these pr int ed to enable a comparison with the numerator

dynamics of the Griffin program . However, transfer functions

were calculated using the EASY program command s and the

computer generated Bode diagrams were used to validate the S

numerator dynamics . From the G r i f f i n  program data, the

following analytical transfer functions of angle of attack

per elevator deficetion and pitch rate per elevator deflec-

tion were derived:

a = - .1329(s + 148 .5) ( 5 2 
+ .0l77s + .0040)  ( 3 )

e (s - . 8 2 8 2) ( s  + 2 .7 4 5) ( s 2 + .0524s + .0240)

= —19.72s(s + .0 l74 1) ( s  + 1.312) ( 4 )
(s - .8282)(s + 2.745)(s2 + .0524s + .0240)
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The AFIT frequency response program (FREQR) was used

to generate plots of the above transfer functions. Figure

11 shows the angle of attack per elevator deflection trans-

fer function of the Griffin program data. This compares

very favorably with the computer generated EASY magnitude

and phase plots of alpha per delta elevator shown in Figures

12 and 13, respectively. A similar comparison of the pitch

rate per delta elevator transfer functions was made and the

results ar e shown in Figures 14-16. The above comparisons

clearly serve to substantiate the validation of the F-l6

aircraft  model developed .

As mentioned earlier, the F-iS basic a i rcraf t  is un-

stabl e at the flight condition selected for this simulation.

This instability is evidence of a positive static margin

which is defined as the ratio of C to C . The instabilitym La a
of the basic F-16 airframe was demonstrated by using the

simulation program commands of the EASY Analysis program.

With all integrator states in the flight control system

frozen and also insuring that all feedback channels of the

flight control system were opened, a time simulat ion was run

to show the dynamics of the aircraft alone with no flight

control system. An initiil condition equivalent to a j

40
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one degree angle of attack pertubation was input into the

aircraft system and the resulting dynamic respons e is shown

in Figure 17. It can be seen that the aircraft does not

return to its equilibrium trim condition with even a slight

angle of attack pertuhation. The display shows the angle of

• attack , pitch angle, and altitude increasing while the a ir-

craft airspeed decreases . This demonstrates the necessity

of maintaining the flight control system to harness the

inherent aerodynamic instability.

EASY System Analysis

The EASY Analysis program was further used to examine S

the present F-16 fl ight control system. Investigations

continued to establish a measure of the system effectiveness.

The present F-iS flight control system, which is predomin—

antly normal acceleration feedback, was evaluated in terms

of tracking performance. As shown in Figure 18, a closed

loop system was established by having the pilot model respond

to an angular error input . The command angle was the dif..

ference between the aircraft pitch angle and a prescribed

reference angle. By establishing this pseudo tracking task ,

a first order approximation of the director sight implementa-

tion was achieved. The pilot model parameters were selected

to be consistent with the director sight characteristics.

47 -

555 — —~~~~~~~~~~~~~~~~~ — - ~~~~~~~~~ ---—-— -~~~



_ _ _ _  ~~~~~~~5-~5- 

~~~~ ‘W ~~~~~

p

0 0 0 0
~~~~ — — — — — - — — — — r” ~ ~~~~

“ — — — — — — — — —
/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\ /

_
~~~~~~~~~~~~~~~~~~~~~~~~~~~

. _  _ _
~~~~~~~~~~~~~

H l I t t ! : t 1 I  f-I M l  IHI:L
0 0 0 0 0 0 0 0  0 0 0 0 0 0  0 0 0 0 0 0  0 0 0 0 0 0

~ *1 ~ ~ 
~~~~~ ~ 

l~ ~~~~~ ~~ t~I 6 1

OW?4 0~ fl 0~Lf~

~
OI X L~1 DasIL!l - 

saaaioaa

~an~1IaTw LLIOO’13A ~3YJLLV dO ~‘1~NV ~‘1E~NV H3.LId

HI . 48

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 

S - -

~~~~~~

— 

~~~~~~~~



- ~~~~~~~~~ 

~~~~~~~~~ 

5T
~

5555 -
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~ 55- 5

S 

~~~~~~~~~~~~~~~~~~~~~~ 
8e

S 

/ 
_ _I _ _

PITCH ANGLE , 9 
-

S 
Figure 18. EASY Closed Loop System Schematic Diagram

Control of the pitch feedback summing j unction of Figure 18

was gained through EASY program conunands and by selecting

S the appropriate parameter, the 0/OREF transfer function was

established for either closed or open loop analysis .

The magnitude and phase Bode plots of the normal accel-

eration configuration for the closed loop are shown in

Figures 19 and 20, respectively. The magnitude plot indi-

cates the transfer fun ction is well behaved and the maximum

peak, MmI of 1.43 occurs at a frequency of .356 radians per

- second. As seen in Figure 19, the system bandwidth. is
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approximately .7 radians per second . Next the open loop

transfer function was investigated by opening the feedback

loop at the summing junction. The Bode plots of the open

loop normal acceleration t ransfer  funct ion are shown in

Figures 21 and 22. As seen in Figure 21, the gain cross—

over occurs at approximately .5 radians per second and the

phase margin (Figure 22 )  is 52 degrees . To evaluate the

effectiveness of the pseudo tracking task of the pilot model ,

a time simulation was run to show the system response to a

step input of 5.5 degrees pitch . The time response to this

step input is shown in F igur e 23.

The EASY Analysis program was also used to investigate

the merits of a pitch rate command system . As discussed in

Chapter I, the C* design concept for the F-16 flight control

system employs a predominantly norma l acceleration command

system at cruise airspeeds . This is evidenced by the larger

weighting of normal acceleration to pitch rate in the feed-

back channels of the longitudinal control system. For air

combat track ing task s, pitch rate feedback could be made

predominant by adjusting this weighting relationship. One

possible implementation would be the total weighting of pitch

- - - rate as the command signal with the el im inat ion of normal

acceleration feedback. - •
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This method was attempted and the EASY program was

modified to incorporat e a pitch rate control system. As

shown in the model diagram of Figure 3, p. 21, the normal

acceleration channel was elim inated as a feedback signal by

setting the gain parameter equal to zero . The angle of

attack feedback channel was maintained to aid stability.

Because the primary feedback variable was to be pitch rate,

the washout f i l ter  in the pitch ratc channel was removed.

The lead-lag transfer function 2(s + 15)f(s + 30) was im-

plemented as the new LEE3 component to increase the system

bandwidth . - Additionally, a root loöus analysis was used to

determine that a pitch rate feedback system gain of .3 would

provide an overall system damping factor of approximately .7.

An improved system performanc e was indicated by evaluating the

open and closed loop transfer functions . The system response

with the pitch rate feedback system is indicated in Figures

24 , 25 , 26 , and 27. The response of the p itch rate system is

similar to that of the normal acceleration, however , certain

points are noteworthy. For example, the maximum peak of the

closed loop transf er function, shown in Figure 24, occurs at

the same frequency as in the normal acceleration system, but

reduced to 1.28. As noted also in Figure 24, the effective
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bandwidth of the system has been increased from .7 to 1.0

radians per second. Figure 26 indicates the gain cross-

over of the open loop pitch rate transfer function occurs

at approximately .75 radians per second.

The above observations imply that a pitch rate command

system could be successfully implemented to achieve overall

system performance improvement. To verify this, the time

S response of the pitch rate system to a step input tracking

error is shown in Figure 28. The faster respons e with less

overshoot is evidence of an improved system .

To summarize the results of the normal acceleration and

pitch rate control system investigation, Table V lists a

comparis )n of quantities of interest (Ref 14).

Pilot Model Study

The pilot model adapted for this investigation was

developed by McDonnell Douglas Corporation with gain para-

meters adjusted by General Dynamics to meet the character- S

istics of the F-16 aircraft. It was beyond the scope of

this thesis to extensively evaluate the pilot model and con—

duct an in-depth study to confirm that the pilot model used

is adequate for the F-16 aircraft and gunsight characteris-

tics. However, a brief examination of the pilot model loop

was done to insure stability and adequate performance with S
i

‘ k : . 
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Table V
Quantities of Interest

Normal Acceleration vs Pitch Rate Feedback
(Ref 14)

Normal Acceleration Pitch Rate
Feedback Feedback

Max Peak Value
M 1.43 1.28
m

Peak Frequency

~m 
(rps) .356 .356

F .ase Marg in 
-

~c 
(deg) 52 63

Gain Margin Frequency

~ 
(rps) .52 .75

Gain Margin
(dB ) 22.2 18.4

Bandwidth
(rps) .7 1.0

Time Simulation Results

Peak Overshoot
M 0 (%) 17 3  13.6

Peak Time
T (sec) 4.7 3.25

Settling Time
T (sec) 9.5 7.2

-~~ 5

Rise Time
T(sec) .5 .4

- 63
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4 effects should be expected with the same pilot model im-

plemented in the pitch rate system since the effective band-

width of the system has been increased from .7 to 1.0

radian per second. In fact, an improvement may be attained

since larger magnitude outputs may be achieved through

operation at the slightly higher frequencies possible with S

the pitch rate control system.

EASY Analysis Summary

Verification of the F-16 aircraft dynamics indicated

that the EASY model characteristics wer e consistent with the

simulation test data. By implementing an analytical pilot

model , closed loop simulation analysis was made possible.

A pseudo target tracking system was developed, and the

performance of the present F-l6 fl ight control configuration 
S

was examined . Investigation of a proposed pitch rate f l ight

control configuration provided both frequency domain and

time domain results that indicated target tracking improve-

ments were possible by implementing a pitch rate control
I

scheme. A listing of the EASY program statements used to

generate the control system analysis is given in Appendix D.

I
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V. Development of a Simulation Program

TAWDS Program Discussion

S To evaluate the air-to-air tracking performance of the

F-16 aircraft model, a simulation program was needed. The

Terminal Aerial Weapon Delivery Simulation (TAWL~ ) program

produced by McDonnell Douglas Corporation (Ref 15) was well

suited to simulate the air-to—air encounters and provide an

evaluation of the flight control systems employed. Although

the program has provisions to simulate weapon delivery tasks

for air-to-air gunnery, air—to-ground gunnery, and bombing,

only the air-to-air, aerial gunnery programs were included

in this study . The TAWES digital simulation program was

used to simulate both the present F-lS flight control con—

f iguration and the pitch rate configuration of Chapter IV.

f 
Implementing the pilot model discussed in Chep tcr  II , a

deterministic evaluation of the aircraft ’s tracking perform-

ance was completed. Provisions ot the TAVT~~ program include

ma ny f actors associat cLi with aerial  g u n n e r y. For exampic ,

the program includes the modelling effects of aircraft

dynamics, control system characteristics , ~-~unsi ght character-

istics, pilot control parameters , attackor to target qeometry,

target maneuvering, gun orientation , gun rate of fire and

4 
recoil forces, bullet trajectories , random windgusts, and

67
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stationary source errors. The above considerations make the

TAWDS digital simulation program a well suited analytical

tool to evaluate the non-linear six-degree-of-freedom air-

to-air terminal tracking task.

TAWDS Programming Techniques

The deterministic mode of the TAWDS air-to-air program

uses non-linear time varying equations to simulate a six-

degree-of-freedom attacking aircraft tracking and firing at

a five-degree-of-freedom maneuvering target. The major

subroutines of the TAWt~ air-to-air program are called by

the Executive subroutine to describe the air-to-air terminal

weapon delivery task. These subroutines include Data Input,

Initial Encounter, Initial Condition, Measurement Error ,

Airframe, Augmentation, Pilot, Target Initialization, Target

Aircraft , Relative Geometry, Bullet Time of Flight, LCOS

Sight, Director Sight, Bullet Integration, Performance,

Runge-Kutta Integration, and Output Subroutines (Ref 15).

In preparation for using the TAWDS program, it was

necessary to develop tabular data for the six-degree-of-

freedom non-linear F-16 aircraft model . Extensive stability

derivative data supplied by the aircraft manufacturer (Ref

16) was input into the program to provide table look-up

parameters necessary to satisfy the six-degree-of-freedom

68 
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equations of motion. A f l ight condition of altitudes near

20 ,000 feet with airspeed varying from .8 to .9 Mach was

consider ed. The a i rcraf t  model selected as the data base

for the EASY progranmiing was again used in the TAWDS pro-

gram. Therefore, the aircraft characteristics of Table III,

S 
- p. 31, were implemented. Additional simulation specifica-

tions were allowed and the reader is referred to Appendix C

and Ref 15 if programming details are desired.

The generic design of the TAWtS Data Input subroutine

allowed easy implementation of parameter values. Different

aircraft characteristics, flight control or pilot model

parameters, or gunsight selections could be made through

data changes. Initially, use of the TAWDS program was to ~e

limited to the longitudinal axis of the flight control sys-

tern, however, since weapon system effectiveness was the

S overall ohj~rtive of the study, it did not seem realistic

to evaluate this system in only one plane of motion. It

was hoped that air-to-air combat encounters could be

developed to provide a tracking task that would realistically

evaluate the candidate flight control systems. Therefore,

it was decided to implement a full six-degree-of-freedom

simulation.

-~ 69
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After the aircraft data requirements were satisfied,

the longitudinal flight control system was implemented.

Since the F-l6 has a very non-conventional fl ight control

system, the generic flight control models of the TAWDS pro-

gram were not adaptable for the F-16 aircraft . Therefore,

FORTRAN statements were used instead to develop flight

control signal processing. The same control system simpl i-

fications in the longitudinal axis as employed in the EASY

programming were also considered in the TAW1~ program. Since

the primary objectivewas to evaluate longitudinal flight

control tracking characteristics, the cross coupling of lat-

eral and longitudinal control signalling was also eliminated.

FORTRAN statements were used to generate the gain scheduling

requirements of the flight control system. Functions such

as dynamic pressure adjusted for compressibility, static

pL ebsure, and Mach number variables were developed within

the logic of the flight control subroutine. The schematic

diagram shown in Figure 30 shows the longitudinal flight

control system implemented in the TAWt$ program . The lat-

eral-directional flight control system for the F-16 model is

shown in Figure 31. The parameter names and transfer function

names as indicated in the block diagram hold no significance S

except they were programmed parameters and transfer function

70
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names already used in the generic TAWDS program . These

were again used in the FORTRAN programming. Using these

pre—prograinmed names simplified programming efforts, but

these names bear no relation to the generic TAW1~ program.

An additional trim subroutine was also ~sed to replace

the aircraft trimming techniques of the TAW1~ program . This

subroutine perturbed the six-degree-of-freedom equations by

varying aircraft angle of attack, forces, and moments until

a satisfactory trim solution was achieved about the desired

flight condition. An added feature allows specification of

the trim condition in terms of g’s by reading in the para-

meter name GKMECH. For example, to achieve a trim condition

of stra ight and level unaccelerated flight, GKMECH = 1.0.

After selecting a 1 g flight condition, the TAWDS program

output of stability derivatives and trim values indicated

only minor flUmeriCdl vdriances when comparcd to the trim

condition values of the EASY program .

Next it was nocossary to initia1i~ o th~ fliiht cc’ntiol

system . The values of the aircrdf~ feedback v~u ia}~1os ~~o 1 o

* used to i n it i a l iz e  the trinsfer functions o~ t he  f i  i~ ht con-

trol sy~ teni . The fir st 
~~~~~ 

throu5~h the fl iiht ccnt  rol ~n*’—

55 

program ( AIJ [~3ll ) m i t  ial i ~cd the ti ~in~;fer func’t i on~ and ~ot

control cond i t ions to sat i~~ fy  the trim conditi on. A ~t b k
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trim bias as shown in the pilot channel of Figure 30 was

calculated to provide the nominal stick forces necessary to

balance the control surface deflection.

The pilot model and gain parameters as discussed in

Chapter III were also included in the TAWDS programming

model. Since a full six-degree-of-freedom simulation was to

be developed, the multi-axis F-16 pilot model was adapted

which included not only the longitudinal axis, but also

the lateral-directional axis.

The generic quality of the TAWDS programming ability

was very helpful in implementing the pitch rate control sys-

tern of Chapter IV. It was not necessary to extensively

change the flight control model a..~ in the EASY program.

Parameter value changes read in as data could effectively

modify the normal acceleration system to incorporate the

I 
pitch rate control. For example, setting the parameter

GI~~Z2 shown in Figure 30 equal to zero eliminated normal

acceleration feedback . The transfer function C1~~~1 CC~Q ~c~ s

set to unity and the transfer function CI~ OML ,’ CCCC~ I ~cds

changed to the desired f i l t e r  ~~ + l~ )/(u + SO). By sot-

S ting the parameter GKF = .3 a~ determined by the ioot 1ocu~

analysis ment ioned in Char ter IV , and adju~tin~i the ~ilet

loop gain to command dCL1rCe~ ~cr second instead of g ’~

76

55—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ l~~~~S4iiái~~~~ ~~~~~~~ 

—S 

~~~~s ~~~~~~~~~~~~~~



--~

____  

(e.g. C~SE = 10.00) , the pitch rate system implementation

for the TAWDS program was completed.

Data parameters would also allow the selection of either

the LC~~ or director sight to be implemented into the simula-

tion program for each run. By implementing either of the

above sights, the system developed to this point could be

considered as a manual director system or a manual LCOS

system. Variations of the multi-axis pilot parameter-~ would

be necessary to operate the different gunsight systems.

—

55

____ 
Au -to-Air Scenarios

A series of air-to-air gunnery encount ers were developed

to evaluate the flight control systems . The Initial Condi-

tion subroutine was programmed to set the attacker aircraft

at the flight condition to begin eight air-to-air engagements.

For each target scenario, the attacker aircraft was initia-

lized near straight and level unaccelerated flight at

20 ,000 feet and airspeed of .8 Mach. A target range of

5, 000 feet was selected for the first four target maneuvers

and a range of 7,000 feet for the last four maneuvers. Vary-

ing ranae rates (i.e. attacker to target closure rate) from

-50 to -200 feet per second were programmed also. This

established the in i t ia l  target a i r c r a f t  a ir ~ poed for each

scenario -
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In addition to initializing the attacker aircraft , tar-

get aircraft maneuvers were developed. To be consistent

with terminal tracking environments, evasive maneuvers

were programmed for an F-4 aircraft target model. Speci-

fications for the target model included time intervals to

begin and end each maneuver, bank angle rate, angle-of-

attack rate, and thrust rate. A three digit code of a

selected bank angle rate, angle-of-attack rate, and thrust

rate was developed for specific target maneuvers at selected

time intervals during the tracking scenario. Table VI

describes the maneuvers developed and the corresponding NIC

number used to select each encounter. Generally, the tar-

get maneuvered during the first two seconds of the program

into a right or left 90° bank turn for a specified g and

then completed either a split S or jink maneuver at a

specified time as the scenario reached the terminal time

of fifteen seconds. These eight air-to-air encounter

scenarios were used as a basis to evaluate the director

sight implementation under both the normal acceleration

and pitch rate flight control configurations . With the

deterministic mode selected , the program would complete one

pass through each case and generate t ime history data to

measure the attacker a ircraf t  performance while tracking

78~ 
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the target aircraft through the selected maneuvers. Both

mean and R!~ elevation and traverse tracking error informa-

tion was to be used to measure the tracking effectiveness.

The TAWDS program information is sho~tn in Appendix C.

Table VI
TAWtS Air-to-Air Target Maneuvers

Max Closure Time Range Maneuver
NIC g (ft/sec ) (sec) (ft) Description

1 3.6 —100 0-2 5000 Roll 90° left
15 1000

2 4.2 -50 0-2 5000 Roll 90° lef t
10-11 2600 Roll 30° left
15 1200

t 3 3.2 -150 0-2 5000 Roll 90° left
12-13 1500 Roll 30° right
15 800

4 3.4 -150 0-2 5000 Roll 90° right
8-10 2500 Roll 45° right
15 800

5 3.2 -150 0-2 7000 Roll 90° right
8-10 4000 Roll 30° right
15 1400

6 3.5 -200 0-2 7000 Roll 90° left
8-10 4000 Roll 45° left
15 1400

7 3.3 -150 0-2 7000 Roll 90° left
6-8 5000 Roll 45° left
15 1400

8 4.3 -200 0-2 7000 Roll 90° right
( 6—8 5000 Roll 90° right

15 1500 ______ J
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VI. Results

TAWDS Simulation Techniques

The results of the EASY Analysis of Ch~ptc~r IV inuica-

ted an improved target tracking system could be achieved

by implementing a pitch rate flight control system for the

• F-16 aircraft. To verify these results, each of the eight

air-to-air target encounters was run using the TAWL$ pro-

gram model. This digital simulation included the full six-

degree-of-freedom aircraft model, multi-axis pilot model,

and lateral-directional as well as longitudinal flight con-

trol system. Both the present F-16 flight control configu-

ration and the proposed pitch rate control system were

evaluated using the director sight implementation.

Runge-Kutta integration was used for the simulation

using a .05 second iteration step size. Although a smaller

step size would provide better numerical accuracy, it would

also require greater computer time. The step size of .05

was determined to be the maximum size for the simulat ion

componeni3and this step size worked well for the normal

acceleration configuration. However, for the proposed

pitch rate configuration, this step size was not sufficient .

.
~~ 

( Modelling of a time constant of 1/30 seconds could not be

accomplished with a step size of .05 seconds. It was
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necessary to reduce the step increment size to less than

the largest time constant of the system. Test runs were

made using step sizes of .01 and .001 seconds. Very little

numerical differences were noted with the smaller step size

and therefore the significant increase in computer operation

time was not justified. Since the normal acceleration con-

figuration system had already been completed with a step

size of .05 second, it was desirable to use the same step

size for the pitch rate configuration also. To do this, it

was necessary to slightly modify the lead-lag compensator

that had been implemented for the pitch rate system. The

transfer function CBCOML/CCCOML was adjusted from a value

of 2(s + 15)/(s + 30) to 2(s + 7.5)/(s + 15). This allowed

the .05 step size to be maintained and provided significant

computer cost savings.

TAWDS Simulation Results

The tracking performance of the F-16 attacker aircraft

for each of the eight encounters is summarized in Table VII.

The mean, R1~~, and standard deviation of both the elevation

and traverse aiming error is shown for both systems. The

bar graphs of Figure 32 and 33 compare the R?~ elevation and

traverse aiming errors, respectively. Improvements in ele-

vation tracking can be seen while the traverse errors remain
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Table VII

Summary of TAWDS Simulation Tracking Aim Error
with Director Sight Implementation

(measured in mi l s )

Present F-16
Normal Acceleration Configuration

Mean R?~ StandarL~ Deviation
NIC Elevation iTraverse ElevationiTraverse E1evation1Tr

~
verse

1 -22.2 -17.8 24.1 19.8 9 .4  8.7

2 -21.8 9.3 24.3 14.0 10.7 10.4

3 -21.2 7.7 23.3 13.7 9.6 11.4

4 -24.0 -24.8 26.2 27.9 10.4 12.8

5 —20.8 —16.7 25.7 25.1 15.0 18.8

6 —21.6 14.9 26.8 20.2 15.9 13.6

7 -.20.6 11.1 26.3 20.1 l6~3 16.8

8 —21.4 -28.1 27.5 35.4 17.3 21.5

Pitch Rate Configuration

1 —15.8 -17.1 18.8 19.4 10.2 9.2

2 —15.8 8.9 19.1 14.5 10.8 11.5

3 —15.3 7.3 17.7 14.0 9.1 11.9

4 —19.0 -23.9 24.0 27.2 14.6 12.9

5 —13.2 —13.7 17.8 27.8 12.0 24.2

6 -13.2 13.4 17.1 22.4 10.8 18.0

7 —12.9 9.2 17.1 22.5 11.2 20.5

8 -13.0 -25.7 16.8 36.3 10.7 25.5

__________- 
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approximately the same~ The resu l t s  indicate that  the ele-

vation aiming error has l’een improved by an average of

20% for the I ir~ t four encounters that were lnitid1i~ et1 at

a range of 5000 t o o t .  The improvement is increased to an

average of 3~4 f ox the last  four  encount ox ~ that  were

initia1i~ e¼1 at a r ing e ot~ 7000 feet . The least improvement

of all is shown in encounter 4.  This is attributed to the

tar~ot mane ’.xv erin ~i at the most ciitieal. ranje for a i r — t o -

air comba t of ~500 foet .  It is i nt e rest in j  to not e that  the

t tracking performanc e of the p itch r at e  system shows the

greatest improv ement in encounter S. This was consider ed

the most d i f f i c u l t  encounter of a l l  since the  F — 4 t a x j o t

a i rcr a f t  comp leted ci sp l i t — S  maneuver dur i ng the 15 second

terminal chase. This re su lt  ind icc it es  tha t  the  p i t ch  r ate

system of the longitud i na l ax i s  pi ov ides a .jrecitox im prove —

mont over the norma l acce lera t ion  c o n f igu r a t i o n  as the

d i f f i c u l t y  of the track i ng task incxea ~ es.

t

85

__________________________________ 
~~~~~~

—- - •



_ _ _ _ _  - -
~~

- - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :

VII .  Conclusions and Recommendations

Conclusions

From the previous analysis and simulation results, it

is concluded that improvements in target tracking are

possible by tailoring the flight control system of fighter

aircraft. Both the EASY Ana1ysi~ and the TAWE$ simulation

results indicate improvements in the system response of a

pitch rate feedback implementation as compared to the normal

acceleration implementation presently employed in the F-16

aircraft.

EASY Analysis. The EASY Analysis program allowed inves-

tigations of system responses with both the normal accelera-

t ion and pitch rate flight control configurations . By

eliminating the normal acceleration feedback and compensa-

ting the pitch rate feedback, it was shown using the EASY

program that a very similar overall closed loop system was

maintained, with certain noted improvements. A better

damped system was achieved with an increased phase margin

and bandwidth as shown by Table V, p. 63. The time simula-

tion resu1t~ of the EASY program verified the improved

system response to a pseudo tracking task in the longitu-

dinal axis. The aircraft mod~
1 response to a pitch angle

step input to the pilot model indicated improvements with
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the pitch rate implementation. As shown in Tcible V, p. 63,

the pitch rate system provides better damping , faster re-

sponse, and quicker settling to the step input signal than

the normal acceleration system .

TAW1~ Siniulat ion. ~imilar1y, the results of the TAW 1’~

si m u l a t i o n  a i r — t o — a i r  comba t encounters subs t an t i at ed  the

results  of th~ EASY pr oqram c ina ly s  is . The t r ack i n.i a imi na

error quantities of the  e igh t  a i r — t o — a i r  encounte rs  a~ shown

in Tab1~’ VII, p. S:~, clear ly  indica te  the improv~inen ts ot

t he pitch r a t e  f l i ght cont ro l  s st e in . El eva t i on  txaL ’king

error , both mean and RT~~, was r educed in each of the tar¼ -ie t

tracking scenar io s .  These a i r — t o — a i r  encounters pr ovided

a r e a l i s t i c  environment  to t est  the perform ance of both the

normal acce l e rat i on  and p i tch ra te  f l i g h t  con t ro l  cou f i au r a—

t ions . The dii  f or  on t t a r . io t  airspeed s , t ar ¼let  load t a c t  ox

and target r o l l i ng  maneuv ers  of each scenar io  cillowed the

evaluation of each system throughou t ci v a r i e t y  of f l i ght

condit ions.  The f u l l  s ix—d e ~j r e o — o f — f r e e d o m  non— linear •

simulat ion developed for th e TAWDS proar am enabl ed a r e a l i s—

tic performance evaluation for the terminal  phase of a ir- to-

air combat.

A i r c ra f t  Model Val ida t ion. Techniques for ver i fy ing

the a i r c r a f t  f l i gh t  dynamics were shown using the  EASY

- - _ 
~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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Analysis program. The roots of the rharacteristic equation

for the longitudinal dynamics very closely matched those of

the LAMARS test case used to model the F-l6 aircraft as

shown in Table IV, p. 38. In addition , the transfer func-

tions of alpha/elevator deflection and theta dot/elevator

deflection were completed to verify the numerator dynamics

- of the model .

Pilot Model Performance. The satisfactory performance

of the analytical F-16 pilot model clearly demonstrated the

usefulness of such a model for closed loop system investi-

gations . It is concluded that the gain sensitivity para-

meters of the pilot model are suff ic ient  to allow a qualita-

tive comparison of the flight control configurations ex-

amined . The pilot model control stick responses of the TAWDS

program (see Appendix C) indicated reasonable responses to

tracking error signals.

Recommendations

It is my recommendation that extensive digital simula-

tion be continued to investigate flight and f i r e  control

systems for fighter aircraft .  The specific recommendations

from this study include the following :
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Refine Pitch Rate Control. The mechanization of the

f l ight  control system using the C~ concept considered only

one extreme implementation , that of el iminating the normal

acceleration and condit ioning the pitch rate feedback . Since

the C* approach implies a l inear bl end of normal accelera-

tion, pitch rate, and pitch acceleration, it is recommended

that other possible combinations of feedback variables be

investigated.

Flight Envelop e Expansion. The end game probl em of

air-to-air combat was simulated in the TAWDS program . The

excursions of the attacker aircraft did not effectively

cover the operational flight envelope of the F-16 aircraft

during the 15 second encounters. It is therefore recommended

that more extensive flight envelopes be considered.

Pilot Model Validation. The analytical pursuit pilot

model used in this thesis was based on actual pilot perform-

ance data during target tracking tasks. It was not the ob-

jective of this study to verify that the pilot model used

closely matched that of the actual F-16 pilot . Instead, it

was used to complete a closed loop study and provide con-

sistent tracking performance for the different flight con-

trol configurations and target maneuvers. If it is r equired

to closely match the actual pilot responses for fu tu re  F-l6

89
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simulations, a detailed study of the pilot model is recom-

mended. Radical departures from the present configuration

would indicate the need for a pilot adaptation study.

Improve Software Programs. In this study, the EASY

Model Generation and Analysis program was used to model and

analyze the present flight control configuration of the F-16

aircraf t  and develop a pit ch rate implementation to improve

target tracking . The TAWDS program was used extensively as

a simulation evaluation tool . However , it was necessary to

master the programm ing techniques and terminology of both

programs . Although both programs provided beneficial re-

suits, it would be very convenient for portions of each

program to be combined in one compact progr am. The EASY

program allowed extensive analysis techniques to be em-

ployed by simply manipulating parameter values and state

conditions through program commands . Both frequency domain

and t ime domain analysis was readily available. The many

subroutines of the TAWDS program allowed implementation of

many of the considerations for air-to-air combat. The

generic quality of the TAWDS Input subroutine allowed con-

figuration changes and system specifications by simply man-

ipulating data values. By combining the benefits of each

(- . of these programs, a very large reduction in the time and
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effort required to learn both programm ing techniques could

be achieved. This would also enable the user to develop a

greater expertise by using only one program. In particular ,

it is my recommendation that  the frequency respons e and t ime

response techniques be included in the TAWDS programming .

In this manner , a complete program package could be main-

tained so that the programmer cou ld readily analyze his

implemented system and complete t ime simulat ions  to deter-

mine system ef fec t iveness .  A reduction in computer memory

presently required to run both the EASY and TAWDS procjr axns

would s igni f icant ly  reduce the operating costs and improve

program turnaround t ime .

Apply Techniques. The programming techniques of this

thesis in implementing a pi tch rate control system for  the

F-16 a i r c raf t  clearly indicate that  digi ta l  s imulat ions can

provide a very cost e f f ec t i ve  approach for designing , deve l-

oping, and optimizing advanc ed a i r c r a f t  weapon delivery sys-

tems . Used in conjunct ion wi th  manned s imula t ion  e f f o r t s ,

the digital  simulat ion approach can provide invaluabl e in-

formation. It is therefore my final recommendation that both

the EASY and TAWt~ programming techniques be considered to

aid in the design of f i ghter a i r c r a f t  handling quali t i t es

( specifications as set for th  by MIL-F-87858.
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Appendix A
EASY Model Program Description

and Comput er Generat ed Schemat ic

Included in Appendix A is a description of the EASY

model program developed to simulate the F-lB control system ,

pilot mode)1 and a i rc raf t  equations of motion.

The model descript ion is shown on page 95. The block

diagram location of each standard component of the model

description is specified along with the EASY name of each

component . Also shown are the inputs of each component to

specify the system interconnections .

The computer generated block diagram is shown on pages

96 through 101 . The block diagram verif ies the component

locations and interconnections of the system as specified

by the model description commands.
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Appendix B
Baseline Data for the F-16 Ai rc ra f t  Simulat ion

A portion of the computer output of Run #43 of the

G r i f f i n  program is shown as Appendix B. The s tabil i ty axis

derivatives were used as the test case for the F-l6 a i r c ra f t

simulation.

Units of the stability derivatives are given as per

degree. Ho~iever , it should be not ed that  th is  applies only

to the dynamic derivatives that are functions of primary con-

trol surface deflections. Static derivatives were determined

to be given in radian measure.

Roots of the longitudinal characteristic equation are

shown alDng with the elevatc’r numerator characterist ics that

were used to validate the dynamics of the F-16 aircraft model .
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Appendix C
1’ TAWI~ Programming Deta ils

Included as Appendix C is the Termina l Aerial  Weapon

Delivery Simulation program data, program output, and addi-

tional prog ram statements.

The extensive data list required for the program opera-

tion is shown on pages 106 through 114. Pages 106 through

108 lists the input data required . The s t a b i l i t y  de r iva t ive

requirements for the non-linear , six-degree-of-freedom simu-

lation are shown on pages 109 through 114.

The TAWDS output of encounter 8 for the present F-113

f l ight  contro l system is shown on pdqes 115 throug h 129 .

Pages 130 through 145 show the  proc~r am ou t pu t of t he same

encount er wi th  the pi tch ra te  control co n f igu r a t ion .
- The Appendix is concluded wi th  a l i st i no  of the  pro-

gram statements required to adapt the enerie  TAWDS program

for an F-16 aircraft simulation , pages 146 through 15-i . The

programmed target rates arc shown on pag e 146 along w i t h  the ‘

target maneuver s of page 147. The control  s tatements  added

to program the F-l6 f l ig ht control system beg in on pag e 147.

Included are the logic statements for the gain scheduled

parameters of the flight control system that are functions

of atat ic and dynamic pressure. 
- 

-
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P 

~‘4! L 1 ~~
‘. C ’ 5 1j ~~~~~ •

~r~’1~’2 (  4 )  N I I C  I
.f lrlr.r  PUN ’ 1 1 5 1 .

•n~~1r~T~~ 
r’~~j~~~’ • 

-

~.2 t  1 I)11 - 1 C ~ 1 ( 1 x , C h . . 4 , 1 X ,F8. I ,~ ,t l~ .3 ,F8.1, 7~~8 I 2 , ?r r , I2 )
‘TI ~~’!I ” ’  t~1s, f i t s

‘ ‘0 ~‘fl. T ! t . G ~_ 1_fl 5l~~
_ 

~t t ~I t T 1 ’ i O O O .
~~ ~‘ I LT I 1 S tIt

flhI~1 — i R 1 - ~ TL tU (~O .  I 
-‘

‘D L1T~ T I~’I~~~r 1 I I’(,

.,  ( ~R~L TL ~’ ~ r55,5 5 4 3 (  j 3 ) 5 -

‘O~TLI T N~) A C  t .~~7
I ,  ( f O~~~~~(~~ , flUM3( i ’+))

5f lr~~ r~~~ i~~rr-~~i.’~.’ —

• A L C U/ — i . ’,, 0 . O ,iI ~~~,’.8, ’ I I? ,5s~~~, T . O , l~ I
t$ ,~~~S 8 , t O I O  /

P n r l . Tr  t A ’ r ’ 1 9 3
• ~~~~~~~~~~~~~~~~~~~~ •I EIC, , LI 1i.,O . , 30 .  ,‘.c., 6t) .,S0. ,1 00. /

‘0~ 1 1 5  1 AI~ ( f T . 1 I s

. r t r~j~~~s 1~~.’c.’T. s’;
p f l I  L ~~ ‘ 1c r .’’t ’~ •

q ~

• 
I,4I;f C’~ : T p ~~~~,

- ‘OIL! TI ’ IIN 1, 1 1 4 1 
• s )j  -

• 
II 5 1 ,(i -

‘011111 T~~~
Nl.5I ’

~~
I
.1i~~

5 
I, I~~5 I 5 ~~(~ ~~~~~ - .

S O L E T I  1C~~~~
4 1 I

~~~~ I1~~

4 ~~~~~~~~~~~~~~~ 
~~~~~

‘
‘.nrL. rT r  ~~~~~~~~~~~~~~~~~~~~

• ~~~~ ~
‘~~~L 1 T I  T~~~M ’ h’

• ~~~~~~~ ~ ~~qj,

~1V I IT”  IC r4 ~~~’
• 

r, 1~~i,. ~ I~~.~~ lI’ $

~~~~~~~~~~~~~~~~ 
t (” ,fl4 r~~~~.fl

I I;~, I L.~~ ~3’4 t/
Sfl~~L1T I I C N 5 - 5 R . t C~

• ~ • ,5I • ~ • ~ IC’ • 5 11 I 5 1 ~ • • I • ~ 
1~5. S I I ~ /

I T~’ Tt ’~NPI” .5 ‘5,
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‘- - 5-i

- I ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~ 
~~~~~ ~~~~~US1ki~ D fl~Di1)Q ,

___
~_—

‘0~ L ETF v:m lT 5R 1 i’+cs
‘ T15~X(1,1):t- ’~s0 $ ITMX( i,2)~~~10 S ITMX (i,~~):5eI0 S IT MX (i,c)=~~i0

‘~~~~~L~~~T! ICNM ”R .i~~7
ITP* (2, i)=3 ’O $ ITI4X(2,~ )=~ 10 S ITMX (2,5)~~3i0 $ X1MX (2,7)~~~10

‘fl~1~~T E  TC NM(’ I? s I L O Si
T1~~X( !,1)~~37O S ITMX(3 ,2)=4 10 S 11MX 13 ,7) 613 S I1M~~(i,8)~~~10

~~F1I !TE !~~~ !~~~~~rR . t~~s 1
~

Tl~”((~~,1)=u~ 0 ! ITMX (~~,2)~~~10 S ~Tt1X(5,1~~):~sj3 S TTMX I~~,5)~~~10
- 
50~ L~~T~ ICN~~~ .t~ J

I I !T~~X (c ,I)~~f 5 - 0 $ I1PtXC5 ,~~)=~~i0 ? ITMX (5,~~)~~410 
$ TIMX (5,5 )=LsiO

•~1ru .rT r ~~S5~~~ 5 1 1 
I t S !.

1TP’~~(I’ ,I ) - $ I
~~~] ~ !THX (~,,2)=I,jO S ITMX (6,’s) :31Q $ ITMX (& ,5)= 410

• ‘nEt.E5~: TC~~~~~.1~~2TTH X(7 ,1F3~ 0 $ ITMX (7,2)=~~10 S rTMx 7,3~~~3i0 I ITMX(7 ,’)=~~i0— 5 D!L!Tr IC~~~ ’~~.i~~
~ 

I 

TTP~~(~~,I)~~o50 7 I1MX (8,2)~~~10 S TtMX (8 ,~~):6i0 $ tTMX (8,~~)~~ki0
‘nFLflr ICNsIrP .1?1 ‘

2 1 I T M ( I ) ~~.1~ I

.DrLflr t IJ 1 ST 1.~~,3~~5 I

S 5(I~~~0(YTI I~tE AUTS II
~~O5.Il4 (CN /cr)~ 1A/ ~ t I’4 (~i1f l) , OUPII(770) , 01J 9?(300)
C0 p’ M ISSt I / T O~!.T~~/ 1 I 5 C J~~I1 

~~OO ) , I-) 5 s4 t~ ( 1
~ 

C )
C0’”i O ?i / T t I T V . \ ~~/ 

1I .’~r5\ sI ( 5 ,~~Ij )  , I ItIE , 1~~Tr ~~x
COIØION / C 1~4 T /  1, H~IAX
‘EAL !‘5 t C 5- 4
flIP’~EN~ 1ON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
0 I P1 ~ 54 S I 0 N

I C~’1? (2), (
~f~N~!(~~) ,  DV N ’ ( i ~) ,  Cfl~1Q(~’) , ~Cf l Q ( ’ ) , f lV~ ) 15 ’ I ( ) 4 )

?,C1”O’ ((”), C CC OM L ( 3) , r V C O M L ( 1 ) , ~~F ( ~~
) , rCs~~c~~

) , ‘~V~~~(8)
3,CPi~Fr), C’~~E (2), Ov~ r (11 ,C~ v Rt ~~~, ~‘‘VRC ~~

), r)VY ~, ( T )
~,C ’ 4 N Y I 1 ) , C C NY U’) ,  0V ~1 Y ( 8 ) ,  D V E ~~2(~~), )V~~~S(~~), I)V p HX (~fl, 0VF’~ S(8)
ErnIIvA LrN cE

A C ~~~~~~ ,O UM( 10r ) , (  GKFR ,‘) J 0 1 (t 17 ) ) , (  G’< ’~71 , f iUM(t 19))
4 R 5( r.,~t~t t j  ,OuH( 1~~C ) ) , (  G’(MFCH ,r LJ’4( 125 ) , (  G K N L ?  ,D(J’~1( 1?c) )

(~,( GK~ , m J M ( I L . f l ) , (  ~KF ,IJM(152)),( I KNZ” ,OUM (10&fl
F Ot I IV A I r P ICE -

A ( C r I N 7 t ~ ) ,flhJM( IO fl ) ), (C~”W 7 (1) ,~
).I~~t I1  1)), (CFl flf)(1) ,fltI’l (113))

54~ (~~~f~
) ( j  I ,“)!.1I14 j~~~r )  )~ (C1SE (I) ,‘~~

I -
~ (!’t )) , I C C S ~~~(I)  , D U M ( i 2 3) )

- 
FOISt VI II ~~~~ r’~s~ , OtJ’1( 3))
(flI’IVAI Fi~:’~~ C MACH , f lUM (O~~~ ) )

~~Q ’ I I V A t [ t~CF C rS KQ , flhJ 4(1~~1))Ffl1I~ V I L F I ’)CF ( Cr.N~ p
EflU IVA t [N~ V C G (NA , flU1C.2~’))

~flU t V A L E 5 -~ I , OU’1II gL. ))

EnS I lV AS F I-i 5
-E C DA HI , 0t I M 1 ( j t~~’ ) )

FOU IVA LUS. CE C CIAL O • flUMI (113))
F O S I T VA I I NCF C 05LU , 0 t J M 1 ( I 1~~~H

I EOU IV A%. F NC F C OSLI , f lUM 1 ( I 1~~~
) )

cQUIVA LF NCE I OSIII , OUM3 (111))

_ _ _ _ _ _ _ _  
- 5 5

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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ThIs PAG~E 11$ BEST QUALITY PRACTICABLE
* 5. ~~~~ cok’Y PUE*US}j,~D iX) IWC

~OI)!VI~1F~ CE C ‘~SL0 , 0’J1I(It7)~F O U I V A~ F MCE C ~UCIHI , DUIII (121)) , (‘~UDLO , OUMI(122))r()I,IVAL1~ tCF ( PH I C p f lU ’1 C~~59))
5 F~OUIV A L F I ICF C fiCOM p 0UM i(jE~2))S,IPI,SOCCM, rflIIl j(165)) -

EOIJIVAt~~HC~E C D OS , OU IICI&6)) 1

EQ IJIVA IEN CE C FPI, DUM C~~3C))F f l t I I V A L~~~
(
~E -

A ( r,:l~..~’(
’I) •1U1~2(~~It ) ) , C CCQ r C I ) ,)JM2C u ’.:~~) , C C1IVP.(1) ,flUM2CGr&))

‘3I( CCY~~(I) ,~~U*,2 (C~
r SI) ,( C’~P1VC I) ,)tJ12 (062)),( CC’~IYCI) ,D!JM2 (0’~~

) )
FQt ’ IVA L F14 C ~ C 1R014113, IOUM3 (32 )  ) ‘

S ‘ 

~flh ’IVA 1FNCE (IP~,NT,IOU I’~ICI 32))rO tJ IVA IEN~ F
I C T ON? , IN’)ORC I)) , C 1000 , IN OORC 2)), C lOSE ,I5--1’4OR( 3))
2,1 tOCr1~L, IN I)05’( fl) , C TOYR , IN OOR (12)), C TflNY ,INrmR (1 3))
~‘)UTVALE P!r.F

‘ A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
)“,(CVFP~~(1),P A~ A MC ic3))

5 !flUIVALEPIC F C (~~2X , 1VF~’2C5) ) , C E~ 2I , ~)VF~ 2 (t) )EQ ! ’ TV A L E S- ! C E C E~ SX , ~V E~ c (5) ) , ~ E~~SI , ‘4VE~ S(t) )
F’4UtVA11~ ’r~ C N’ Hx , t~V~”4 X Ic) ) , ( ~ Pt1~ , ~) V P HX C j I ) )
fflUI VA LEt~sCFI C FPSX , ‘,)VFp c~~~ 

) , ( rp~~~~ , DVF°SC1 ) )
EOUIVAIE I~CI ~~~ ,~~~~~1C 7 f l ,CA L p (j),DA~ A MCI 7)

5- 5(P(jJ ,~‘A~~i’U2~UJ,(~ (j) •~~4~ 45f(33))
S ,(RCI) ,PAR4M (’+ 1 ) )
UATA flOR / 57.2957795131/
~)ATPs ER~ AU1/ 8HAUT~~Ii / I

~~ TtJR N
C

‘~
N’5-
~ Y IIU1Sj2 - 

‘

C A L L  I P I J F ~ ( I 2 5 ) , A0I ’M ~~~, I f i U M X X )
CALL I P : U r f l  U3 3 ,  A D U MX X , Ifl U0

~’X Y )
CALL. IP~UP’4 (137, AOI SM XX , T f l UMX X )  

I

rAfl, 7~~~1~~
’r~ ( ~~ , Ar,w11

~x , t”JMX~’)rA tI I , IJ r- ~1 (I ,A Ot I ’ lXY ,I”JM~~Y )
CALL I ’IJ~ C~ C1~.9, AOIJMX X,  IPU’SXX )
C A L L  tPIJP O C153 ,*OUM XX ,IOU MX~ )CALL IICUPO (157, A D l P P’~X X , IO IJM X X )  

- 

-

Tsav i~ = i -

‘40 ICC ’ I = 1, 23 I ‘

100 INfl0I~(T) = — l I

NSW IT 0 .

€ p4Tqy IIUTS
IF( I!PVTR,II~~.1 ) GO TO 110
IF. (GK P~L2.LT,i .O)  GO TO 2 s •
t I~~~’CNL 21)r.t HM5~X ’FLOAT (It ) ‘

‘4tLT~~0.0 
-

GO TO II
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.

: 2 flELT IC’000C3.
I. CONTINI’F 

I

IF (IP~’~~ 0.ST.I) GO TO 6
C R~COMV !M’ LIMITS FROII RADIANS TO DEGREES CCO NVERT F’ ) TO RADIANS IN
C SU~ PO~ITI N~ ftT1.IIN) 

-

!~5[fls 0~L O’D)~flSL.U~ 0V L !t5f l f l R
‘~‘a1~ rr tL•fli)~ 55 

-

- 
OALO=OILC ’ .C )I3R - - 

-

PIjDHI=~~tJ!’H!’)OR 
- 

S S

RUDL0=’~UflLO’
’
~OR

U~ TAc~=rflc~ flflR

~C. INITIAL CON!JITIONS I

-~~~~ IF Ct’~ TA °.CT ,0S’4I) OSTAP=~ SHI
IF (OS”~~~.LT.USLO) DSTAP :OSLO
R5VI=4IL 0HA C I ) ODR
C~~CI:P’0i~ C9NZ(I) 

- 
. ‘

I

X5=C !~O~ ‘
- R5C2=~~ 1)50r~ 

- -

S ~4 C5’ i ’
A Z 3= G G PA 5 G V!2 .X

~~
S(’s

~
5(F

C ~~ T~ rOtIrfCT ~~ E~ SU°E ~~ c Is ST A T I C  ~S5URE
~17 0’. (~~1~~.7_ C ’ .OO3 I5&5 S I1 C 1))

O8.PSSCC (6.2’.MACHS52+1 .0)5* !.5)— 1.0)
IF CO~~.GT.3 3)J.) GKU?1 :,C’3 3
IF Co~~.LE.~~)00 .)  GVtl ’i=— .300 2’IV ..&81
IF (n~.Lr.8Q3.) (~~~~~l — .30~~89’~V~s 1 . 25
IF (~~~~~~~5 L~~~~5 ’ 3 ’I l I )  GKN7 i~~i.0 I

AU’ ( 15.Q + AX ’. + X c ) 5 C~KF9
IF (AU 7.LT.O.0) AU ’=O.O
tr  (AU ~’.C.T.999.0) AU3=999.0
U 3 A ~~3+A4)3 

-

R5C~~=U
c5ce=C~ Co~ LcI )~~~5oa ‘

FIX TO S(T PITCH IP4 PIJT TO ZERO D~~ ~ IA5I~~ TRI M
C x3=c c c~ , :

C 5  Xj=X3
C C5(’3=C’ C’~~ 4 -

ir tc~~r i . ’,z .3. o P507-C5O7/CRS~ (t)

C flcoM’)= (ui— .~ 4),o,318+7.2’~ 
5 ‘s

XITRI P4:~~X3 - -

- - C50~~~fl.0

II 
- - R503s0.0 

-
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I

-

‘II 
S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 

• ‘ 

I 

~~ 4~M ~~py it~~~~~US~~~~~ D 

~~~~ —I---—

- 

I 

u 1= G IC
f)COMO=c.0 

I I ,

X1 0.0 I

AX 1 D.t I I

AX5 =C X’+AX ’.—2 0.’s)’r•KN!3 
S 

I

IF (AX’ ,IT.O.O) AX~~ C.C -

- : - I 

~~ (AY” ,GT.919.3 ) A X~~ O9~ .O I ‘ -

C_ GKP4LI IS FUNCTION OF ~Y~~ MTC PRF~ SJ~ C , Q~
~ GAI N FICTO~.. CF 3.0 IS TWCLU~5FO IN FUNCTION -

I 

~~ (O8.GT.3-]QJ.) GK1411 3.’.C .Ce3)
I I IF (C ~P .LF . 3 O a O . )  GKN L1~~3.’ ( — .0C0 2~~~~+.683) - -

I I 
‘IF (O3.Lr . aO O . )  GKNLI:3. * C— I 00 0 6 9 ~~~-3+1 .25 ) I

IF C fltI .LE.2S0.) GKNL 1 3.0
AX~~~(AX1 eAX5)’.GKNL1 -

PATIO r’4/PS
‘ . IF (RATIO.LE..53) TRFAC= .5 S

I IF CPATICI.GT..53) TRFAC —t.195-RATI3+t.13 ‘

IS IF ( ,At IO.GT.1 .79) T~ FAC — i. 0
• X~ =X~~~”FA(~ -

F~~~I~~’~ TA’3 I 
. 

. 
- .

- ~ S X2 :E~~S~~~X6 .AX 6 - 
I 

- I

- : - F~~?I=X? 
.

IF (C.IC~~.NE .Ih0) E~R2I=X 2~~GK6 - - 
‘

AX? =C. C 
-- I 

• I

- FP~ I=C.O - ‘

ISAVT~~ = 0  -

IF (IR I’NNO.GT.t) GO TO 110 I

CALL L~
5
~FS (i~~)We ~ITE (IFRNT ,3i3 )

F 30 FOPMAT (141,1x ,2aHAUc 9FP1TATIePSI VA’~t A B L E
WR T T F ( r’:NT ,31) R i , C1.q 5t2 ,C 2,~~c0~’,C~ Q 7 ,~’5 DM ,C508

31 ro rh 1~~~1,j ~~~~o ,
r
~~~,,r4.I r 5 1 5 7)( ,~~ I4 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 7 .( , 5I4  rc!3 ’ ,7X ,
A 6~4 £ ! f l,3 5 1 7 X ,€IW r5~ 3 ,7X ,~,H F~~O~~,TX ,C, 54 t 5 ~~- ,/ ,1X ,u(13.I~,/ )W~ ITF(I°PUT,33) AZ3, ~u3,AX1, Ax5, (~~,~~s,osTA’4,x~

- 33 FOPHAT (7X,~~R~ Z3 ,7X,654AJ’~ ,7X ,6HAX I ,TX ,6HAX S
A 7X ,6HAX6 , 17X ,6HXF ,7X ,6HOSTAR ,7X ,6 HX 2 ,/,iX,8E13.6, / )

IIC CONTIN”E S

C AS OF THE DATA 15 AUGUST , 1975 , i~IIS P~ Or,RAM USES
C 36’ LOCATIONS ~r THE PAFAM A’,~ A Y. 74~

’s 
~DEAI (OO W54 IS

— 
C - — 52 LOC~ TTO!~S • .

AUTS II — 188 L3”ATIOPIS -
- -

A IPFI1 — l’s L3~~ TIO~ SC W ITHOUT AL T E RING THE ~A~ A M A~~~A Y  A ’4) CO~IS!’4UENT P~ OG~ A M S

LO (-TC, AN AO flITIO4~1AL ii. TNT ~~TIOPP VAPI SI~ LE S CAN ~F ~ )‘4~ D.- C  THESE VAS I 4SLFS CAN ‘E INTFr ’5 AT E 1, qy FXECUTIIjG THF CALL TO
C 

- 
EPHFR INTEr, C~R TRANFR . IF ‘)~IE C HOOS CS TO CALL INTEG , THEN
THE PADA METER INT1EX MUST ‘4E t4~~ EA SCCI 9Y 8 ~OR EACH

- AOflITI O NAL CALL TO INT EG.THAI IS INCO~ PnRA TF O 1t4 THE PPOGRAM.
C TH~ I’ApA~1r11’~R IliT1~ x IS 7NI~~IAL ’ED IN T HE A7 ~~rIt ~~~~~~~~~~~~~
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ThIS PAGE IS BEST QUALITY PRA-C?ZCABL~
I l5kOjM ~~P~t !U1~~.lS1ib11~ TO D~~Q _____

~~~~ 

S

~~~ I I 

~

S 

~ LO”GIT LI~)INAL CHAN NEL A UGMENT A T ION
5- 5- 5 4 5  I -

U5=ALP I”A (i) OOP . -

~ IF CU~~.GT.30.0) !)5 30.C I 
‘ •

IF (U5.LT ,—5 .0) U5=—5.0 I ~

CALL TFA UF~~C 2, CBP’Z, 2, CCN7, 8, O4I
’
~lZ ~~ ER~~AUT , 501, US,

~ flu-’, yc , ‘-ri d s  O~~ O ,  ~~~~~ ~,O) 
-

t i .~~f 3 (  I ‘I ~
$‘IALI. TFA~IFr. ( ~‘, Cfl~ rI , :~~, CCQ’4, ~, )V

t~t~, ER~~ UT, ~U, Ui.,
‘ A 101”), Xl., r~502, O •0, C5021 0,01

• 
I A~~~:r,G~’A.G I<N72+Xk ~~~KF S

S C ‘43 IS C’~,tPtC~ P~ ESSU,~E P5 IS STATIC ‘P~~ S SUR E
I PSIPAR AM( L.80)51715.05(518.7—0.003565’HCI)) I .

O~~=PS’(((C.2’.HACH’52+t.G) ’.3.5)—l.0) ,
• IF (l~~.GT .~~C 0 ø. )  GVt47 1 .C83 

I 5

‘ IF (OB.L.E.30G .~.) GKNZ1 — .~30325flB+.&83 - -

~ IF (O~~.~~~.800.) GVN ’t=— ,00389555
~’4+1.25

IF CO P.LE.2 3~~.) G~~;71=1.0 
S

AX5,=r,Xt’71’X~.5.7 
I I

4 4 J 3 = ( — 1 5 . 0  ‘ A~~~ 454 + X ’~) GYF’3
I 

~ CAU ’ . LT .Q .u)  A LJ~~~0.0 -
I IF (AUW .GT.99q.0) AU3 9°9.C 

I 
I ‘

~
• U3=A1 3+AU 3

I 

~ ~ 
CALL TFA 1I FVT~C 3, CSrOML , 3, CCCOML , 12, DVCOIIL, ERRAUT , 508, U3,

S. ’. ~ - A IUCC)ML , X3, ~3C’8, o • e ,  C5~5, 0.0)
‘ 

55 SI ‘ • FPI=OCCt ’+QC9MO - I

‘ 5-- IF CF~~l.C-T. 7.25) U1= .318’.(FP1—7 .25)+.kk

~ RFMOV E OE~ lY~Al4 O ~3E T W E FN —1.75 AND j•’75 I

IF CF~ 1,LE . 7.25) LI1= .0~s0695FP1
C IF (FPI.V.. 7.25 IJi= .o8 *CFD1~ 117;

IF (FPI.LE. 1.75 ) U1 0.
C I IF (FPI.LE.—j.75) tJj= .C$’(FPI+j.?5)

IF FP~ .Lr ._7 .?’~ ~I t .7 ’+~~~(F r15 . 7 .2 5 ) . ’,b.
‘IF (I’l.L.l.— . . O )  Ut~~” ..0
IF (UI .GT.~~. C) U1 8. 0
CALL T cA ~~FP~~( 2,C~ SE , 2, CCSE , 8, ‘4V SE , ERR AU T , 503, Ui,

A lOSE , X i, ~~~~~ 0.0 , C503, 0,0) -

A X 1 =X 3~~X 1 ,X i T Q I M

IF (A X r .L1.a.a) A x c = C . Q  -

IF (AX’ •GT .339.C) AX =1!’4.O I

C GK~1L 1 !S FU54CTION OF ~VNAM IC PRESSJ~,E, ‘4~c. GAIN F(CTO~ OF 3.0 I~ INI~LUOFD IN ~UNCTIONIF (OR. r ,T .303J , )  GI(NLI=3. ’ ( .C83)
IF Cf l ’4 . LF.~~~10. P1L1~~~. ( — .000~ 5-’)~ + .68’~)
II ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .

IF ~~~~~~~~~~ .1 6KP111 3.0 I

AX6z (AXI +AX5 )~~GK NL I
RATIO~~ ’/PS 

- .

IF (RA’I O.LF,.’~3) TI~FAC.,6 
I -
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THIa PAQ~ IS BEST QUALITY FBACTICAJL~
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‘

~~~~~ 

I 

. I I

‘ IF (PATTO.C.T..53) TPFAC —i,195’RATIO+1 .i3 ‘I

IF (~~A 1Io.GT. l.?q)  T RFA C=—i.0
X~ :X5 *TRFAC ‘

S X? AX 6+X 2 ‘
I - Xe=X 6+X7 

I I 
•

IF (X 9,GT.flSLU) GO TO 40
IF (V8.LT.PSLL) SO TO 4~ 

I 
S

X93 .0

~~~ 
X q~~~~”~~~ (X8~~~ LL) I . 

-
‘

cO TO .4
42 ~~~~~~ (X 8+’4SLU)
44, U~ = AXc — X q—AX2 

4

I -

FR2X U2 
- 

- ‘ 
- 

-

Ca LL IrT EG(E”2x ,ER2I) ‘

X2:5K6’ER2I
I I IF (X2 .GT.’)SLIJ) GO TO 

~~~ I

IF (X2.LT .DSLL) GO 10 48 
I

AX2 :0 .C 
‘

rSO TO S,q
4’, ~X2=20C0 .5- (X24OSLL)

50 104 9 , •
IsA A X ? =2 3 C 0 .~~ (X2+DSLU)

4.9 rO’I’TT,~~FST A C OM: X (~+ X7
PST9:2(.G* (STACOM— FRSI )
IF (FS~ B.GT , 6050) RSTfl 60.0
IF. (q5~~~•~~~•

_~ Q•C’) R’~TB —S0.0
EPSX:R~’TU
CALL lP!TEG (ERSX ,E5~ I)- 

• OST EP~~IF (DST .GT.OSHI)  D~’T=OSHr
IF COS T.LT,OSLO) DST=OSLO
0D~ =0ST/flDR 

-

5- 
0-

C LAT FPAI. — 1)101 CTIOU1IL A ’ , ;9FuTATI3~Is
C 
C AI LrPON rHAmIEL COMPIANOS

eA PHIr’ s - 
-

1F (FA.LT .—li.0) p HIC1 =~~;.0 4 F A + 3 3 ~~.0
IF (FA .GE.—1l ,0) P IC1=j~~.fl’.~~A+5!,Ø
IF (FA.G r. —ó.0) P~ IC~~ 3, 3373!3333’PA

• IF CFA.G r. 6.0) D5~ICj j2.O*FA~~ 2.~
IF. (FA .GT .  11.0) PW IC l 3~~ ,G 5 FA - ~~ 38 ,0  I S

CALL TFAN F~~( 2, CODE , 2 , CCRF, 8, 3V~ E, ER~~ UT, 511, ~HICi,5- lORE , PH’C2, 0., 0~~, 0., CI)
DHIC3a~~.l2S(P(i)~~D fl P~ PHIC2)
FPHA 2C.C5- (PHIC3—FFHI)
IF (FP,IA .LT.~~80.0) FPHA’—sO .O
IF (Fp~IA.5T . 80.0) FPI4A. 80.0 

I

I 
-
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FPHX=FrHA 
I 

I

CALL IP’TEGCFPHX ,FPHI)
DOA FPWI I ~

IF (flfit .r,T.OAHI) OOA= !JAHI I

1” (S ~~I I I  
•
I T .~~I~~!”) t~fl t,~~it Ij’~

~4 A :  ?‘~~ ~~~,
1 ,~~ I 11 •I I

R(fl~ E~ ~
-: ‘~(N’I~ l. I ()~tM~ PIflS . ‘

RUPCl=~ U0CO M ‘

Ir (RUrCI. GE. 15.C) RUCIC7 0.~~16sRU) 1—64,.75
IF (~~UrCI.LT. 15.0) RUOC2 O.0
IF (RL PrCI.LE. — 15.0) R’JrC2=0,3163RtI)i+6k.76
yAw F q = F ( l ) 4 0 0 R—x5 5 PC1 )  I 

I

Rj~ R (j)
051:0 ( 1) -

CALL TrANF PI(2 ,CqNY , 2, CCNV , 8 , DV N Y , E RRAUT , 513 , Y-AWF 8,
B T O NY , RFPI, C., 0•, 0., 0. )

I CALL T c~A~~F~ 1 C ~‘,C’
1tY’

~, 2, CCY~~, 8, )VY~ , E’U~4UT, 512, RFR1 ,5- IOY~~ , RFB2 , 0., 0S~ 05, 0. )
F8=PF9~’+G . 5~5GGNS - I

‘ IF (RA Ifl.GT.3.3) A’C F~ =F8 
- 
‘

IF (PATIO.L ~~
’.3.3) A’(F8=F85-(0 .4,355-RATIO— 0.305)

IF (~~A IO,LE.2.)) It’(F8=0.5~~F8
RUD’)C tKc~ —R (,flC2
FPSA =?. .C’ (~~(J )CI C—F PSI)
IF (FPVA ,GT . 120.0) FP~ A= 120.0
IF (FPV A .LT._ 120.0) FP~ A=— 120.0
~~P SX = F F S A  

-

CALL T.tTEG (rt’S)~,FP4~I) - 
. I

14 C ~~~~ • s . T  5 •~~~I I• )

IF (O~~’.LT.RU0LO ) ORR= RIII OLO

I~ (IRI NNO.ST .1)  GO ‘10 80
IF (OFIT.GT.T) GO TO iC

60 IF ( U E L T . G T . C . C )  GO 1”) 6’
WRITE C~ P~ NT,~~i)51 F O R MA T ( l U 1,~~Ss4 lAUGME ’ i~~A T IO N T IM~ ~~~~~~~~~~~~~~~~~~~~~~~~ ,TX,6HUL

A ~ 7X ,E~~G GNA ,7X ,E~HU~ ,
‘
~ X,C .9U 5 ,7X ,5HAX6 ,TX ,SHX6

~ 
7X ,6~4sTAroM ,7X ,c.HEcSx ,7X,6HE~5I I

W R ITE  (3P ~~N !,53)

53 FQD’4 fI~’1 C isX ,6HDHIC1 ,‘VX ,6H’I ,7Y,6HPHIC2 ,7X,6HPHIC3 ,
• Is 7X4 f5 ’~ PHT ,7X ,C~I~ 1 ,7X ,bHYA~JF9 ,g X, ~s4Rr ’41 ,,X , ’4RF~~2 )

I ’ 1 T ( TC 1~~NT ,5 ? )
57 r~ oM AT I 

( 18 X ,6HFS ,7X ,ôHt*<~~5 ,7X ,5HRUDCOI1 ,7X ,6HRU ’~~~!

A 7X ,6WX5 ,7X ,6H~UODC ,7X,6H~ ’SA ,TX,5HDHSI ,?X,F,HGGNS )
WR I T ( C ?P P NT ,59) I

59 FORMAT (18X ,FsHDS ,7X,6H’~ •/ /)
65 ‘4ELT=OrLT,OFL
70 W~ TTFI’P”NT ,71) T,I51,G GN A ,tJIs,U5,AXS,XS,STACOH,PSTP,OST
11 FORMAT (IX ,10E1 3.6)
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THIS PAGE IS BEST QUALIT? FBIACTICA3~&1

~~~~ ~~rY 7~Th~eLSa~P i5-c 4~Q~

- 
WQ!TE (TPPNT ,T’) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

73 F.0~ MAT (1~~X ,gr13.6) 
- - 

-

Wq IT E(IPRNT ,73) F8 ,A Y,W 8,RUDCOM,RU0 2 ,X5,RUDOC,FPSA ,DRR, GGNS
W R TTF ( 1 P~~NT ,77) PS,Oq -

I . 77 rO~~s t . T ( 1 w X ,2 E13, 5) .

80 CONT IW IE - 
1 ,

- •- RETURN I

- 
, - END - I ‘ • 

-

C 
I

154

I~~~~~~~~~ lII ~~~~~~~ s _ss 
~~ 5 SIll 

‘ 
~~~~ IsI *. 5 ,1 , 

- - -



H , Appendix D
* EASY Analysis Program Data

The program commands of the EASY Analysis program are

included in Appendix D.

Table parameters specify the independent and dependent

variables for the table look-up gain parameters of the system

model. The parameter values which satisfy the input re-

quirements of the standard components are listed following

the tabular entries.

The longitudinal axis stability derivat ives for the F-16

aircraft at the selected flight condition of .8 Mach and

20 ,000 feet are shown on page 157. In addition, page 157

shows the commands necessary for generating a steady state

system solution and establishing the aircraft trim condition .

The frequency domain analysis is completed with program

commands to establish a pseudo ’ tracking task. Program com-

mands for both closed ioop arid open loop analysis are corn-

pleted on pages 157 and 158.

The EASY Analysis program data list is concluded with

program commands to generate a closed ioop system time

response to a reference step input.
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C3 1~~’. — .1, C- MCE~~~-).,X3 MCE6 ~~~~C.
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Cl 1A~~’.~~1.
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I -  Cl 4 A ~~
’
~~~~ =— i . .
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TX 1
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~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Cl ~~A ’ Ii~~~~~i. ,~~? 9A ~~ ’ ’2’~ ,

r 
~ 7~ L~ EN 13 ,P) L~~~P~~0.

‘C ~~~~~~~~~~~~ L~~~?~~~.3
!~‘JT CO I~JT ~~~~’DL’~~
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X ’  Lr,rL~~.~~O2,xI L E ~~~.

s
~F—C ~

IN’~T - ~L C(Thr~ TIC1 F~S
A LT ’~~~~’JC’J~ - ‘

1 S f l = 329 .5 I

PR T P’11 CON’~~ Ot~~~
PL1T O-~
P~~~T~

I
~~’~~R rL o T~

S

1t1 C1I9T~~O1~ Y7 L L )
ST-~~~ lV ST A E
XIS- — X
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IF II1I~ I U A L  ~C P L ~ S
F~~ Y) 4 1 N . Y
FP~1 ‘4\x l~ C .
3 O , A~~SFEE I~’1CTIC’J
TIlL ET~5/~~~~~~~E~ OP LO 0~ ‘4OR P

~A L AC~~~L
OA Z A~~E E C  ~jA~ u~ S= Cl ~1A PL=~~.O
IF r~:PI,T~ r2 ‘~~PL
T F  o’r~~~~u~~

T~ ~4A t t 1 J A PI~ SC~~LES

~~~~~~~~ II4 M -
~x~~i:L~.

RO~~~,T ANS~~F’ FIJNCTION
- 

I 
OA ~~~~

h1ET EO I/ALUES~ Cl MAP I —l .0

~~~~~~~

DtIT ~~ I~T 1 I~~
4 ~~~P~~L TF = 2 j

INT MO~)E=~
TI~~L~~~~LOSED LOO P STEP ~ESP)’1~~E - S ‘

flIS~ LA Y 1
~I’~S~ VS TIME

Sn V~
. TIME

~1~~~
) V S TI~1EX2 L (F1 )/S TI~1E

SIM1)L~~~
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graduated as veledictorian of his class in 1966. He entered

undergraduate studies at Louisiana State University and

received his B.S. degree in Electrical Engineering and his

ROTC Air Force commission in 1971. Later that year, he

began active duty in the Air Force as an Undergraduate -

Pilot Training student at Laughlin AFB, Texas. After re-

ceiving his wings, he attended Pilot Instructor Training

at Randolph AFB and then spent the next two years at Laugh-

u n  as an instructor in the T-37 aircraft. From 1974-76, he

enjoyed a tour at Mather AFB as an instructor pilot in

Undergraduate Navigator Training, being a member of the first

T-37 squadron. While at Mather, he accepted the additional

duty of. Functional Check Flight pilot for the T-37 mainten-

ance squadron. In 1976, he entered the Air Force Institute

of Technology at Wright-Patterson AFB to attain a Masters 
C

degree in Electrical Engineering, specializing in a ircraf t

guidance and control. He is married and has two children.

Permanent address: Route 4 Box 245-M
(I:

Gonzales, Louisiana 70737
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performance. The Terminal Aerial Weapon Delivery Simulation
(TAWDS) program by McDonnell Douglas Corporation was adapted for
the F-iS a i r c r a f t.  A non-linear, six-degree-of-freedom aircraft
model, multi-axis flight control system, and multi-axis pilot
model were developed to demonstrate target track ing capabilities .
Eight different air-to-air scenarios were developed to simulate
evasive encounters with an F-4 target aircraft. Time history
target tracking errors indicated the improved tracking performance
of the proposed pitch rete flight control configuration over the
present normal acceleration configurdtion of the F-16 aircraft. r -
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