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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, flight control system, and
pilot model. Comparison of closed loop system responses
indicated a proposed pitch rate flight control configuration
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 aifferent 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 configuration 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 integration of aircraft flight and fire 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

degree of automation to assist him in both flying his




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 effectiveness 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.

Flight Control System Background

The performance of air superiority aircraft such as the
McDonnell Douglas F-15 or the General Dynamics F-16 in air
combat 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-

tion of pitch rate, normal acceleration, and pitching

2




4 aa

acceleration criteria (Ref 3). Aircraft flight test perform-

ance ratings have indicated a pilot preference of this

blended system for normal cruise maneuvers. As a conse-

quence, severgl systems have been built which combine

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 aporoach

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

pitch acceleration. The weighted control combination can

be described as follows:

* = oA e
C* = kjA + kg0 + kgb (1)
where
An = normal acceleration at c.g.
6 = pitch rate
¥ = pitch acceleration

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

units of k, are equivalent to a velocity divided by gravity

2

(g) and k, is equivalent to the distance between the linear

3

accelerometer and the center of gravity of the aircraft

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




C*=A + i; o (2)
where
. 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 ancove the cross-over velocity, in flight regions
where the aircraft control surfaces are relatively more
reséohsive than at lower airspeeds, the normal acceleration
feedback is predominant. The C* approach is convenient for
the mechanization of a feel system because of the ease by
which the pitch rate, 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 fire control systems, a key limiting factor in

4




advancing air-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 iarget hit (Ref 2).

For many years, target tracking has been accompli;hed
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 lead angle based on the
attacker aircraft’s own dynamics. The attacker aircfaft’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
presently being developed and demonstration flight test

programs are scheduled to begin in the near future. Gen-

erally, the director sight incorporates actual measurements

.
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of target aircraft motion fo determine a gunsight solution.
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 cqual-
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
gunsight incorporates actual target measurements of angular
error and angular error rate, it seemsappropriate that a

pitch rate control feedback scheme could be employed to

provide improvements in manual target tracking systems.
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Plan of Attack

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-16
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 locp system to be established for man-in-
the-loop simulations necessary for manual flight control
evaluation.

A digital simulation of the F-16 aircraft dynamics,
flight control system, and pilot model is developed in
Chapter IV. Analysis of the present F-16 flight control
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.




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.




II. Aircraft Selection

Selection 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 flight 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-16 flight control system incorpo-
rates angle of attack, pitch rate, and normal acceleration
feedback. As the C¥* concept implies, normal acceleration
feedback is predominant at cruise airspeeds. A blending of
normal acceleration and pitch rate feedback is employed in
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-16 aircraft

a very likely candidate to examine various flight control

configurations and incorporate these into a manual flight/fire

control system evaluation (Ref §5).




In addition to this interesting flight control con-

figuration, the F-16 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 flight and fire control systems has
recently included a manned simulation program using the F-16

as a baseline aircraft model (Ref 1).

Aircraft Model Description

To complement the efforts of the Air Force Flight
Dynamics Laboratory and General Electric Company, realistic
scenarios were developed for the simulation. The air-to-
air encounters were set with the F-16 aircraft in its clean
configuration at a cruise airspeed of .8 Mach and altitude
of 20,000 feet MSL. 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
programs, F-16 aircraft dynamic simulation data obtained

from the Air Force Flight Dynamics Laboratory LAMARS faci-

lity was selected as the desired test case. A diéital




program by John Griffin (Ref 6) provided aerodynamic data
for computer validation of selected aircraft configurations

and flight conditions for the F-16 manned simulaticas 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
case selected. A more complete aircraft model description

and detailed listing of the flight condition stability

derivatives are shown in Appendix B.
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Table

i

F-16 Aircraft Model Characteristics

(Ref 6)
Flight Condition
Altitude - 20,000 ft
Airspeed - .8 Mach

Dynamic pressure
Air Density

(829.5 ft/secq@ 20,000 ft)
436.06 lbs/ft"”
.001267 slug-ft"

Aircraft

Clean configuration
Gross weight

Mass

c.g. location

Chordlength

Wing span

Wing area

Moments of Inertia
XX-axis
YY-axis
2Z-axis
XZ-axis

19,000 1bs

590.5 slugs

33.92% mean aerodynamic
chord (MAC)

11.32 £t

30 £t 9

300 ft”

9007.5 slugs-ft%
49956. slugs-ft,
$56770. slugs-ft,
198.0 slugs-ft"

Trim Flight Condition Parameters

Load factor
Flight path angle
Angle of attack
Stabilator
(elevator)

1 g (32.174 ft/sec®)
0 degrees

2.1089 degrees
=1.9128 degrees

(up deflection)

Armament

M-61 gun

20 mm ammunition
3400 ft/sec muzzle
velocity

6000 rounds/minute

12




III. Pilot Model Development

Basic F-4 Aircraft Pilot Model Description

In order to implement a closed loop system performance
analysis, an F-16 multi-axis pilot model was required.
Manned simulation efforts 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 two
USAF pilots flying in the MCAIR 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
whileltheir 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 flying quali-
ties, or sight system characteristics. The results of the
McDonnell Douglas study indicatéd that elevation tracking

error contained two predominant modal components. This was

13
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due to the pilot’s interaction with the aircraft’s short
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 channel. This proportional-
plus-derivative observer of elevation angular error regults
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. Integrating this control stick rate
provides the control stick position or stick force that
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-
directional model is based on the assumption that the pilot
acts as a proportional-plus-derivative observer of the tra-
verse tracking error with the dead zone on the error rate.
However, additional visual ques that the pilot may perceive
in traverse tracking are incorporated in the lateral-direc-

tional pilot model. This includes feedback of attacker
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aircraft bank angle relative to the target aircraft. This
additional 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
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 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 aircréft configu-
ration was not sufficient for an F-16 simulation. Since
this basic model was not compatible with the F-16 aerodynamic

and flight control characteristics, an effort was made by

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

|
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aircraft bank angle relative to the target aircraft. This
additional 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 mu%ti-axis pilot model developed by McDonnell
Douglas is shown in Figure 1. A root locus stability
analysis of the pilot model *ransfer function was used to
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 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-106 aerodynamic

and flight control characteristics, an effort was made by

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




F-16 aerodynamic and flight control characteristics. Their
approach was first 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 afé for employing the director sight system. Piiot
performance variations while employing the LCOS system are

included by the gain changes as indicated by the asterisk
(Ref 8).

Table II
Parameter Values of the F-16 Pilot Model
Implementing Director Sight (Ref 8)

*
e L AL R

.05 1.0 0.6 <125 «125 «25 .0573

*

KﬁIL KﬁTR KRUD DB-1 DB-2 DB-3
.10 1.5 0.0 Imr/sec 5 deg 2.5mr /sec

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

except:

KAIL = .17
«20
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IV. Development of the Analysis Model

EASY Program 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. This pre-compiler program accepts model

description instructions from the programmer and from these

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-
clude aircraft 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 calculations,

linear model generation from the original non-linear model,

18




eigenvalue calculation, root locus analysis, transfer
function calculation and several other dynamic analysis

techniques.

F-16 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-16 aircraft control configuration. Simplifi-
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
flaps were not implemented and, because very little control
blending occurs at cruise airspeeds, the differential tail
deflection of the F-16 aircraf£ 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 were
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 used.
For example, the FU components indicate table look-up
functions. These include both the pitch command gradient
and gain scheduled variables that are functions of dynamic
and static pressure. The LA and LG components were used to
model first order lag transfer functions. First order iead-
lag transfer functions were modelled with the LE component.
The multiply and add components, MA and MC, were used to
model the summing junctions. Second order transfer functions
such as in the elevator actuator were modelled using the
TF component. Limiting functions or saturation function
components, SA, were used to regulate the pilot commanded
maximum g forces, angle of attack, actuator rates, and
elevator deflection.

In addition to specifying the F-16 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 states to compute aerodynamic

variables such as angle of attack, airspeed, body rates, etc.




The longitudinal aerodynamic component, LO, computes the
longitudinal aerodynamic forces and moments. The six-degree-
of-freedom equations of motion component, SD, contains the
rigid body dynamic equations for integrating the aircraft
states and is driven by the aerodynamic variables generated
irn 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, stSndard
components were used to complete the pilot model description
as shbﬁn in the schematic diagram of Figure 4. This pilot
model implementation incorporates parameter requirements
for the director sight. Although the description appears
different from that of Figure 1, p. 16, a mathematicélly
equivalent model is shown. The time delay component of
Figure 1 has been incorporated in both the proportional and
derivative channels of the longitudinal pilot model. 1In
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
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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 requirements 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 requirements of the flight
control system aircraft model and pilot model. A listiﬁg
of the model description statements along with a computer
generated schematic diagram of the total system modelled

is included in Appendix A.

F-16 EASY Analvsis

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 g
scheduling blocks indicated in Figure 2 were built using
the table function components, FU. This tabular data was
loaded by describing both the independent and dependent

variables. Additional parameters were loaded in the analysis

26




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 measﬁre-
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 aircraft
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 Griffin program was selected using the stability
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 ?




( in Figure S. 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, 1
torques, and aerodynamic stability derivatives. The non- i

dimensional stability derivatives were obtained from test

o

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
defléctions) 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

I1I along with their respective EASY program names (Ref 6).

F-16 Aircraft Model Validation

With the tabular data, parameter values, and stability

i derivative requirements satisfied, the EASY analysis program

was used to verify the aircraft dynamics. The first check
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Table III
Longitudinal Stability Axis
Stability Derivatives

(Non-Dimensional)
(Refs 6, 12, 13)

Drag EASY
Coefficient Definition Value Parameter Name
-cD =D - 0250 X0 LO
o aS
%p ~3Ch - .1644 XA LO
a
da
~C -MC - .0746 XU LO-
LA 2~ DM
-CD6 -BCD + .0525 XDELO
e X
e
Lift
Coefficient
=L =L - 1443 Z0 LO
L —
o as
= -3C -4,8159 ZA 1O
LQ L
5(!
'CL. -SCL + .6600 ZADLO
o 6
-ch -3CL -2.5965 2Q LO
gac
2’(2U°)
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Table III

| (Continued)
Lift EASY
Coefficient Definition Value Parameter Name
=C -M C - .0607 ZU LO
Lu 2 LM
-CLG -3CL - «4986 ZDELO
e 96
e
Pitching
Moment
Coefficient
Cm - - .0182 MO LO
o
i) c ac + .0943 MALLO
1 my -
da
Cm_ 3Cm - .9550 MADLO
41 kLD
Cmq BCm -2.3187 MQ LO
ac
a(2U )
o
2 MC - 0145 MU LO
) 2 ™ i
Cms EEE - 6669 MDELO
e ase
P
)
.
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‘of the system was to trim the aircraft in straight and level

fliéht at an altitude of 20,000 feet and airspeed of .8
Mach, or an equivalent 829.5 feet per second. In order to
trim the aircraft, two additional integrators were added

to the system model. The input of the first trim integrator
was the difference in reference altitude of 20,000 feet 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
integrator is shown in the upper left hand corner of Figure
8. Likewise, & 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
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

33
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value of each state is given for the trim condition. OQut-

put variables are shown that correspond Lo the component
outputs of Figure 3§, p. 21. The parameter values for each
standard component are listed in Figure 8. To achieve the
desired trim condition, the pilot model was isolated from the
aircraft and flight control models. Program commands were
then used to generate steady state iterations. In doing
this, lhe dynamic equations of moticn were perturbed after
each iteration step until the trim condition specified by
altitude and airspeed initial conditions was achieved. The
state variables indicate the quantities that result from
integrating the set of first order differential equations
that comprise the dynamic systen model.

Once that an operating point was established, all initial
conditions of integrator states were transferred to the sys-
tem through a program command. With the two additional trim
integrators for altitude and airspeed turned off (i.e. inte-
grator states "frozen”) verification of the F-16 aircraft
characteristics continued.

The model developed by the EASY program which includes
the F-16 aireraft characteristics, longitudinal flight con-
trol system, and longitudinal pilot model, is described by

the simplified block diagram of Figure 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 freezing 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
through program commands, the total system was effectively
reduced to the aircraft dynamic model shown in the simpli-
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

37




0
n
8 R S
e AIRCRAFT g
———-—-. ——-————’
DYNAMICS a

Figure 10. EASY Transfer Function Diagram

characteristic equation roots with the Griffin 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 +.8168
-2.745 -2.746
Phugoid -.0262 + j.1528 -.0288 + j.l245
-.0262 - j.1528 -.0288 - j.l245
é,
g 38




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-16 aircraft has two real roots. One
of these in the right half plane brings about the airframe
instability. The phugoid mode is indicated by the pair of
dominant complex poles near the origin.

Although the numerator characteristics were calcuiated
in the EASY Analysis program, it was not possible to have
these printed to enable a comparison with the numerator
dynamics of the Griffin program. However, transfer functions
were calculated using the EASY program commands and the
computer generated Bode diagrams were used to validate the
numerator dynamics. From the Griffin program data, the
following analytical transfer functions of angle of attack

per elevator deflcction and pitch rate per elevator deflec-

tion were derived:

o = _ce1029(s s 148.5)(s® + .0177s + .0040) (3)
e (s - .8282)(s + 2.745)(s2 + .0524s + .0240)

6 = _ -19.72s(s + .01741)(s + 1.312) (4)
8

e (s ~ .8282)(s + 2.745)(s% + .0524s + .0240)




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 are shown in Figures 14-16. The above comparisons
clearly serve to substantiate the validation of the F-16
aircraft model developed.

As mentioned earlier, the F-16 basic aircraft is un-
stable at the flight condition selected for this simulation. ;
This instability is evidence of a positive static margin
which is defined as the ratio of Cmu to CL . The instability

(¢

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 J

flight control system were opened, a time simulation was run

to show the dynamics of the aircraft alone with no flight

control system. An initial condition equivalent to a

e SISO —,
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one degree angle of attack pertubation was input into the i

aircraft system and the resulting dynamic response is shown

iaitmdin e,

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 pertubation. The display shows the angle of
attack, pitch angle, and altitude increasing while the air-
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
the present F-16 flight control system. Investigations
continued to establish a measure of the system effectiveness.
The present F-16 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.
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Figure 18. EASY Closed Loop System Schematic Diagram

Control of the pitch feedback summing junction of Figure 18
was_éained through EASY program commands and by selecting
the appropriate parameter, the 9/6REF 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 function is well behaved and the maximum
peak, Mm, 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 transfer function 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 éo a
step input of 5.5 degrees pitch. The time response to this
step input is shown in Figure 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
sysfem employs a predominantly normal 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 tracking tasks, 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 elimination of normal

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

modified to incorporate a pitch rate control system. As
shown in the model diagram of Figure 3, p. 21, the normal
acceleration channel was eliminated 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 filter in the pitch rate channel was removed.

The lead-lag transfer function 2(s + 15)/(s + 30) was im-
plemented as the new LEE3 component to increase the system
bandwidth. Additionally, a root locus analysis was used to
determine that a pitéh rate feedback system gain of .3 would
provide an overall system damping factor of approximately .7.
An improved system performance 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 pitch rate system is
similar to that of the normal acceleration, however, certain
points are noteworthy. For example, the maximum peak of the
closed loop transfer 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
response 6f the pitch rate system to a step input tracking
error is shown in Figure 28. The faster response with‘less
overshoot is evidence of an improved system.

To summarize the resuits 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-
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
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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
w_ (rps) . 356 . 356
m
Fiase Margin
¢c (deg) 52 63
Gain Margin Frequency
W, (rps) O .75
Gain Margin
(dB) 22.2 18.4
Bandwidth
(rps) % | 1.0
Time Simulation Results
ﬁ‘ Peak Overshoot
M, (%) 17.8 13.6
Peak Time
T (sec) 4.7 3.25
p
Settling Time
Ts(sec) 9.5 .2
i Rise Time
‘j Tr(sec) .o W4

adl
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the pitech rate control system. For the longitudinal axis,
the pilot loop included the longitudinal pilot model as
shown in Figure 1, p. 16, as well as the pitch command stick
gradient and the stick conditioning lag filter. These three
components represent the pilot loop and the open loop trans-

fer function is as faollows:

]59._1(:;3 + 1.3258" + 1.18s + 1.125)
G(s) = -

147
—
-
4
co
.
(&
—
—
=
47
=
%)
J
.
~—
—
e

+ 1.2s + 1.)

where the pitch command stick gradient gain was selected
as the upper slope value of .3182 as shown in the foldout
diagram of Figure 2, p. 20.

Again, the AFIT FREQR program was used to produce the
Bode magnitude and phase plot of Figure 29. The quadratic
low pass filter of the pilot model causes an extensive phase
shift near a frequency of 1 radian per second. An accept-
able phasc margin is maintained up to frequencies near 10
radians per second. 'The magnitude plot, although well
behaved throughout the operational region of the wpilot model,
indicates a desirable -20 dB per decade slope at the lowes

f roeguer for the crossover type model representation of

) ' tud indicates that no adverse
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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

the pitch rate control system.

EASY Analysis Summary

Verification of the F-16 aircraft dynamics indicated
that the EASY model characteristics were 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-16 flight control configuration
was examined. Investigation of a proposed pitch rate flight
control configuration provided both frequency domain and
time domain results that indicated target tracking improve-
ments were possible by implementing a pitch rate control

scheme. A listing of the EASY program statements used to

generate the control system analysis is given in Appendix D.




V. Development of a Simulation Program

TAWDS Program Discussion

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 (TAWDS) 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 TAWDS digital simulation program was
used to simulate both the present F-1§ flight control con-
figuration and the pitch rate configuration of Chapter IV.
Impleﬁenting the pilot model discussed in Chapter II, a
deterministic evaluation of the aircraft’s tracking perform-
ance was completed. Provisions of the TAWDS program include
many factors associated with aerial gunnery. For example,
the program includes the modelling effects of aircraft
dynamics, control system characteristics, gunsight character-
istics, pilot control parameters, attacker to target geometry,

target maneuvering, gun orientation, gun rate of fire and

recoil forces, bullet trajectories, random windgusts, and
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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 Technigues

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 TAWDS 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-deqree-of-freedom
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equations of motion. A flight condition of altitudes near

20,000 feet with airspeed varying from .8 to .9 Mach was
considered. The aircraft model selected as the data base
for the EASY programming was again used in the TAWDS pro-
gram. Therefore, the aircraft characteristics of Table III,
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 TAWDS Data Input subrouéine
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 be
limited to the longitudinal axis of the flight control sys-
tem, however, since weapon system effectiveness was the
cverall objective 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.




After the aircraft data requirements were satisfied,
the longitudinal flight control system was implemented.
Since the F-16 has a very non-conventional flight 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 simpli-
fications in the longitudinal axis as employed in the EASY
programming were also considered in the TAWDS 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
pressure, 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 TAWDS 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

except they were programmed parameters and transfer function
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names already used in the generic TAWDS program. These

were again used in the FORTRAN programming. Using these
pre-programmed names simplified programming efforts, but
these names bear no relation to the generic TAWDS program.
An additional trim subroutine was also »sed to replace
the aircraft trimming techniques of the TAWDS 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 straight 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 numerical variances wl

ren compared to the trim
condition values of the EASY progran.

Next it was necessary to initialize the flight control
system. The values of the aircraft feedback variables were
used to initialize the transfer functions of the flight con-
trol system. The first pass through the flight control sub-
program (AUTSI1) initialized the transfer functions and set

control conditions to satisfy the trim condition. A stick
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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 alsg
the lateral-directional axis.

The generic quality of the TAWDS programming ability
was very helpful in implementing the pitch rate control sys-
tem of Chapter IV. It was not necessary to extensively
change the flight control model av in the EASY program.
Parameter value changes read in as data could effectively
modify the normal acceleration system to incorporate the
pitch rate control. For example, setting the parameter
GKNZ2 shown in Figure 30 equal to zero eliminated normal
acceleration feedback. The transfer %unction CBQQ/CCRA was
set to unity and the transfer function CBCOML/CCCOML was
changed to the desired filter 2(s + 15)/(s + 30). By set-
ting the parameter GKF = .3 as determined by the root locus
analysis mentioned in Chapter IV, and adjusting the pilot

loo ain to command degrees per second instead of ‘g's
g . £ '
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(e.g. CBSE = 10.00), the pitch rate system implementation
for the TAWDS program was completed.

Data parameters would also allow the selection of either
the LCOS 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 parameters would

be necessary to operate the different gunsight systems:

Air-to~-Air Scenarios

A series of air-to-air gunnery encounters 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 range rates (i.e. attacker to target closure rate) from
-50 to -200 feet per second were programmed also. This

established the initial target aircraft airspeed 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
descriﬁes 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 scenari& 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 time history data to

measure the attacker aircraft performance while tracking
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the target aircraft through the selected maneuvers. Both
mean and RMS elevation and traverse tracking error informa-
tion was to be used to measure the tracking effectiveness.

The TAWDS program information is shown in Appendix C.

Table VI
TAWDS 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° left
¥ 10-11 2600  Roll 30° left
1 15 1200
; 3 8.2 -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
E ki 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 53 <150 0.8 7000  Roll 90° left
6-8 5000  Roll 45° left
15 1400
8 4.3 -200 0-2 7000 Roll 90° right
i 6-8 5000 Roll 90° right
| 15 1500 . -
|
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VI. Results

TAWDS Simulation Techniques

The results of the EASY Analysis of Chepter 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 TAWDS 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 simulation
components and 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 .0l and .00l 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-

i i ki

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 thié, 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, RMS, 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 RMS elevation and
traverse.aiming errors, respectively. Improvements in ele-

vation tracking can be seen while the traverse errors remain

81




Table VII
Summary of TAWDS Simulation Tracking Aim Error
with Director Sight Implementation

(measured in

mils)

Present F

-16

Normal Acceleration Configuration

Mean RMS Standarc Deviation

NIC Elcvatioanraverse Elevation|Traverse|Elevation|Traverse
1 -22.2 -17.8 24.1 19.8 8.4 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
S -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 1l.1 26.3 20.1 16.3 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
S -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 results indicate that the ele-
vation aiming error has been improved by an average of

20% for the first four encounters that were initialized at
a range of 5000 feet. The improvement is increased to an
average of 35% for the last four encounters that were
initialised at a range of 7000 feet. The least improvement
of all is shown in encounter 4, This is attributed to the
target maneuvering at the most critical range for air-to-
air combat of 2500 feet. It is interesting to note that the
tracking performance of the pitch rate system shows the
greatest improvement in encounter 8. This was considered
the most difficult encounter of all since the F-4 target
aircraft completed a split-S maneuver during the 15 second
terminal chase. This result indicates that the pitch rate
system of the longitudinal axis provides a greater improve-
ment over the normal acceleration configuration as the

difficulty of the tracking task increases.
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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 Analysis and the TAWDS 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-
tion 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 results of the EASY program verified the improved
system response to a pseudo tracking task in the longitu-
dinal axis. The aircraft mode! 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 Table 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.

TAWDS Simulation. Similarly, the results of the TAWDS

simulation air-to-air combat encounters substantiated the
results of the EASY program analysis. The tracking aiming
error quantities of the eight air<to-air encounters as shown
in Table VII, p. 82, clearly indicate the improvanents.of
the pitch rate flight control system. Elevation tracking
error, both mean and RMS, was reduced in each of the target
tracking scenarios. These air-to-air encounters provided

a realistic enviromment to test the performance of both the
normal acceleration and pitch rate flight control configura-
tions. The different target airspeeds, target load factors,
and target rolling maneuvers of each scenario allowed the
evaluation of each system throughout a variety of flight
conditions. The full six-degree-of-freedom non-linear
simulation developed for the TAWDS program enabled a realis-
tic performance evaluation for the terminal phase of air-to-
air combat.

Aircraft Model Validation. Techniques for verifying

the aircraft flight dynamics were shown using the EASY
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Analysis program. The roots of the characteristic equation
for the léngitudinal dynamics very closely matched those of
the LAMARS test case used to model the F-16 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 sufficient to allow a qualita-
tive comparison of the flight control configurations ex-
amined. The pilot model control stick responses of the TAWDS
prog;am (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 fire 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

flight control system using the C* concept considered only
one extreme implementation, that of eliminating the normal
acceleration and conditioning the pitch rate feedback. Since
the C* approach implies a linear blend of normal accelera-
tion, pitch rate, and pitch acceleration, it is recommended
that other possible combinations of feedback variables be
investigated.

Flight Envelope Expvansion. The end game problem 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 required

to closely match the actual pilot responses for future F-16
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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
aircraft and develop a pitch rate implementation to improve
target tracking. The TAWDS program was used extensively as
a simulation evaluation tool. However, it was necessa£y to
master the programming techniques and terminology of both
programs. Although both programs provided beneficial re-
sults, it would be very convenient for portions of each
program to be combined in one compact program. 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 time 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 programming 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 response and time

response techniques be included in the TAWDS programming.
In this manner, a complete program package could be main-
tained so that the programmer could readily analyze his
implemented system and complete time simulations to deter-
mine system effectiveness. A reduction in computer meﬁory
presently required to run both the EASY and TAWDS programs
would significantly reduce the operating costs and improve
program turnaround time.

Apply Techniques. The programming techniques of this !

thesis in implementing a pitch rate control system for the 3
F-16 aircraft clearly indicate that digital simulations can
provide a very cost effective approach for designing, devel-
oping, and optimizing advanced aircraft weapon delivery sys-
tems. Used in conjunction with manned simulation efforts,
the digital simulation approach can provide invaluable in-
formation. It is therefore my final recommendation that both
the EASY and TAWDS programming techniques be considered to
aid in the design of fighter aircraft handling qualitites

specifications as set forth by MIL-F-8785B.
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Appendix A
EASY Model Program Description
and Computer Generated Schematic

Included in Appendix A is a description of the EASY
model program developed to simulate the F-16 control system,
pilot model, and aircraft equations of motion.

The model description 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 verifies 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 Aircraft Simulation

A portion of the computer output of Run #43 of the
Griffin program is shown as Appendix B. The stability axis
derivatives were used as the test case for the F-16 aircraft
simulation.

Units of the stability derivatives are given as per
degree. However, it should be noted that this applies only
to the dynamic derivatives that are functions of prima;y con-
trol surface deflections. Static derivatives were determined
to be given in radian measure.

Roots of the longitudinal characteristic equation are
shown along with the elevator numerator characteristics that

were used to validate the dynamics of the F-16 aircraft model.
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Appendix C
TAWDS Programming Details

Included as Appendix C is the Terminal Aerial Weapon
Delivery Simulation program data, program output, and addi-
tional program 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 stability derivative
requirements for the non-linear, six-degree-of-frecdom-simu-
lation are shown on pages 109 through 114.

The TAWDS output of encounter 8 for the present F-16
flight control system is shown on 'pages 115 through 129.
Pages 130 through 145 show the program output of the same
encounter with the pitch rate control configuration.

" The Appendix is concluded with a listing of the pro-
gram statements required to adapt the generic TAWDS program
for an F-16 aircraft simulation, pages 146 through 154. The
programmed target rates are shown on page 146 along with the
target maneuvers of page 147. The control statements added
to program the F-16 flight control system begin on page 147.
Included are the logic statements for the gain scheduled
paramcters of the flight control system that are functions

of static and dynamic pressure.
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s ek e o THIS PACE 1S BEST QUALTTY 'RACI1CABLE
FROM COY FURNISHED TODDG -

*ID QCT20
*NELETE FCUNEC.183 A

TEF (IT0CNT.LTS000) GO TO 200
SNTLETE FCEXEC.186

130 FOOMAT (110, 300 ERROR === TTAONT CXZEENS S0CQ)

rOs,EVE BOUNT NS

WEASR( ) &8 QU
LRELEYE PR, {8
. RPRI22( X) = PHIC
COCLETE PRINT.262

"l‘,r&.lu' 1AJ-1'5F6¢;"F(7.:‘)
SDELRTS ERINT 875 .

321 "U‘"Nl(IX.‘h--"l‘(.FB.i.‘,ﬂ6.3,F6-1,7'8.2.?l'ﬁ.2)

PINSEDT ALINFIL.360

PAFAM(LB0) - RHO
"*0 PILTIN1.G&

CNTHES -ERELTL®1000.
N PILTIt.06

NTHT = =FERTRATL*1000.
CDTLETE TNDATL .26

X} ( CRELTLC , O2UMI( 13
YOELETS INDA(L.27

oy ( ERTRTLC 4, NUMI( 14))
*NELETE TARCGET .92
. M"'\(‘U/-l.‘nﬂ.ﬂ,1.‘0.2.8.'-.?.5.5.7-0.ﬂ.k.g.a.ln.ﬂ /
*NCLETS TARGET 93
o Wy OTUYON/=100e =80 a9=60ey=bS5ey0.yI0ap45¢960.,804,100. /
*OILETE TARGET 04
. .YTPT"\":?U)0.0.0.0.0.0.0.0.0.0.0-0'0-0.0'0.0.0,0.0/
! snCLETe TARGET (an
COELETS ICHNMRR 9] :
. S50 0173y,
CDELETE JGNMTR .9
. SeSLE T3 4,
SDELETE JONMUR Q2
. Susn03372, . N y L
SNILETE ICNMPR.OZ Y
. SLuHhLQIXT,
*OFLETE JONMER.QA
. Sufbe (rra2,
SOELETE ICNMPR.IN
. 5L6L01398,
POCLETE ICHMOR 96
. SLbu 3393,
CNELETE TCHMPR.QT
¥ SutL0 139/
*NILETE ICNMTR.ICH

L' .0-.2..'»-.6-.1l‘u11-.l.‘...l.‘..!‘o..l-". /
i SOFLETE IONMUS o Y
b . N Wil'es Slie s 3 S 8 #
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®OCLETFE ICHMPR,.146

TTMX(2,1)=50 § TITMX(1,2)=410 § ITuX(1,L)=010 $
SNFLETE JCNMFR.147
ITHX(2,1)=370 $ ITMX(2,2)=410 $ ITMX(2,5)=310 §
*NELETE TCNMPR,14L3
! TTMX(2,1)=370 & ITMX(3,2)=410 & ITMX(3,7)=610 §
3 SNELETE ICKMFR.149
' ITMX(Ly1)=0h0 § ITMX(L,2)=410 § ITHMX(&4,4)=2610 3
3 ‘ C®DELFTE ICNMTP 150

TYMX(C41)=€670 $ ITMX(5,2)=410 ¢ ITMX(S,4)=2R10 £
Cf‘!'Lf'r 1".;\A'F‘1',l

TTMX(E1)=35) § ITHMX(HR,2)=410 § TTMX(b,4)=310
CNELETE JCNMTR.152

TTHX(741)=2330 & ITMX(7,2)=4L10
FDFLETE ICNMIR,153

TTMX(8,1)=050 § JITMX(8,2)=4L10
*NFLETE TCNMFR,171

21 ITM(I)=410

SDELETF PUTSTL.2,365

SURRQUTINE AUTSI

COoMMCN /CFOATA/ DU (53I0), DUML(270), DUM2(300)

cor4ot! /10ATAY/ INUMLIT0Q) o IDIUI(SC)

COMMON ZTHTVARZ  “APAM(LOG)y TIME, INTOCX

L]

TTMX(7,3)=310

a
M A B

ITMX (8,2) =610

COMMON /CINT/ T, HMAX =
QEAL MICH

NDIMENSION ALPHA(L) yH{) 3P (&) ,Q(4)41%) , INDPDR(23)
NIMENSTON

2,CRT0M (), CCCOML (3)y DVCOML(17), CASE(2)y CCST(D)

EOUIVALENCE

A ( GKMN?? y DUMC(105) ), ( GKFB yNIMILL7)), € GKNZY

Ry ( GKNLY »OUM(12C) ), ( GKMECH  4NUM(125)), ( GKNL?2

Cy ( GK6 » DUM(143) )y ( SKF 2NJIM(152)) 5 ( GKNZZX
FONIVALLENCE

A (CANZ (1) ,DUN(iDQ)).(CﬂN7(1) WA CL140), (CR0NCY)
Ay (CCRNEL)Y  yOUMLIT))y (CASE(L) NI 012 1)), (CCSE(D)
{ Co(CACOML L) yDUM(L53)) 4 (CCCOML L) 4NIM(L158))

FQUIVALENCE  ( DR y OUMC 3))
EQUIVALENCE  ( MACH sy 0QUM(038))
{ SQUIVALENCE ( GKQ y  NUM131))
| EQUIVALENCE ( GGNS »  NUM(N2%))
EOUIVALENTE  ( GGNA y  DUA26))
EQUIVALENCE ( DA y OUMLL 94))
EOQUIVALENCE ( DAMI s DUM1(112))
FQUIVALENCE ( DALO y DUML(113))
FOQUIVALENCF ( DSLU y OUMLIC(114))
. EQUIVALENCF (¢ DSLL y DUMLI(119))
EQUIVALFNCE ( DOSHI » DUML(116))

147

#1118 PAGT IS BEST QUALITY PRACTICABLE
FRW COFY FURNISHED TODDC

ITMX(1,5)=0410
ITHX(2,7)=410
ITMX(3,8)=4L10
ITMX(4,5)=04L10
ITMX(5,5)=4L10D
ITMX(6,5) =410

ITMX(7,4)=0410

TITMX(8,4) =410

1 CPNZ(T), CCNY(2), DVUNT(R), CRANQ(?), CCAQ(2), NVAN(A)

s WSE(B)

3,CBRF(?), CIRE(2), DVE(3),CRYRL2), FTYR(2), DVYR(A)
LyCBNY (T) ,CCNY (2)y, DVNY(B), DVER2(3), DVERS(8), DVPHX(8),

»yOUM(119))
»yOUM(1268))
»yOUM(106))

yDUM(113))
JOUM(123))

DVFPS(8)




e AL o el A LM RN eV s s AN B e

PR

o

. 2 (PCL)  ,PARAM(25} ], (A(L)
. y (R(1)  ,PARAM(41))

DATA NDR / 57.2957795131/

DATA ERRAUT/ SHAUTSIL /

RETURN

100

EOUIVALENRCE ( DSLO
EQUIVAL ENCE
EAUTVALFNCE ( PHIC
EQUIVALFNCE  ( QCOM

*45 (PUDCCM,NUML(165))
EQUIVALENCE ( ODS

EQUIVALENCE ( FP1, DUM(SZ())
FQUIVALENCE -

A ( CRET(1) LUM2 (261, ( GTRF (1)
By CCYF (1) ,OUM2(078)) 4 ( CRNY (1)

FQUIVALFNCE
EQUIVALFNCE (IFRNT,I0UML(132))
COUIVALENCE

1 ¢ 1I0NZ , INNORC 1)) , ( IDQQ

2y IDCCML, INDCOC 8)) 4, ( IDYR
EQUIVALENCE

FBUW COPY FURNISHED 70 DDC

y DUNL(117))
( PUDHI , DUM1(121)) , (RUDLO , DUM1(122))
» NUML(159))
» DUM1(162))

sy DUM1(156)) 5
Yy JIM2(0LTZ)) , ( CAYR(L) ,OUM2(CT6))

»yJUM2 (06211, ( CCNY (1) ,0UM2(0H4))
( IPUNHND, IDUMZ(32))

y INOOR(C 2)), ( IDSE LINNOR( 3))
y INNOR(12)), ( TINNY LINNNDR(13))

A (NVER2(1),PARAM(129)) , (DVERS(1) ,OA_RM(137)) , (DVPHX (1) 4,PARAM(145))

Ny (CVFPS(1),PARAM (153))
EQUIVALENCE ( ER2X , NVER2(5) )
EQUIVALENCE ( ERSX 4 OVEPS(5) )
FAUTVALENCE ( FOMHX 4, DVPUX(5) )
EAUIVALENCE ( FRSX 4, DVFPS(5) )
EQUIVALENCE (H(1)

ENYRY 2UTSI2

CALL IMUFPD (129,AD1IMXX, INUMXYX)
CALL IMUFD (133, ADUMXX, INUMXY)
CALL INUPD (137, ADUMXX, TAUMXX)
CALL TP (141, ADUMYXX, TNUMXX)
CALL.IYUDY (165, ADUMXY, IOUMXY)
CALL I*™UFD (149,A0UMXX, TOUMXX)
CALL IMUPD (153,A0UMXX,IDUMXX)
CALL IMNUPD (157,ADUMXXyIDUMXX)
ISAVTR = 1

NO 160 T = 1, 23
INOOR(T) = =9
NSKIT = 0
PETURN

ENTRY FUTS

IFC IS/VTIR.NE.1 ) GO TO 110
IF (GKNL2.LT+1.0) GO TO 2
TI=AKNL2

NEL=HMAX*FLOAT(ID)

NELT=0.0

GO YO ¢

( ER2TI , OVER2(1) ) °
¢ ERST , NVERS(1) )
( EPHI 4 DVPHX(1) )

( PST , DVFPS(1) )

s PARAM(73) ), (ALPHA (1) ,PARAM(17))

2 2ARAM(II)?

THIS PAGE IS BEST QUALITY PRACTICABLE
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s A

2 NELT=10000C).
4 CONTINUE
IF (IRUMMO.GT.1) GO TO 6
C RECOMVERT LIMITS FROM RADIANS TO DEGRZES

C SU3IFPOUTINF DATAIN)

DSHI=NTHT*DONR
PSLN=DILO*DIR
NSLU=0<LU+NNR
NSLL=N"LL*ENDR
OAMI=0IHI®HOC
DALO=0/LC*00OR

PUYDHI=FUCHI*IOR
RUDLO=FUNLO*NOR
OSTAE=PNS*NNR

Cmeee- INITIAL CONODITIONS

6 IF (OSTAP,GT.DSHI) DSTAR=DSHI
IF (DSTAR,LT.DSLO) DSTAR=0SLO
REC1=ALPHA(1)*D0DR
C5C1=R*(1*C3N2(1)

X5=C501

RSC2=0(1)*NNR
C5C02=R7(2%CRNN (1)
X4=C5¢°
AZ23=GGMA*GKN7 24X L* GKF

C Q28 IS COMF!CT PRESSURE PS IS STATIC °PRESSURE
PS=PAIAM(4830) *1715,0*(518.7-0,0035565%H (1))

0B-PS* (((C.2*MACH**2+1.,0)**T.5)~-1.0)
IF (0R.6T.3030,) GKHNZL1=,083
IF (OR.LE.2J00.) GKN71=-,0002%N3¢,587%

IF (NP.LF.8GJ.) GXNT1=-.,20089*N%+¢1.25

IF (0%.LFfe23354) GKNZi=1.0
AXL=GKN71%X4* .7

AUTI=(=15.0 + AXh ¢ X5)*CKFS8
IF (AUZ,LT.0.0) AUT=0.0

IF (AUZ.GT.399.0) AU3=999.0
U3=A423+20U3

RS C8=U"

CSCe=CRCOML(1)*R508

X3=CsCe.
X1=X3
csc3=C¢ 048
RG02=0.0
IF (CR°F (1), MNE.0.0) P502=C507/CRSE(L)
(MR N

ACOMN=(UL=-,Lb4)/0.31847.25

X4 TRIM==X3 ?

€503=0.0

R5030.0

DDDLOOOYV
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: ERuM COPY FURNLSHED roggg__,,

Ui=C.0C

: NCoMO=C.0

3 ; X1=0.0

‘ AX1=0.(

! AXS=(X® $AX=20.4 )% CKNZ3
IF (AX®LT.0.0) AXS5=0,.0
IF (A¥T.GT.979.0) AX5%=3993.(

C GKNL! 1S FUNCTION OF DYNAMIC PRFSSJQ‘ (e L]
5 C GAIN FfCTOk CF 3.0 IS INCLUOFD IN FUNCTION

! Y IF (QB.GT.330J.) GKNL1=3.*(.083)
= ~ IF (PP,LE.3000.) GKNL1=3.*(-.0002%*39¢,683)

IF (Q3.LF.800.) GKNL1= 3.'(--00069')301 25)
IF (0B.LE.230.) GKNL1=3.0
AX6=(AX]1¢AX5) *GKNL1
PATIO=r3/PS i
IF (RATIQ.LE«s53) TRFAC=.5 ' z
IF (PATI0.G6T.e53) TRFAC==1.19*RATIJ+1.13 ¥
© IF (FATTIO0.GT.1.79) TRFAC=-1.0
XH=XG*TQFAC
FRI|I=NsTAS
E 1 . X2=EFST-X6~AX6
{ . ER2I=X? ¥
‘ IF (GKF NEJ2.0) ER2I=X2/GK6 : . ; '

-

{ AX2=0 ol
1 FPHT=0.0
! i . FPeI=(.C
- ’ . ISAVTR = 0
! IF (IRUNNO.GT.1) GO TO 110
CALL LTIMES(1&)
WRITE (IFRNT,30)
30 FOPMAT (1H1,1X,26HAUGMFNTATICN VARIABLE NUYP,//)
WRITF(TPENT,31) RGCG1,0501.R5€2,0522,2507,0502,R508,C508
31 FOTMATOLHG, BN Al PGIL,7X46'1 G701 TV, 6H 2602,7X, 64 ©662,7X,
A BH  EEN3,X,6H  CH53,7X,6H  PSE3,7X,0M €305,/ 1X,0E1346,7)
WP ITE (IPRNT, 33) AZB,1U3,AX1,AX:,A¥:.(:,OSTAquZ
33 FOPMAT (7X,6HAZ3  ,7X,6HA03 » 7X 9 BHAXY » TXy 6HAXS ’
A TXy6HAXE . 3 7XyBHXE 2 TXyBHNSTAR ,7X,y6HX2 9/91%X48E13:6,7)
11C CONTINUE .
Comne- AS OF THE DATA 15 AUGUST, 1975 , THIS PROGRAM USES
36¢ LOCATIONS OF THE PAFAM ARRQY, THE 2IPEAKDOWN IS |
PILTIM - 52 LOCATTIONS
AUTSIY - 188 LIJCATIONS
AIPFIQ - 1?28 LOCATIONS
WITHOUT ALTERING THE PARAM ARRAY AND  COMSFAUENT PR0GUAM
LOGTYC, AN ADNITIONAL 14 INTESRATION VAPIA3LES CAN BE ANNED,
THFSE VARIASLES CAN E INTEGRATED 8Y FXICUTING THFE CALL TO
EITHER INTEG OR TRANFRe IF ONE CHOOSES TO CALL INTEG, THEN
THE PAPAMETER INTOEX MUST RE INIREASER 8Y 8 FOR EACH
ADNITIONAL CALL TO INTEG.THAT IS INCOIPORATFED IN THE PROGRAM.
THE PAPAMETIR INTOTX IS INITIALIZEND IN THE AIRFI1 SUNRIITINFE.

OO OOHNTVLOO
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. LOMGITUDINAL  CHAMNNEL  AUGMENTATION
c.‘..‘ 5
US=ALPHA (1)#00R
IF (US.GT+30.0) US5=3C.0 SRt F
IF (U5.LTe=5.0) U5=-%5.0 \ g . |
CALL TFAMF2( 2, CBMZ, 2, CCNZ, 8, DVNZ, ERRAUT, 501,' U5,
4 1007, Y4,y ©901s 0303 T601, 9.0 3
SN S R
i CALL TFANFR( 2, CHMN, 2, CCAQNy 7y JVANy ERRAUT) 302y Uk, y .
i A 1011y X4y P502y 040y CS502y 040) |
ST Q22=GGMA*GKN7 24X 4*CKF y . ) ]
. £ N3 IS CONPICT PRESSURE PS IS STATIC PRRESSURE
5 PS=PARAM (450)*1715.0%(518.7-0.0035565%H(1)) G
08=PS* (( (L 2*MACH**2+1.0)%*3,5)-1.0)
IF (NR.GT.3000.) G¥NZ1=.(82
IF (OB.LE.30CJe) GKNZ1=-.5002%08+,583 . -
.IF (08,LE.800,) GKN7Z1=-.00089%N%8¢+1,25
IF (NR,LE.290,) GVvH71=1.0 ] ;
AXL=GKPI? 1% X4 .7 '
AU3=(-15.0 ¢ AXu + XW)*GKFI3
IF (AU?.LT.0e0) AUZ=0.0
IF (AU?.GT,.9729,0) AU3=3°72.0
U3=4Z23+AU3
CALL TFAMNFR( 3, C3COML, X, CCCOML, 12, DVCOML, ERRAUT, 508, U3,
5 A IncoML 4 X3y R308y 04Cy CS535, 0.0)
g ¢ FP1=0CCM+QCIMO \ :
i IF (FP1,GT,. 7.25) U1=.318%(FP1=7.25) ¢+.4b : E
RFMOVE DELNTAND BETWEFN =-1.75 AND 1.75 {
IF (FP1.LE. T425) U1=,06069*FP1

(%

c IF (FP1.LS.. 7.25) U1=,08%(FP1-1.73)

c IF (FP1.LE. 1.75) Ui=C., : ’ .

c . IF (FPL1 LEe=1.75) U1=,06%(FP1+1,75) .
IF (FP1.LE«=7423) UL= 7425 (FP1+7,25) =4l
'IF (“1-L1"“u0) U1=’“'0
IF (U1.GTed.0) U1=8,.0

. CALL TSAMFR( 2,C3SE, 2, CCSE, 8, NVSE, ERRAUT, 503, Ui,
A INSE , X1, P303, 0.0 , €503, 0.0)
. AX1=X3=-X14X1TOINM

AXE= (XS +AXU=20,4)*CKNT2
IF (AXFoLT.d4D) BX5=( 40
IF (AXf .GT.399.0) AX==999,0

> GKNL1 TS FUNCTION OF JYNAMIC PRESSJRE, 0%

- C GAIN FFCTOR OF 3.0 IS INCLUDED IN FUNCTION
% IF (NB.GT.3000.) GKNL1=3.*(.C8T) ]
IF (N9,LF,2070,) GKNL1=3,%(=.0002"03+,682) ]
TF (CALFe?idel  GXHLLZ7,%(=,0008)%02+1,25) !
IF (NB.LE.73)e) GKNL1=3,0
AX6=(AX1+AX5)*GKNLY TS
; RATIO=ra/Ps :

IF (RATIOWFee53) THFAC= .5
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IF (RATIOGT,.53) TPRPFAC==1,19*RATID*+1,.13
IF (RATIO0.GT.1.79) TRFAC=~1.0
X6=X5*TRFAC
X7=AX6+X2
X8=X6+X7
IF (X8,6T.NSLU) GO TO 40
IF (¥B8.LT.DSLL) GO TO 42
X9=3.0
G0 TO L&
L) NI=GVEY (XBOSLL)
G0 TO =4

L2 X9=GKe* (Xa+NSLY)

L& U2=0XF=-X9=~AX2 U
ER2X=U2 g A Sy r
CALL IFTEG(ER2X,ERZT)

. X2=GK6*ER2I
k. IF (X2.GT.DSLU) GO TO 46
IF (X2,LT.DSLL) GO YO 48
AX2=0.C
G0 TO &9
L6 AX2=20C0.,*(X24DSLL)
GO TC 9

L8 AX2=20C0.*(X2+DSLUW)

Ly ronTINTE
STACOM=XG+X7
PSTI=2( +6*(STACOM=-FRSI)

IF (FS78.6T. 60.0) RSTR= £0,0

1F (QS'B.LT.-60.0) RSTB="5000
ERSX=RTTB

CALL IMTEG(ERSX,ERSI)

0ST=ERST ,
IF (DST.GT.DSHI) DST=0SHI

IF (DST.LT,DSLO) DST=0SLO

NDS=DST/NOR

Coaccacanaa

¢ LATERAL - DIRECTIONAL AIIMENTATION
Becrunssss
C AILFRPON CHANNEL COMMANNS

CTA=PHIC .

IF (FA.LT.=11,0) PHIC1=33,0*FA+339,0
IF (FA.GE.~11.,0) PHIC1=12.,0%*FA+52,0

IF (FA.GE. -p0.,0) PHIC1= 3,332323333*F4
IF (FA.GF. 6,0) ®PHIC1=12,0*FA=-52.0

IF (FA.CT. 11.0) PHIC1=33.0*FA=-233.0
CALL TFANFF( 2, CBRE, 2, CCRE, 8, JVIE, ERRQUT, 511, PHICH,
- IDRE y PHYC2y Oy 0oy 0oy 00
PHIC3=C0.12%(P (1) *ODPP=PHIC2)
FPHA=2( . C* (PHICI~FFHI)

IF (FPHMALT,.=80.0) FPHA==80.0

IF (FPMAGT, 80.,0) FPHAw B80.0
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FPHX=FFHA
CALL IMTEG(FPHX,FPHI)
DDA=FPHT . . . .
IF (D0/ .GT.OAHI) DNA=NAHI : % =
IO (07 LT DALO) DRA=TALD ‘
(3] AR PR LA '
RUINES CHANNEL COUMANNDS
RUDNC1=rUNCOM
IF (RUrFC1.5E. 15.0) RUpC?=00316‘QU’:1'6‘0.75
IF (RUPC1.LT. 15.0) RUNC2=0,0
IF (RUPC1.LE.-15.0) RUDC2=0.316%*RUIC1+64.76
YAWFB=F (1) *DNR=-X5*P (1) -

R1=R(1)
e1=02(1) g
CALL TFANFR(2 ,C8NY, 2, CCNY, 8 , JVNY , ERRAUT , 513 , YAWFB, '
L IONY 1] aniy c'Q 00' Dc’ 0. )
. CALL TFANFF ( 2,CMYR, 2, CCYF, 8, IVYR , ERRAUT, 512, RFB1,
g I0YR , RFB2y 04y Oey 0oy 0. ) -
F8=RF224+0.H*GGNS ! =
IF (RATIN.GT.3.3) AXF3=F3 S

IF (PATIOWF.3.3) AKFI=F3* (0.435*RATIO-0.305)
IF (RATIO.LE.2.0) AKF3=0.5*F8
RUNNC=LKFR=-RNC2
FPSA=2. .(* (RUINC-FPST)
IF (FPSA.GT. 120.0) FPSA= 120.0
IF (FPSA.LT.-120.0) FPSA==-120.0
FPSX=FFSA . 4 e,
CALL TIMTEG(FOSY,FPST) _ s 2
Jec-rpe 3
TF (NEE (T RUNUL) CRER: RUONK]
IF (DRF.LT.RUDLO) DRR= RUDLO
NR=DRR/DPR
IF (IRU'NNO.5T.1) GO TO 80
IF (DELT.GT.T) GO TO 30
60 IF (DELT.GT.G.G) GC TO 65
WRITE(JF2NT,51)
51 FORMAT(1M1,25H1AUGMENTATION TIME HISTORY,/Z/7,5X,AHTIME ,7X,6MUL

A s TXyEHGGNA  ,7X,6HUL 27Xy 6HUS » TXy5HAXE » TXy 6HXE »
a TXy6HSTACOMy 7X, EHECSX 3 TXyH6HERST )

WRITE(IPRNT,53)

53 FOPMAT (18X, 6HPHICL ,7X,6H"1 » 7YXy BHPHIC2 ,7X,6HPHIC3 ,

3 A TXEMEPHT 47X, 6HR1 9y 7TXgBHYAAFT ,7X,5HRFIL 47X, AHRFA2 )
HRITE(TOSNT,57)

S7 FOPMAT - (L8X,6HF8 97X y0HALT3  ,7X,6HRUDCOM, 7X,6HRUIC2 ,

A 7 Xy 6HX5 9 TX96HIUDDC »TXy6HFA2SA  ,7X,5HPHSI ,7Xy6HGGNS )

WRITE (TPRNT,59) .
$9 FORMAT (18X ,6HPS 9 7TX,6H2 2/7)
65 NELT=DFLTY+0DFL
70 NOTTE(TPONT,71) Ty,D1,G6NA,V4,US)AXbyXH,STACOM,RSTR,DST
71 FORMAT(1X,10E13.6)
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WRITE(IPRNT7%) PHIC1,P1,PHIC2,PHIC3, DDA,Pi YAHFB,PFR! RFQ]2
7?3 FORMAT(14Xy9513.6)
WRITE (IPRNT,73) F8,AKF8,RUDCOM,RUDZ Z.XS,RUDDC,FPSA,DQR,GGNS
WRITF (IPRNT,77) PS,QC8
77 FORMAT(14Xy2E13.6) <
80 CONTINUE - ¢
RETURN ’
END




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 derivatives 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 loop and open loop analysis are com-

pleted on pages 157 and 158.

The EASY Analysis program data list is concluded with
program commands to generate a closed loop system time

response to a reference step input.
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TARLF,FTATUEL, -

’1-06;9"025,7025’530

'QQ,°05“,ch“’15056

TAILT,FTAFUE?,

:0’1~l919‘09 .C.

‘109‘109'40,‘“.

TAFEGFTAFUEZ, S

00,2nal,q3ul,?283.’6c65.
e79e79e37%1,.0551,4,5581

TARBLFE,FT2FIIEL,*®

3.,25?.99C:093u-.o’ﬁCUCQ
3.,30’1-“30902“}9,-.1"’61

TASLE,FTAFUES 40

Ce9eB2491479,2.0

lg’on,‘io:,°100

TAW S FTAFUES g

-50.,-25.,25.,50.

-qu’g.,ﬂl,?!:.

PARAMETEFR VALUES

AN FUFi==1,Ar FUF2=-1,AN FUEZI==1,4N FUE}=~1
AN FUZS=-1,AY FlYgo=1

C1 4Aci=1,

&t gl\"c_—-‘SoC’ SAE2= da’C“ SA
C-‘. SAE3= TG o ,PE) QAP-{-"Q

70 L6G= 1=‘3-,°0 LGEL=1y .
GAILEN2=1,420 LEE2=0.420 LEZP=1,

c2 W°r1=1.,C3 MCEL1=1,yCt MCE1=049yX3 MCEL==20,.4&
C2 MCT2=1,9CC MCE2=1.9C4 MC=2=0+9X2 MTE2=-15,
Cs SAEs=(,

C1 ACF3=.161,02 VCE
EY ShEhsean g0E SSNESE

GAITLEF3=3,C ’1{: Lec E3" ,pf FEZ=12.

61 10Bu=1,4,02 MOEL=149C3 Mf‘ “hhz=] 4, g Cl MCZ4=3.,

c? 4C-:_')0,r3 ﬂC"—Uo,CL MCEG= ey ¥3 MCES3=3,
SKITTS1=F,yGFLTITE1=2000Q.9yAMATITEL=25,,AMIITE1==25,

C2 MAE2=0,

C3 M0Ze=L49yC~ MCES=049X3 MCEG6=C

01 MAES=1,

C1 4A=h=1,

21 TFE1=Ce92{ TFF1=2704e3P1l TFF1=72,8,°) TFF1=27C4L,
Ct 4YAF3=-1.

C1 SAF1=23.,07 SAF1=3.,C4L SAF1=20.,C6 S171=-3,

70 LGFL=1,yFC LGFi=0.

C3 SAF2=025.4C€ SAF2==25,

C1 vAE2=,0c1(282

m
~n

P

™
1"

167503 MCEZ=0,5,04 MCEZ=0,
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LEPL=C,.0

GATLEPL=349 (4L 24
7C LAPL=.0"
<4

S'IL\pL‘fc‘Sjb
C1 SaPL=1,0f-0hyC2

TX SD=044,YD “0=04,T77 57=C,

IXXSN=1§c7,¢ IYvrSnN=4aan55, I177SN=557"0.

ID1AVY=Z,

VS AV=1329,% ALSAV=2,103Q S Av=2J33.,

X0t LO==,52%( XA L0==-,72u1 XU L0==.07+45

70 LO==41-u3 7A LO=-4,8159 7ADLO=,2531

20 LO==,121% 22TL0==44905 MC LO=-,2132

HANL O0== 235 ( MA LO0==-2,3137 MU LO==.3145
3 MALL O= QF.E C LO=11,32

XPILO0=3.(,F24LC=4,TYLILO=C

1 44FT==-1,472 MAET=23313C.
70 LGET=414FP. LGET=(
C1 MAEN==1,,rf2 MAEN=329
70 LGSE2=2843,F0 L6GE2=3,3
INT CoNTeatL S

V S0=3498 S0=0492 SO=CeyROLSI=T4,YANS=],

XTI LEES=2F=(%5,X2 ITEIi=.o0LyXTI TFFi=41

X2 LGFL=4C02yXI LEE2=.4F=(5
INITIAL CONDITICHS
ALTSN=20C50,10 SN=329,5
PRINT CONTROL=T
PLIT ON
PRINTER FLOTS
INT CONTROL= ¥2 LGPL=D
STSANY STATE
XIN=X
INT CONTPOL= X? L5EN=0, X2 LGET=0
INT fONTPOL= X2 L5PL=1
LINTA® AMALYCIS
TITLF=THETA/THETAREF CLOSEDN LOOP NORMAL ACCEL
TF INPUT= 2 MAFL
TF OUTAUT= PITSD

.“.._'.', \\

C) o‘“L*io. Ch ?A°L=3.C
: 21 TFPL=(.0 23 TFPL=1.3 PL TFPL=1,2 P
! C1 MCPL=1.y €2 MGPL=1,0 03 MCPL=1.3 c
{ Z0 LGPL=.25 PO LGPL=0.C
| C1 4aPL=-1.¢C N2 MAPL=R 4

FRAD CONT=OLS= H S)=.8,H S72=.06,Q S7¥=.1%
X2 LGEN=L,,X2 LGET=,2F=05,X2 LGEZ=,9%=0hyX2
X2 TFF1=47014X2 LGF1=4031yPITRO=,LE=-J2,ALTSN

XI LEFL=4( 9 X2 LAPL=40(%yXI TFPL=.C0RyX2 TFPL

PC LEPL=20.C

PL=1.09C7 SAFL=0.Jy2¢ SAPL=1.05=-00

TFPL=1.0
MCPL=0.9

IX?SD=198,

XNELN=. 0525
?Q LO==2.595%
MALLO=,2Q..7
MNELO==4 6630

c1 1C71=.-311.P" MC21=-40311,CT MCZ1=0.,C% MCZ1=-1,X3 MCZi=3.

4970 LGEN=10.4P) L5IN=0.

JALTITY PRACTICABLE
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‘? THI§ RAGE TS BEST QUALIT mwf&m"
‘ FR00 UOPY FUBNISUED 0008 __—— P
| |

TF 1aMYAL SCALES
FREQ MIN=.00¢
FREN MAX=1¢Ce |
3003, T3AMSFER FUNCTION
TITLE=THFTA/ HETAREF OPSEN LOOF NORMAL AZCEL
_ DADAMETES VALUES= C1 MAPL=(.0
E | TF INPUT=s C2 MAPL
‘ TF QUTPUT= PITED
TF MAMUAL SCALES
FRZN MTN=,(1
FRTA MAX=170.
RON=,T2ANSFFT FUNCTION
OARAMFTER YALUES= C1 MAPL=-1,C
TINGC=.865
7"-\\(=?3 s
QUTRATT=1.(
PRATF=2j
INT MODE=2
TITLE="LOSED LOOP STEP RESPINSE

= NISALAY1

'i : °ITSD A TIME
! Q SN ys TIME
| ALTSN VS TIME

E | X2 LAF1 Vs TIME

E | | SIMULATE
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of Technology at Wright-Patterson AFB to attain a Masters
degree in Electrical Engineering, specializing in aircraft

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

Permanent address: ﬁoute 4 Box 245-M

Gonzales, Louisiana 70737




.

. UNCLASSIFTED Phiteal o Mk

SECURITY CLASSIELCATION OF THIN DAGE (When l'uf.l atared)

REPORT DOCUMENTATION PAGE IEFORE COMPLI TING 1 Ok
7 Rirort nomot ik / T GOV ACLESSION NO| T RECIFIENT & CATALOG NUMBE H ]
AFRIT/GEC/ER /7)< L_ =X By LR e )
;.‘ TITLE (and Subtitle) 3 ) S TYPE OF REPORT A PLRIOD COVE KLY
pl 1\ H }\ a‘\ l “ I l IL}”‘ (\NTROL M: ‘l'he{; XS

FOR THE F-16 ATRCRAFT TO
IMPROVE ATR-TO-ALR COMRAT

. rl:—'“.\,‘”th QORG. REPORYT NUMBER

7. AUTHOR, O Yo ] 3 e “le CONTRACT OR GRANT NUMIL 1)

Michacl A. Marchand

Capt USAK

[ 1L R ORMING ORGANIZATION NAME AND ADDRESS T T T 710, PROGRAM ELEMENT, PROJECT, TASK

. ‘ " AREA & WOKRK UNIT NUMBERS

Air Force Tustitute of Technology (AFIT- EN)

Wright-Pattorson AFB, Ohio 46433 Project 7071-00-12

||7.7—1‘.w;;:)u:|~\. OF P ict NAML R?AL\I\E—E-;S— s e 1 _;E—P_O"H .l;'Ml"._‘ R ST
Adr Force Pliaht Dyvnamics laboratory Pald DE‘CUHI)‘(__‘_I_‘_ “_1(""7 - "
wriaht Patteroon AR O dbhai3s 13, NUMBUR OF PAGES

198

14 MONTT ORING AGENGY NAMC A AGDRES® i{ different from Controliing Office) | 15 SECURITY CUASS. (of thix report)

Unclassified

[ 188, DUCLASSITICATION DOWNGRADING.
SCHEDUL I

To, DISTRIGUTION STATEUNMENT (of thia Keporh)
Approved for public release; distribution unlimited

17, DISTRINUTION STATEMUNT (of the sbatract entered in Block 20, it ditfecent from Repor()

= AERRESHS 07 ATV:RGT KA pxoVﬂd ¢n9\uub$uc IClkdbC, IAW AFR 190-17

VNN
Jerral e Guouu)\bqrfﬁln, USAF
Director of Information

|9 kl’.V WOHl‘ N (( 8 ntumc on reverae aide if necessary and (dentify by dlock number)

20, A.""C T (Continue on reveras alde I necessary and Identify by block number)

Digital simulations were developed to implement a pitch rate
control system for the F-10 aircraft engaged in aerial gunnery.
Firast, the EASY Modelling and Analysis Program by Boeing Computer
Jervices was adapted to implement a longitudinal axis F-16 air-

raft, flight control sysicm, and pilot model. Comparison of

i loop stem responses indicated a proposed pitch rate
1 st contiouration would dmorove target tracking \
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performance. The Terminal Aerial Weapon Delivery Simulation
(TAWDS) program by McDonnell 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 simulate
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 configuration over the
present normal acceleration configuration of the F-16 aircraft.4y
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