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ABSTRACT

The IBM Company's Continuous System Modeling Program

was used to simulate the lateral and directional flight

control systems of the F/A-18 aircraft. The model is

designed for use in studies of high angle-of-attack maneuver-

ing flight and is restricted to the Auto Flaps Up mode of

operation. The model accepts simulated pilot stick and

rudder inputs, air data information, and rate gyro, angle-

of-attack, and acceleration feedback signals. Outputs are

differential stabilator, differential leading-edge and

trailing edge flap, aileron, and rudder deflections.

Typical input values are used to validate the model,

generating output control surface deflections which corres-

pond to those expected for the F/A-18 aircraft.
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I. INTRODUCTION

In this thesis, work completed at the Department of

Aeronautics of the Naval Postgraduate School as part of that

Department's research into the development of advanced

control concepts using digital electronic flight control in

U. S. Navy tactical combat aircraft is described. In con-

current work, Carter [Ref. 1], discusses in part the

motivation for and the scope of this research program.

Briefly reviewing Reference 1, it is desired to expand the

application of digital flight control technology to the

following areas:

1. Investigation of active control prevention of departure

from controlled flight.

2. Comparative testing of new control law algorithms.

3. Evaluation of modern control techniques such as optimal

control, observers, and model following control.

4. Simulation of degraded flight conditions for combat

survivability studies.

As discussed in Reference 1, computer simulation of a

digital fly-by-wire aircraft was deemed the best initial

approach in studying the topics listed above. The Navy/

McDonnell Douglas F/A-18 is such an aircraft, and in fact is

the first U. S. aircraft in production to use a digital

fly-by-wire control system. In Reference 1, the computer
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modeling of the longitudinal axis control system of the

F/A-18 is described. In this thesis, the model is extended

to the lateral-directional axes to complete the contrcl

system model. Future incorporation of an F/A-18 aerodynamics

simulation by Raithel (Ref. 2] and non-linear equations of

motion will result in a complete "flying" computer model of

the F/A-18.

The computer model was developed on the Naval Postgrad-

uate School's IBM Model 3033 general purpose mainframe

computer. The code is written for the IBM Company's

Continuous System Modeling Program (CSMP) (Ref. 3], which is

a Fortran application program designed to simulate dynamic

systems. The text, "A Guide To Using CSMP"-by Speckhart and

Green [Ref. 4], provides most of the documentation necessary

to use CSMP. CSMP has several advantages over a conventional

Fortran program for this simulation. First, CSMP includes

34 built-in functions which serve to model most of the block

diagrams encountered in control systems engineering. These

functions are analogous to Fortran functions. Second, CSMP

can accommodate user-defined functions, called macros, and

can also call standard Fortran subroutines and functions.

Third, output formatting, either printed or graphical, is

handled by CSMP using just a few statements. Finally, the

time base and numerical integration routines are provided

by CSMP. One might consider the primary disadvantage of

CSMP to be lack of user control over the built-in functions



and numerical methods. For this simulation CSMP proved

to be a very effective tool.

In Chapter II, an overview of the F/A-18 flight control

system is provided and the assumptions made and limitations

of the modeling process are discussed. In Chapter III, the

methodology and nomenclature of the computer program are

outlined. In Chapter IV, the tests and results used to

validate the model are presented. Conclusions and recommen-

dations are in Chapter V. Appendix A contains block diagrams

of the F/A-18 flight control system as modeled, including the

previous longitudinal model developed by Carter [1]. Changes

in nomenclature and arrangement to Carter's model have been

made in incorporating it into the current model; these are

essentially cosmetic. Appendix B is the computer program

listing in CSMP of the F/A-18 flight control system as

modeled, again, readers of Carter's program will note some

changes in its form here to suit the overall program.

9



II. F/A-'18 FLIGHT CONTROL SYSTEM

The F/A-18 flight control system is described in detail

in the McDonnellAircraft Company's F/A-18A Flight Control

System Design Report [Ref. S]. In this chapter, basics of

the system are discussed and portions used in the model are

indicated.

The flight control system is a digital fly-by-wire

electronic control augmentation system which uses a four-

channel parallel network of computers, electronic circuit

elements, and associated wiring. The system is entirely

electronic from pilot controls/feedback sensors to the

control surface actuators. The actuators are redundant

electrohydraulic servo mechanisms with the exception of the

leading-edge flap system which is a hydraulically-powered

rotary mechanical system. Backup mechanical control of the

stabilators is available, and the stabilator, aileron and

rudder surfaces have a backup analog Direct Electric Link

in the event of a total digital computer failure. Control

surfaces are stabilators, ailerons, dual rudders, leading-

ed- and trailing-edge flaps. The stabilators, leading-edge

and trailing-edge flaps are capable of differential movemert.

Pilot inputs are through a conventional control stick

and rudder pedal arrangement. Closed-loop stability

augmentation is provided by feedback of pitch, roll, and

10



yaw rates, normal and lateral acceleration, and angle-of-

attack data. These feedback signals are gain scheduled by

air data and angle-of-attack information to tailor the

feedback signals to the current flight condition. Cross-

axis control signal interconnects are provided which

improve control and feedback coordination and reduce inertia

coupling. Reference 5 should be consulted for a more

in-depth discussion of the feedback and gain schedule

design theory.

Initially, the computer model is to be used for studies

involving only the "up and away" flight mode, meaning that

the simulated aircraft is in a trimmed, stable condition in

normal flight prior to the initiation of a maneuver. This

allows the model to be reduced from the full control system.

The assumptions which were made in reducing the model are

discussed in Reference 1, however, several will be repeated

here:

1. The aircraft is in the Auto Flaps Up configuration. The

control law gain schedules used are designed for cruise and

combat maneuvering flight. The leading and trailing-edge

flaps are automatically positioned.

2. Inner loop control is being used. This means that the

pilot is the source of control inputs through the stick and

rudders. Outer loop (autopilot) control is not modeled.

3. The Control Augmentation System is in use. This is the

optimum situation indicating that the digital computers,

iiL1



feedback sensors, and air data, acceleration, and angle-of-

attack measurements are all operating normally.

4. Tr.i, external stores, speedI r-ks, Ind anti-ir n

features are not modeled. Active Oscillation Control is

also left out, as it is a function of external store

loading.

The model thus used is acceptable for simulating the

full range of combat maneuvering flight of which the F/A-IS

is capable. Take-off and approach/landing phases are not

simulated.

In the McDonnell Aircraft Company's report, F/A-18

Flight Control Electronic Set Control Laws [Ref. 61, the

software design and nomenclature of the F/A-18 digital

control system is described. Those portions which are

included in the model are briefly reviewed below, including

for completeness the longitudinal portion which was

discussed in Reference 1. Readers desiring in-depth infor-

mation of the F/A-18 flight dynamics and control system

theory of operation should refer to References 5 and 6.

LONGITUDINAL AXIS

The control system consists of the following paths:

o Stick pitch input

o Pitch rate feedback

o Normal accelerometer feedback

o Angle-of-attack feedback

12
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o Inertial decoupling feedback (roll rate * yaw rate)

o Forward loop integrator

These paths ar2 summed to form the stabilator command.

Except for inertial decoupling feedback, all of the paths

are used as inputs to the forward loop integrator path,

which reduces the steady-state difference between maneuver

command and aircraft response to zero. The signal paths

are gain scheduled by air data, angle-of-attack, and

acceleration functions which are discussed in Chapter III.

A digital notch filter is located after the feedback summing

junction to attenuate structural vibrations. In the Auto

Flap Up mode, gain-scheduled angle-of-attack information is

used to provide maneuvering flap commands.

LATERAL AXIS

The control system consists of the following paths:

o Stick roll input

o Roll rate feedback

o Rudder pedal interconnect

The lateral command is formed by the sum of the signal paths,

which are gain-scheduled similarly to the longitudinal axis

paths. The stick and roll rate paths incorporate digital

notch filters to attenuate structural vibration inputs.

Differential stabilator, and leading-edge and trailing edge

flap commands are separately gain-scheduled and directed to

their respective paths in the longitudinal axis control

system.

13



DIRECTIONAL AXIS

The control system consists of the following paths:

o Rudder pedal y.aw input

o Yaw rate feedback

o Lateral acceleration feedback

o Rolling surface interconnect

o Inertial decoupling feedback (pitch rate * roll rate)

The rudder command is the sum of structural-filtered, gain

scheduled feedback signals, and gain-scheduled rudder pedal

and rolling surface interconnect signals.

Actuator data from Reference 5 was not expressed in

terms of damping and natural frequency, therefore, data

that was available on an actuator very much like the F/A-18

stabilator actuator was used as a guide. It was decided to

use a second order model for all of the control surface

actuators, and to use the same damping ratio and natural

frequency, 0.7 and 40Hz, respectively, until the data

specified in that manner was obtained for the other

actuators.

Digital filters other than the structural filters

already mentioned include lag, lead-lag, and integrators.

The constants for all of the filters are listed in

Chapter 16 of Reference S. Aliasing filters were treated

as analog filters (s-domain) as they always occur prior to

A/D converters. Digital filters used the z-domain

representation.

14



In Chapter III, the modeling methodology by which tihc.e

F/A-18 digital control system as described briefl,.y above

was coded for computer study using CSMP is discussed.
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i I I PROGRAM ,,ETHODOLOGY

The primary source of information used in making the

computer model was the McDonnell Aircraft Company F/A-18

Flight Control System Design Report [Ref. 5). Figures

16.1, 16.2, and 16.3 of Reference 5 are the block diagrams

of the longitudinal, lateral, and directional control

systems, respectively. Chapter 16 of Reference 5 contains

descriptions of system operation, control law algorithms,

and digital filter specifications. Since there have been

several versions of the control laws to date, it should

be noted that the version used in this program is OPV 8.2.1,

current as of 31 August 1982.

Program modeling began by reducing the control system

block diagrams (Figures 16.1, 16.2, 16.3 of Reference 5)

to the forms desired for research. This was done by

applying the assumptions listed in Chapter II and in

Reference 1. Next, scheme of labeling the control system

paths was developed. Readers of Reference 1 should note

that the labeling system used there has been changed in

this program to accommodate the more general nature of the

full three-axis model. The paths which are modeled are:

1. Pilot inputs: pitch, roll, and yaw

2. Angle-of-attack feedback

3. Rate gyro feedbacks: pitch, roll, and yaw

16



4. Normal accelerometer feedback

S. Lateral accelerometer feedback

6. Stabilators, symmetrical and differential

7 Ailerons

8. Rudders

9. Leading-edge flaps, symmetrical and differential

10. Trailing-edge flaps, symmetrical and differential

The labels and nomenclature for each path are listed below:

PILOT INPUTS

PP pilot pitch path

PR pilot roll path

PY pilot yaw path

ANGLE-OF-ATTACK FEEDBACK

AA angle-of-attack path

ALPHAT computed angle-of-attack

RATE GYRO FEEDBACKS

PG pitch rate gyro path

RG roll rate gyro path

YG yaw rate gyro path

CSAOAT approx. cos(ALPHAT)

SNAOAT approx. sin(ALPHAT)

P2A,B,C filter P2 arguments

Y3A,B,C filter Y3 arguments

NORIMAL ACCELEROMETER FEEDBACK

NZ normal accelerometer path

NZA nz for gain schedule use

17



NZAF filtered incremental nz

NZARI nza-based roll rate gyro parameter

PSA,B,C filter PS arguments

LATERAL ACCELEROMETER FEEDBACK

NY lateral accelerometer path

STABILATOR PATH

ST main stabilator path

DS. differential stabilator path

ST2R main to differential stabilator path signal

RST right stabilator path

RSTDEF right stabilator deflection

LST left stabilator path

LSTDEF left stabilator deflection

AILERON PATH

AL main aileron path

YVIR rudder to roll crossfeed path

RAL right aileron path

RALDEF right aileron deflection

LAL left aileron path

LALDEF left aileron deflection

RUDDER PATH

RD main rudder path

RSR roll surface to rudder interconnect path

LRD left rudder path

LRDDEF left rudder deflection

YSA,B,C filter Y5 arguments

18



LEADING-EDGE FLAP PATH

LE main leading-edge flap path

DLE differeitial leading-edoe flap path

RLE right leading-edge flap path

RLEDEF right leading-edge flap deflection

LLE left leading-edge flap path

LLEDEF left leading-edge flap deflection

TRAILING-EDGE FLAP PATH

TE main trailing-edge flap path

DTE differential trailing edge-flap path

RTE right trailing-edge flap path

RTEDEF right trailing-edge flap deflection

LTE left trailing-edge flap path

LTEDEF left trailing-edge flap deflection

Nomenclature from the McDonnell Aircraft Company literature

[Refs. 5 and 6] has been included where it was deemed

helpful for reference. This primarily includes such terms

as PK_ , RK_, YK , PV , RV_, and YV_ ; these are constants or

variables which occur at significant points. The terms

QC (dynamic pressure) and PS (static pressure) are also

from the McDonnell Douglas Aircraft Company literature.

Carter [Ref. 1] lists and defines some additional terms

which have been used in this program, including filter and

constant nomenclature. The remainder of the terminology

was developed specifically for this program. Block diagrams

incorporating the simplying assumptions mentioned

19



previously and using the above notation are included in

Appendix A. These particular block diagrams are intended

onl. to aid in identifying the varicus torms .,ith th -

location in the diagrams and leave out much of the detail

found in Figures 16.1, .2, .3 of Reference 5.

Carter [Ref. 1, Chapter III] gives an excellent des-

cription of the methodology of using CSMP to model the

block diagram elements of Figures 16.1, 16.2, and 16.3

of Reference 5. Some changes have been made to those

procedures, however:

1. The control law gain schedules, referred to

singularly as Function F, have been removed from nosort

sections. Instead, all of the gain schedules have been

coded as Fortran functions and called as required. This

step has removed over 300 lines of code from the CSMP

program, since Fortran subroutines or functions do not

count against the allowable number of CSMP statements.

Twenty-four functions have been added for the lateral and

directional axes, in addition to 13 for the longitudinal

axis discussed in Reference 1:

FUNCTION DESCRIPTION

F4 Roll Rate Feedback Gain Schedule (QC,PS)

F6 Differential Stabilator Gain Schedule (RI,PS,RVII)

F7 Lateral Command Gain Schedule (QC,PS)

F10 Rudder Command Gain (QC)
F13 Lateral Command Gain Schedule (RI,PS,STORES)

20



F17 Rudder Pedal Command Gain Increment (AOA)

F30 RSRI Gain Schedule (QC,PS)

F31 Differential T.E. Flap Gain Schedule (R!,PS)

F34 Differential T.E. Flap Gain Schedule (AOA)

F35 Lateral Forward Loop Gain Schedule (AOA)

F36 Aileron Gain Schedule (QC,PS,RI)

F38 RSRI Gain Schedule (AOA,RI,PS)

F39 Rudder-Roll Interconnect Gain Schedule (AOA)

F41 Roll Surface Limit Schedule (AOA,RI)

F42 RSRI Nonlinear Gradient

F45 Directional Forward Loop Gain Schedule (QC,PS)

F90 Lateral Acceleration Feedback Gain Schedule (RI,PS)

F93 Differential L.E. Flap Gain Schedule (RI,PS,NZAF)

F96 Yaw Rate Gain Schedule (QC,PS)

F101 Differential Stabilator Load Alleviation (RI,PS,

NZAF)

F108 Directional Inertial Gain Schedule (QC)

F1I2 Lateral Acceleration Gain (RI)

F113 Lateral Acceleration Gain (AOA)

F114 Rudder Pedal Command Gain Increment (PI)

Algorithms for the implementaion of the functions are found

on Chapter 16 of Reference 5.

2. Frequency averagers and rate limiters are modeled

using CSMP macro statements. Thus, all nosort sections have

been eliminated from the current 3-axis program.

21



3. Cross-axis signal paths for differential stabilatcr:,
leading-edge and trailing-edge flaps have been added.

Rolling-surface-to-rudder interconnect (RSRI), rudder-to-

roll crossfeed, and inter-axis distribution of rate gyro

feedback signals have been incorporated.

4. As noted in Reference 1, in the longitudinal-only

simulation, the stabilators and flaps were modeled for one

direction of motion only; this constraint has been removed

in the current 3-axis program.

Descriptions of the algorithms used to implement A/D

and D/A converters, digital filters, aliasing filters,

limit-functions, and actuator servomechanisms are contained

in Reference 1. They are used in the current program

without modification.

22



IV. MODEL VALIDATION

The process of validating the computer model of the

F/A-18 flight control system was carried out in two major

steps

1. Individual block diagram elements were tested using

probable ranges of input values. Digital filter macros,

rate limiters, frequency averagers, and gain schedule

functions are included here. Carter [Ref. 1] describes

the testing of all of the block diagram elements mentioned

with the exception of the gain schedule functions relevant

to the lateral and directional axes, which were individually

verified by this researcher exactly as were the gain

schedule functions used in Reference 1.

2. The entire model was assembled and subjected to

inputs from the stick, rudder, and angle-of-attack,

acceleration, and feedback sensors. The goal of this step

was to verify correct direction of motion of control

surfaces in response to unambigous inputs.

Inasmuch as Reference 1 has already discussed the procedures

and results relevant to Step 1, with the exceptions noted,

the current discussion will involve Step 2. Further,

since Reference 1 contains the validation results for

stabilator, leading-edge and trailing-edge flaps due to

pitch inputs, here the control surface motion due to roll

23
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and yaw inputs will be of primary concern. The source

of information used as a reference in comparing model

performance to design specification was the McDonnell

Aircraft Company F/A-18 Flight Control System Design

Report [Ref. 5].

The computer model requires the following inputs:

I. Static pressure (PS) in lb/sq.ft.

2. Dynamic pressure (QC) in lb/sq.ft.

3. Pilot pitch input (PPI) in lb. + aft stick.

4. Pilot roll input (PRI) in lb, + right stick.

S. Pilot yaw input (PYI) in lb, + = right rudder.

6. Pitch rate gyro feedback (PGl) in deg/sec,

+ = nose-up.

7. Roll rate gyro feedback (RGI) in deg/sec,

+ = right roll.

8. Yaw rate gyro feedback (YGI) in deg/sec,

+ = right yaw.

9. Angle-of-attack (AAl) in deg.

10. Normal acceleration (NZI) in g, + = nose-up motion.

11. Lateral acceleration (NYl) in "a,"o , = nose-right

motion.

Depending on the need, inputs can be programmed in CSMP as

step or ramp functions (see Reference 4), or using any

standard Fortran function such as SIN or EXP, for example.

Combinations thereof are acceptable, as well. An example

24
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of a test roll input consisting of a 61b right stick input

for two seconds followed by a 61b left stick input as

written in CSMP would be:

PRi = 6.0*STEP(O.0) - 12.0*STEP(2.0)

For this purposes of the tests described in this thesis,

PS and QC are held constant through test maneuvers, though

there exists no such constraint in the model. The effects

of varying PS and QC were verified to be correct when each

gain schedule function was compared to the graphical data

in Chapter 16 of Reference 5. Rate gyro feedback, angle-

of-attack, and acceleration inputs may currently be pro-

grammed as described for pilot inputs. However, accurate

representation of these latter three types of inputs will

not be possible until the F/A-lS aerodynamic build-up by

Raithel [Ref. 2] and the non-linear equations of motion

are incorporated into the program. As that time, those

inputs will be determined by the program and will not be

explicity stated. For the tests described here, rate gyro

feedback, angle-of-attack, and acceleration data, when

necessary to simulate aircraft responses, will be provided

by "best guess" estimation of those data, given the pilot

input.

Figures presented in this chapter are based on a time

scale of four seconds per maneuver. Control surface

deflections are in degrees. Static pressure and dynamic

25.1



pressure inputs are listed on each figure in terms of

altitude and Mach number. Standard day conditions are

assumed in all cases. Angle-of-attack is occasionally

listed where it plays a significant role in shaping the

control system response.

Figure 4.1. depicts differential stabilator response to

a +/- 6.01b lateral stick input. The shift from right to

left stick takes place at the 2.0 second mark. The per-

tinent gain schedule functions are Functions 6 and 101.

For the given flight conditions and pilot input, the

stabilator response is very close to maximum. The response

is decreased at higher dynamic pressures.

8 DIFF sT . w- ONSE TS /-6 LB RLLM-O. .. -Su ... LEGEO

R57DEF

LSTOE C

:1

.0 0 . .0 . .6C 2.00 2.%0 2.60 5.20 3. 60 4.00
TIME

Figure 4.1. Differential Stabilator Response to Roll
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Figure 4.2. shows differential stabilator response to

the same input as for Figure 4.1., but with roll rate gyro

feedback added as a ramp type input. This causes the dimp-

ing effect on the stabilator motion. The overshoot caused

when the input signals are reversed in sign is to some

extent believed to be an artifact of the programming of

the roll rate feedback input, which only approximates an

actual feedback input. This phenomena can be noticed on

some of the following graphs, as well.

Figure 4.3. shows differential stabilator motion due to

a rudder input. This demonstrates the rudder-to-roll

surface CAS interconnect, which is gain-scheduled by

Function 39 using angle-of-attack. A ramp input was used

to simulate the angle-of-attack signal.

Aileron motion due to a +/- 6.01b roll input is

depicted in Figure 4.4. Aileron gain schedules are

Functions 35 and 36, which accept angle-of-attack and air

data inputs, respectively. Both functions decrease gain

as their input values increase: in the case of increasing

angle-of-attack, this is to reduce sideslip; the air data

gain schedule lessens aileron response at high dynamic

pressures where aeroelastic effects would otherwise cause

aileron reversal.
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Figure 4.2. Differential Stabilator Response with

Roll Rate Feedback

When roll rate feedback is added to the aileron roll

motion,it is seen that a damping effect is present, as it

should be. This is shown in Figure 4.5. Roll rate feedback

is gain-scheduled by Function 4, which acts to decrease

feedback gain as dynamic pressure increases. The overall

lateral control system gain is shaped additionally by

Functions 7 and 13, using air data inputs. These gain-

schedules do not easily lend themselves to straight-forward

explanations of purpose, indeed, there are certainly multi-

ple purposes for the design of these functions. Reference 5

is more explicit as concerns the gain-schedule design

philosophy.
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Figure 4.6. Aileron Response to Yaw
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The rudder-to-roll surface CAS interconnect signal

causes an aileron deflection as angle-of-attack is

increased. This effect is shown in Figure 4.6., and is

analogous to that noted in Figure 4.3.

At higher dynamic pressures, as noted earlier, aileron

gain is decreased to reduce aeroelastic effects. Differcn-

tial leading-edge and trailing-edge flaps are incorporated

to maintain an acceptable roll response under these cir-

cumstances. Differential leading-edge flap motion in

response to a +/- 10.0 lb roll input is displayed in

Figure 4.7. At the indicated Mach number, aileron response

is nil. Function 93 governs the response as a function of

air data and normal acceleration inputs.

8 3IFF,,.E. PLQ P  RESPONSE 10 i-: CLB RCLLSM=. r=OOOFT LEGEN

RLEOEF M

*ij LLEEP C

u~1

Figure 4.7. Differential Leading-Edge Flap Response to Roll
-'I
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Figure 4.8. Differential Leading-Edge Flap Response to Roll
with Roll Rate Feedback i

The expected effect of roll rate feedback on differen-

tial leading-edge flap motion is shown in Figure 4.8. The

damping is noticeably less than for the differential

stabilator and aileron damping observed previously; this is

due to the inherently higher damping of aircraft rolling

motion at the dynamic pressures where differential flap

motion is required. Figures 4.9. and 4.10. depict similar

responses for differential trailing-edge flaps, without and

with roll rate feedback, respectively. Functions 31 (air

data) and 34 (angle-of-attack) re the gain schedules

responsible for differential trailing-edge flap motion.
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Figure 4.10. Differential Trailing-Edge Flap Response to Roll
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Figure 4.11. Rudder Response to Yaw

Directional control system responses are made by the

twin rudders, which do not act differentially in the Auto

Flap Up mode. Rudder response to a +/- 20.01b rudder pedal

input is shown in Figure 4.11. The gain schedules which

shape the motion are Functions 10 (air data), 71 (air data),

and 114 (angle-of-attack). Figure 4.12. shows rudder motion

when feedback signals are added to the simulation. The

damping effect is the sum of stability axis yaw rate (this

feedback signal is a blend of yaw and roll rates, and angle-

of-attack data), and lateral acceleration feedbacks.
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Several gain schedules are involved here in shaping

rudder response to the requirements of sideslip reduction,

prevention of excessive vertical tail loads, inertia

coupling reduction, and high angle-of-attack maneuvering

stability. Reference 5 discusses these considerations.

Rolling surface-to-rudder interconnect signal operation

can be seen in Figure 4.13. Functions 30 (air data), and

38 (angle-of-attack and air data) shape this response.

Verification of all of the signal paths of the F/A-18

flight control system in the Auto Flap Up mode has thus

been accomplished. The gain schedules (Functions) were

each individually verified prior to incorporation into the

computer model.

The process of model validation has thus been to

observe model responses to some relatively basic inputs,

and then to judge these responses as being plausible or not

with respect to the data provided in Reference 5. The

computer model has given logical results as noted in this

chapter, and also for a wider range of input signals and

flight conditions than have been discussed here. The

conclusion is that the flight control system model is valid

representation of the F/A-18 flight control system within

the range of the simplifying assumptions and limitations

noted previously in Reference 1 and in this thesis.
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V. CONCLUSIONS AND RECO. DMNDATIONS

The computer simulation of the F/A-18 digital electronic

flight control system developed here is suitable for further

use in aircraft control systems studies. With the inclusion

of F/A-18 aerodynamics and equations of motion, it will also

serve to examine simulated maneuvering flight under condi-

tions found near or at the accepted flight envelope. Com-

parative studies may be done of newer control systems

concepts, using the known response as the basis for

comparison.

CSMP has size limitations for several internal para-

meters, the most pertinent of which are total number of

program statements (1900), and maximum number of statements

in any given sort section (600). The current program is

right at the latter limit with S99 statements in one sort

section. Some statements could be combined to reduce this

number; this is not recommended until the user is familiar

with the F/A-18 flight control system and its representation

here. It is recommended that the aerodynamics and equations

of motion be written as Fortran subroutines and called at

the beginning of the dynamic section. This would use only

two lines, thus only two additional statements would have

to be combined to make the necessary room. There are not

obvious dividing lines where the current program could be
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broken up into more than one sort section, however, users

experienced in CSMP may find this to be possible when the

aerodynamics and equations of motion are incorporatod.
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APPENDIX A: NODEL BLOCK DIAGRAMS

PILOT PITCH INPUT PATH

~flat oftch tn
Itfc4 farce I .- 20

Dell

otf'gcntcalc

003

DUPS
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PILOT POLL INPUT PATH

I*tf~ fe C* 

FIOre

7 c iwt e l00 

cm 
r e

Stickdyinic

ii utter

ulfeofng filter
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PILOT YAW INPUT PATH

rI lt ruvCmo

Dyl w

s.Cient ce
W~or~ut

DY2

sifesing fft~

Gid converui
(45 hz)

Dys
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PITCH RATE GYRO PATH

Oyro 6$ 32*4

altasing ffltor

sa lr(2 g

aid eww1.
4/ (a fl

~ter P24
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ROLL RATE GYRO PATH

roll rate

wrg

aid cwebt*

(lt 80n ffto

filtr F4

r9S

filtor Al

I r93



YAW RATE GYRO PATH

yew rot a" otr9

YI

e1f..Irmg filtsr

yg2-

(l 0 c r)ts 
os,1 ofe

~ff4e Y3t
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ANGLE-OF-ATTACK SENSOR PATH

gal

allosIng flitert~tm

gGal

0/ fts pyle oil
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NORMAL ACCELEROMETER SENSOR PATH

n214

alleging filter

filte Pru) (0

ftz,

I F I tewPI

IrI
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LATERAL ACCELEROMETER SENSOR PATH

aeng filte

aid canverter
(40 hz)
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STAB ILATOR PATH

F120320~3.5 F12*F32A'Fgg F12.F22A

)or (20 hz) .eugior (20 hZ) smlr (20 PCz

*21 Vk22
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STABILATOR PATH (CONT.)

.to1
flitr 0,
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STABILATOR PATH (CONT.)

SO nz7 Fg3 Y93

VVI Otio

StIl

*%128

FIQ?

pier (40 hz)

0%12

40 t: so lloft@r
ever ger

ogs Otis

9t14

'It's 

Otis

filter P$

I

DO

61,16

ati?
F32A Ifelter

so



STABILATOR PATH (CONT.)

DIFFERENTIAL STABILATOR SIGNAL PATH

r2rvla r'vl W1

7.25-AdS(.t2.6.

1.33 75)

st2r2

limitr (M

limite st~r

E:!i



STABILATOR PATH (CONT.)

ass

l~t2 r~1

'I ovrtra*covre
(80 M) (8 r52



AILERON PATH

(r4.Vls)*Vl ar 31*F3d YVZ

FS 11after. (FS9

I - (rvI)

IN(rki?*V35.rkl
7-FICl)

yvir

r~V7 1I1mite*

r1V1

40 to to
oeeger
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AILERON PATH (CONT.)

,113
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AILERON PATH (CONT,)

7 GIs

limiter limiter

I tell "?,rat* limiter rate limiter

1 1012 
-1 r&12

0/4 com*rter
(so "2) (80 hZ)

"""ermr [7 1

left oil 
rf a I 14pron

sclust 

Oro"

dqf

D ral ±"



RUDDER PATH

ig~~l rai2 .

1412 

0.5

56r



RUDDER PATH (CONT.)

rg3 093 YJ

uses,. (4o nzi oooplyr (4o lz)

org
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RUDDER PATH (CONT.)

1rd2 rd a

dim~~~~ Iasfte decnter

40O toZ C 0 to 0

Irds rd

left rum"e rlt ruawe

Iraae fr~
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LEADING-EDGE FLAP PATH

filter P11tos

"Maier (to "r le

lett

F27
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LEADING-EDGE FLAP PATH (CONT.)

DIFFERENTIAL LEADING-EDGE FLAP PATH

I. 60



LEADING-EDGE FLAP PATH (CONT.)

Wel

'le

limiterlimi61

,1 
112 
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TRAILING-EDGE FLAP PATH4

fliter P12

seepler (20 MIl

F24

te2tl

liter 
IF5)

20 to *0
everaer

t*'
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TRAILING-EDGE FLAP PATH (CONT.)

DIFFERENTIAL PATH INCLUDED

rv2 ryii

lt*2 rte

0/0 cnveror W conerte
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APPENDIX Al: MODEL COMPUTER PROGRAM'

* ** P-1l8 PLIGBT CONTROL LAW SIMULATION *

* ~ ~ ~ ~ 11 ***ITGA)GIGAID NOTCH DIGITAL EILTEE'S*****

SACEC FCUTzZINT(FIN.gA.KE.IP,FOOTZ1)
rBOCEDUR AL
IF fIHEP. Ni. 1.0) GO TO 10
IF TIRE. EQ.O.0 Go TO 10
POU1=KA;FIN + KEOPCETZI
10 UT Z 1F OUT

10 CONTINUE

MACSlO FOUTZLAG FIN, 11,IH, C,I$P,FI N71 FOUTZI)
IBCCEDUR AL
IF (IMPYE. 1.3a GC TC to
IF KM iP.E1 GO TO 10
IF (TIME EQ .C.0)G 01

JOUTK*BI - EFIHZ1 + KC*FOUTZ1

?O UIZ1wFO U7
JINZI=FIN

10 CON'IINUE
MACRO FOUT=ZNOICH (FIH,,KAKE,KC,KD,KR,IE,FI4Zl,FINZ2.FUTZD FOUTZ2)

ICCU RAL
IF(ImP.IE. 1.03 Go T0 10
IF (KEEP. NE. 1. 0 G-C TO 10
IF47IME.E HC0 GO 0 1
FO UT21(A~i g, Z KE!'PINZ1 + KC*v1N22 -KI)*FOUTZI KE-*FOUTZ2
FOUTZ2 a FCCTZ1
FOL7TZI = ECO2'
FINZ2 = PIN2

10 CONTINUE

,***FSECUZNCY PVIEhGflS****

mACRO Z40OAV2CUO(Z2CIEP)
IRCC7DUR IL

IF (KEEP . Nr* 1.0 GO TO 20
IF TIEKNE.O.C) GO TO 5

01-20

GO TO 10
5 IF (IMF I1.0) GC TO 10

GC TO 15
10 Z'10zZ20

D;L (Z20zZ2ZZ13/2.0

15 CONTINUE
INDMBAC
SACSlC Z80'AV4080(Z40,11P)

PROCEDUR AL
IF (KEEP. NE. 1.0) GO TO 20
I104IE.NE.O.C) GO TO 5

D1LziO. 09
GO To 10
11I (IMP.IEC. 1.0) GC TC 10
ZPc;Z80J1+DEL

10 ze0z'40
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DXL=(jL&C-ZL40Z1) j2.0
Z40 Z1.Zo
zeCztuzgc

15 CCSTIIUE
20 CONT1l3UE
ENMD 11 AC
hkACRO ZECm&J2OeC(Z2C,INR3)

if&CCZDEZR AL
IF (XEEP.UE.1.C) GO 70 JO
U11TIM.!.0.0) GO TO

Z80Z1=Z20
GO TO 10

5 17 jim2p Ic 1 0) GC TC 10
ZEC=Z80Z 1+DEL2
GC TO 15

10 ZeQ-Z20
15 DEL2-4Z20-Z2OZ1)/L&.0

20 CCNTINUE
ER DNAC

* *******RATE I!TR*a**

MACKC BCUT=RATI1(RIN.!rnl.INC)
P ROCZDUEA.

IF (K:E!p. E.1) GC TO 100
IF 4 TIMU!.E.0.O) GO TO 80

so CONTINUE
CELI-5BIR-RCUTZ 1
DELLIUmLIUI7(-INC INC,DEL1)
aCUTA.ROUT Zl+DE1II '
IF lip N?.1 0) GC IC 90
SO 4TZI"ROaTi

90 CONTINUE
iOUT=ZHOLD (UP,SC3T 1)

100 CONTINUE
E ND U AC

INITIAL

* DIGITAL FILTER INITIAL CONDITICYS

INCCI VE8Z1 0 DR8Z2= 0 PF9Zl= 0 ?F9Z2= 0 PG3Z1= 0 P4l.,.
RG~z=.0RG32u.0~Gd= 0RGJ42=.,RG4fZl=- 0 G4FiZ2-.0,...

RG5Z1m.0 RGrZ2= 0 RGEF2 1=W, SG5F22= 0 'RG6Z1=.6 ,RG6Z2= 0
MZ12Z. NZZ1.6RZ5Z1w.O.,ST7Z1m.0 ST15Z1I' 0 5T15Z2- 6
ST16Z1= 0 SZ16Z2;.6!21u. TE21=.5,R F2Z1= d sR3Z:.5;..

IY3AZ2-.6 , V3FZlz.C,IV321..O .Z=D VA1.,.

* PS.CPK,1C,! !ARC AT! CCNSTIETS

CONSTANIT PS=11761.0,,C8OO.,PK9-1.1543,PK10=.L647 PK12=0.5654,...
RTK1=1.177 R92=3.22 B97=50 0 RK10:1.33 RK11al90..JKl3a1.0,...
I7s.5127i 118w 04177 YgIg;.0 1266 YK63'.0269...
SAT 120-0. 09 . AT;-400.t525, RATES 0-0.6 125

DYNAMIC
*S CIT

P 1-00.OQ*STEP (C. 0)

65



PR I =. C*SIEP (C. C) -00 0* STEP (2.C)
F11=20 0 :TE v C.0 -40.0*STEP (2.3)
EGWOO0*S:TEP 10.0)
HGIZ00EO ~ CC-O.OOFRA P(Z.0)

!G1O.5S1~~A ~ q (U.)-.*AP 21!
kA=7.C*SIEP (0.Q .. an~ r(0.0
N't . :0 FAE 0:8 -0.0*RRMP(2.C1

EliLI ;IT (o00, 180 0 0, PS)
QKF= 17200.Co2C00.0,QC)

* *****fPOIS! C7CIONS****

IME20.Z%1ULS (0 0 PAT120)
MP40 1 ULS 1(0: 0: A!1&0

IMP80ZISPELS (C.0,B&IE8O

* **&4GL! OF AVZACI( SENSOR PAkIH:***

Al2=C.'PXFZ j.o0. 0. .711,209. 0,WA*53 681.3)

ALPHAT-O.-9*AA3+1.9
IA6=ALFHAT-22.0
W-7 LM"IJO. alocco. c AA6)

FK1=!H1Z M4,137(§ZA) IP32A(QKFI)
EV1A=ZHCLr (I,4O,FV 1)

*::***:** ***********

F2=C3PPt (0C 0,0.89,78.5,WC-*616Z.25)
PG3ZH0L (IhHP8,dG)

F2A=1. O+EK1* (1.0-UK 12z

PG4-ZLAGJPG3 P2A ;2E P2CIMP80,PG3Z1PG4Zl)
PV=I.(-66.0. Z.6?4

PGS=PVaL* IF68 (qC) *?32A (QK) ) +F4(RI, ES, CC,PIQ))
FV4A=ZHOL r.fd0 PV
RG2=CMPPL0 000C 0 *8,90. 0.RG1*8100.0)

RG4 zuOIC8 (RG3 ..165 18.33036. .16518, -. 50084,. 16157,1!1P8O,. .
RG3Zl,rG3Z2,.GL4Z A'3634 -1281.62,5S..RG5=ZOTCB(RG1A,.75892, - 43 1.7 5

HG6=ZNOTCH RG5W.122.-.-.27505..!7751 ,-.7505,.18974,IM P80,...
P.GS?2 PG5PZ RG6ZI FG6Z2)

BG6A-DEAESP 1VIA";V 16, 14 6
RK6=?44q 21B VI G

RG7=RG6*AK4-.3G;A*4FG9E
YG2=C3P%;140.0, 0.0,0.89,20O.0,40000.0*YG1)

CSAOA~l 0 *((AUAT*0.0I74533)**2.0)
!Gt42YG *CZk0AT
SNAOhTU(1.0-0.125*IIALP~iAT*0.0174533)**2.0))*AL8AT*0.0174s533
!YG6-SNAOAT*ZEHCLD 1 ~P'0 RG3-)
!06=RA TLIIYG5 IMP40 .0*'IT! a0

13E~ K 1* I .0-K 16)

TG7uZiAG(YG6 1 2 14T3E 13C .IIpMc rG6Z1,YG7Zl)
***** *****M* *;****;A**.*

****CRB!1L ACCEL1R VET ER A.*~
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N z2=C.1PIU (0.0 C a 0.89, 200. 0 In -et COO.0)
NZ3=Z.90OLr (I PL46 ,I
NZaR1-S0.3*LIEIT(0. 0,. 4.!IZ&) 4280.0
RV16=A I (Z.X1~ 1 K1il

?IzQA=ZHOLO S~ ~Z4)
NZF=Z NT (ZLA .0.5.50 75 , IP2 0NZAFZ 1)

E~-I -06~3 I.-I
Pl5=L Z4A ESE ,P5C,I11P40.n4z1 n~i5zi)

.IZI=PV2*3.5*W3;Af
FV2AZ HOE (15.s0 . V2

* **0*LATZSAL ACCTLEPOIIETZIS ?ATF****

NI2=CAPXt (O.C C.CAO.89,7e.54,6168.53 *NYI)
N3=ZHOLCfiMP' S

NY4-4TY3 ( HOLL (fi !GO.G3) *1( 1.0/37. .0)) **2.3)*ZHL (IIPts0,iG3)
1r75=?9C4(81PT) L:2IT 1-1.8 . a %!14)

* ********~~flQ' U -.N: ~TH****~

PP2=D'AD Z (2.C 2 0 ;P11
E~3=~~I (0C,!C ~114 27 3,;u2*106.0i)

E;4=1~~ (0.0 76E~P3

PP7=Ll:IIZ 4-25.0 ,5C.C, P6)
EV3=??7
fV2A=%HOLD(TIrr2O;V')
PR2=D3AD5P (-2.C L.OFR1
FE3=C.IPXfl (0.0. .0.6.7,24.3,2P.2*161.04)
tP04=LU.3I1(-3.C,3.C P3)
PP5=B_2LEL (0.0 0.C679,PRE9)
PIR6=ZHOL (TISP80 FS
PR70::)P-.I SO.C2 5,P&6 )

P!2=DEADEP U 7 .0 7.0 Z-fI)
FY3=C IPXFL(0.0 65.0 1 .5. S6.6,,4_a5.6*P!2)

YK90. 0007 2F 10 (QC)
TUlOzO .234&*I1 C QC)
FY6=PY5* f!K9*A ES (6Y5) +YK 10)

* 7-P6 (0*****. - ( 17P HAT*F11 (

* ****SABILATCR PATHi*****

PK21-ZHOID IP2O,112jI? _,,S)~3A (QKP*3.5))
PK22;ZHI (I;20,F12 (RTI,P~i5) '21 (6KF)
ST1= V3* 122
S i=(?VL&A*9K21 1 ST
ST = (K19*9V2A 1 eV1A+ST2
ST*4:LZ3IT (-10C C .CI.0ST 3)
STS LXIT (0.0 18006.0,,ST3)
S-1E-ST(4*F2i (hPAT j +ST5
STS- IPL(..05's. '

9T TZIITT(S,6A,0.0S. 1.0, 1iP20,SIZ1)



ST9;Av204C (LIMIT (-50 .,25 .0 S76) ,IP20)
ST1 -4Z7+ST9
571 1=Sl11C+pv1
ST12A=ST1I+cr(EG-*YG31 !F107(QC))
ST12=ZfOLD(:MF40 STiA

STlU=S'T13+. 5
ST15=LIMI2 (-25.0,25.0 ST1%6eST16=S1OTCH (STI5,EC4 " -.9906E.66312.-.99068,.35396 ....

IMPeC,ST1!Z1 Ell5z!.,ST16Zl,ST16Z2)
ST17=S116- ; 3 (F
DS5=RV2+E1 A*1.35 .,T7
OS2=LI.IT (-50.0'50.ODS1)
fl53-0S2*5 17

S72R2=LkLPH5C.,F,1 &) *10. 0,ST2R 1)

D 5 5R ATL Z (D S Q Ie0M 5. 0 * A TE C)

BS'"2 =L- (2L4.0 10. RST 1)
RS!Z3jq NT2RATi8,i~ tB
PS':DE,=CM.xPL (0.0 .0. 0. .7, s0. 0.aST3* 16 00.0)
LST1S11 8+0S5
LST2=LII'T (-24;06 10. 5 LST 1)
LS-.:=CE(PL(0.3;0.02J.7,40. C.LST3' 16C0O)

EV2A P39 * I(F4 ,p F 3 (RI,P S) )*F7 (CC, FS)lRG7
RV2=LIMIT(-50j -Q . .7A
R V 1I=F31 (RI ? pe 3 (11Aa T
SK17 FE (SI, S V1)
RV7=AnIY.V (ax1 ;?3! AIP.IA T R17-FlOl jRI,PS,NiZA?))
YV1P.=LIMIT(0C1. C -9(A.A)*V

?V~'I J-200Q" A))YY
RV1. AV&C 0lv 2F40

AL2=LI11U11-50.G 5C00AL1l 1

AL =DEADSF. -4., A4 AL4
RAL2=RATI1(P.AL1 TI8 100.3*RIIESo)
RALDE.CIwrz L0 (A!OEAL 0. 0.C,-1600.0*5AL3)
LAL1-LZII-25, .0 4 2.C:A ~
LAL2=RATLI (LALl IEP. 100.O*RATE8O)
Nn-m P0.0., 4.,600LAL3= TR A

* ** ****DE PT****

fiB1-LALZ4RAL24CS!*2.0
RS1?2=ZHOLl(I.4E40 !SRI)

Y5Ep (YK7+l.0)*(1.0!Ko 1
!SC=1.0- !K8
RSi3=ZLAGIRSP2.Yr). YrB 75C IIF40 1SR2Z1,3SR3Z1)
rSRSE;Ff42(F P) SR (LPATaI)s
!V3MZ HOLD1II'P'40 BG31 HICtD (!!?J40PG3) *1108(C
TV IC:YG8*'96 9C 5~~r-II -30 .3,3b0QYV3DI
!v3SuLXSITNS- . 1 .0 Y3C)
YV3A=ZNO'CHYVE 138'7 .27752 .13876 - .791'4,.34642,IM!P40....

V3EZi!YV-BZI*YV3AZI YV3AZI)
YV3=ZiAG (1V3A .iM437;-.&837,.16326,IME4OY3P 1,3z1)
2C1=YV2* YV3 -Pf
H12 RD1*I& F O R
RR3I-LTfZT (-3.53. RD 2)
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RRD2=AV4 CEO (IRL1 I'MFUO)
RS0=QTZB(AT!8O 3Rr2)

LD=VL4CESo LRf1 MF.A)

LfEC DE. ClF P L(0. 3 0.C,7Z4O.C, 1600. 0*LRD3j

* *-**LEACI'G 1rG! PLP ?ATH***
*. ...** ********* * ** *.*M

L!2ZI NT(ALP A 1 0 06 25 0.'9375,111F40, LE2Zl)
L 2T=ZHOLE(I'1E2d i2)
LE2Tl-F27 (LZ2T Rf)j

LAL2URXT- (L!3 18P20 18 LT2
L!V 20~ 8 (4L 4 .l2) .Q8V!E2E

flLE RV2*E93 ( . S,; S ,
CLE2P1=LZ5+3.0
0 LE2= DEA LS? (; 1: L L ;1LE 2P 1, DL 11)
DtE30DLE 1+DL!
RLli=LZ5+ELD 

F

RLE2=LIMI1 -3,:3 0 RLZ1
RLE3=RArIm LEA leE 18. *RAIEO)
RL-4=LIMI! -3.C' 30 iLE:31
ELE5= QNiTZF RATE90 -aL:4.,4.100
RLZDFl=CME PL(.O 0.. LQ C..L25* 1600. 0)
LtLTI L25-DL23
LLE2=LIM!IT(-3 93' 0 LL31)
LLZ3 RATLM L "1LvRE82RklO

LL25!TZF AZO1.4
LLDE -EPL (C .C,.C, .7,11O.0,LLZ5*16C0.O)

::-; f !D! AP PATH*****

TE2=ZINT (ALPFAT3 .0115 0.61,IP40T-2
T102T=ZfOLflID 6T2

'I FA20 (TES 2 0L

0ll1=RATL (j V2-5V11.lM.P8O,18.C*RATE8C)
R!E2!1TE'-DT! E
5T!2=LIllIT (-8. 05 OR0 TEI)
RTE3;Q TZEJAFC~T2
SED F2CZ!EXPL(0.0,0.0,'.7,4i0.C1 RTE'3*16C0.0)

LT~!! 4+D(TEB.L!

LTED -CZFPL( .30C2.7,4O.C .LTE3*1600.0)
TER~ Sri AL
3ETHfCD SKSFX
TIMEF FIRTIML LO.00P?:EL=0 25 OUTD)EL-0. 25, DELT0.0125

TIilE RUCE 3ESCRS nsT6s M/-20LE YAW
PRIN~T RRDDEF,LR.DDZP
PAGE :YPLCT

*OUTPUT TIME RLEDE71'-5.0o5S.4LLEDEF(-5.0,5 t,
* LAEL DIFF.L. E. FLA 2 HtPOn~ 3O 10/- OLB R6L il'H RG I'SEDBACK
* LAB!L 3;1 * UO H sO0CFj
* OUTIPUT TIREAIT!OEFI-. 0 5.0'AIDF(h' 6

LAEL DFF-. E PIHPO z C /-lOf 0 L WITH RG F!EELC
* LABEL 3-1 LAQ H*5C0C F1

OUTDUT TIEA~L1-.,.iLFEDEF(-a. 5.0)
LAPEL RUDDER REEPCISE TO */-loiE YU:, dIfH YG,NIT,BG FEECEACK
LAPEL 1IuO.81, H=500ETr

STC N
?UNCTIONI F4(QC,PE)
811L LIMIT
?FIT1O. 3f-O.OC12*C
P'4T2 L1NIT (200. lcoO.ps
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Fi4T4O. 1-0.0001*?I4T2
IF (.101.FLIT2.LE.SCO.) GO TO 10

14T5mi4'T3
GO TO 2C

10 CCNTINUE
F4I5a?4T4

20 CCNTINUZ
F4=LIMITjFL4TS .C..3.FL4T1)
BETU3.N
END
FUNCTION 16(RI,PS.RV11)
REAL LIMIT
F6T.1=0.22*LI!!I'rd0 1 1 Rbhrl;0-4) *s

RETURN
END
FUNCTION E7 (QC.PS)
REAL LIMIT
P?7Tl=.05*LI*IIT(25.0,125.0,QC) .3.75
F7T2- C- 25.0

573=--628.0
F7114;(LIMIT(-325..325. F7T2)*tIIIIT(-386.,0.,F7T3))*f2.11E-5) +10.0
If (.OT. C.Ll. 325.0) G6 TO 10

ao TO 15
10 CCNTI'IU E

Is CCNTr7UE
RETURN

FUCTIONJ F10 (QC)
REAL LIMIT
Fl0T1=1 .C-Q.0GC42!*qC

RETURN
ENE
FUNCTION F12(Ril.PS)
REAL LIMIT
F12Tl=RT$*2*9.625-.02S*RI+1.0
F12T2-PS*7. 969E-ts.O.E8'
F12".Al-LIIT (1 C~e8 0 12T2
F12T3=LIMITJ (f02!!i X.F12T 1)
F12T5.LS , 1. -5 sI)
F12T6-F12T5*(0.JG5*PS+f' 04) + (-2S*0.00396-1. 18)

Ill.. .YT.I G1.0:5) GC TO
Fl - F12Ta
GO To 6

5 CCNTIlNUz
P12 = 1213

6 CC NTINU Z
RETURN
ENE
FUNCTION F13 (RI,P!)
B8ll. LIMIT
PJ13LwLI~jTI2CC.Cf2116.S,8jh

IF( .2-!3LLZ~ 0.0 6CTOO
il3T2J-O. 05'J.PS1 3L 4(3. 59E.Lj
?13T2Eu-0. 175-PS 13L ( E. 4E-5)
GO TO 20

10 CCNTIXUE
P 1 -T2A, -0.C0122*PS13L-O.637
113T2S-O. 192-FS13I* ( .1&2E-4)

20 CONTINUE
F1332C=O. 152+PS5131*(E.34aE-5)
Ril 12L=L1 I(C. 8Rt
113T3ltf13T2 ClEf'j;*'IEi 3T2L .RI13L*F13T2A)

F13*LIMT (. 1_ ol ;T F3T3)
RETURN
ENE
FUNCTION ?17 (ALPHA!)
DIAL LIMIT
F17TlwALlHAT;!3:0
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REITURN
END
EU1NCTION 122(CC)

20H I -80. C#LIT e00. C, 900 QC))
RETURN
ENE
FUNCTION E23 (ALFE(AT)
BEAL L1fl1T
F 2 3 =3.l13-0.1429LI!I'-(15.0,21.998,ALPHLT)
RETUJRN
END
FUNCTICNI F24(R1.alPHAT)

F240- 22. 3820. 5 *L MIT (027.0.66, Ell
F2,4L2-32.76-31.C*1I1IT (0.66 0.91,R1)
F21=I-LI2IT (0.C, 1 COO 0.0 , ALPAAI
P2f42=L~rAT- 114.E76 9-7.6923*"LIMIT(O.27,0.91.3,I))

F24T=-2C*L'AITC-C10000 0,F24T2)
F24T41.4* (F2rlE24f3)
IF (.OT.31Z.G1.0.66) GO To 10

h21L=F1.2
GO 'TO 15

10 CCfSTINUE
F214LF24L1

15 CCNTINUE
F214=L:fIZ (G.0,!214r,F24T4j
RETUJRN

iONCTION f25 (CC)
REAL LIMNIT(0.085.,C
P25-47.6-6 0.O5106*LIMI-(0.083.,C
RElIU34
ENt
FUNCTION F27(ALPHAT,EZ)
BEAL LIMIT
F27=1.328*(ALPHAT,7.8581417.86*LIIT (0.4I4,0.63,aI))
REITURN
END
FUNCTION F28 (CC)
REAL LIMIT-
E28=44.551 0.0405*LIIT(260.C.S50.O ,QC)
RETURN
IND
FtJNC'TICN f29U (RI)
BEAL. LIMIT
F299= 87. 325-76.2*LZ1T (0.',1.1146,31)

END
FUN'CTION 130 (CC,?S)
REAL LIMI
F30T1a1.67803-(LIMITjiuO.0 800 0Og) *0.0012878
F30T 2,1 10 54"'iN :2142.0 L98.0,S))*0.0033203
130=L14iT (F30 2.0.9 .13Tl'
RETURN
10;CTION E31 (11,F5)
FEA IT I 21 22-00; 16.0,PS))~* i6.536E-5)5.E 4
F'4lT2 .44 LZZ i O.O021 0,S)*

GO TO 20
10 CCNTISUE

F31T3=0. 112
20 CCXTINUE

F- 1T(14RI-C.71 7

RETURN
INC
H UNCTION S32AI GKF)
32AS100. O/QKI

RETURN
END
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P!31CTIC'N 13'4 ( ALPHAT)
REAL LIMIT
F 4T1 1.5-O.2*lBS(ALFHAT-2.5)
F34-L1N11(0.0,*1.0 9E34Tl)
RETURN
END
FUNCTION F35 (ALPEIT)
REAL L:MIT
135Tl0. 955-0. C325*ALPHAT
F25T2=C.!+0.G4Z~21*ALEHAT
ii( NOT.AlP4AT.LZ.6.C) GO TO IC

i35Ti ?35T 2
GO 10 20

10 CCNTIlUE
P2 5T3 ?3 5 T

20 CCkNTINUE
F352.'LNI RCi505PS3
END
PUtNCT104 136 (E!.QC.BSl
REAL LInIT
P36Tl=LliT I( 00;84RI) +ps*(l.69E-4) -. 7e8
F36T2~ 4 C.-IMI.( 4 0.O 640.0 :-Sfl*7.46Z-3
F36T3= (LiIT 0.7.1.9,RI)1 54L0 6+~955 -Qc
136TL4: LIMIT 0.0 2O00 O,36!3)) *0.0050

F36T6=LINZT 0.O,l.0,F36T5)
P36sAN&'IN1(F 674.73616)
H TT RN
END
FUl;C-TION 137(NZI)
REAL L1317
137=2. 5-O.5*LIMIT(3.0,5.O,lZA)
REIURN
END
FUNCTION P38(ALPHAI,BI,PS)
HEAL LIMIT
PSRI=LIMI!4O .224! C5U9,I
IF ( NOT. lL.Hi'.Lf.i6.3f GO TO 10

iSm-O.243C8*FSBI4O.33967
&OAMl=-10. 3
AOAB=-0.L45
GO TO 20

10 CONTIN1UE
FS=-o. 1384s6*FSEI-0.01774
ACAN.- a.'67
hCAE-O. 025

20 CONTINUE
F38T1=LI"NIT (-S.0:0.4,LLPH&Tl
F3ET2-LfiNT (-5 .0 ALPRAT I
IF ( NOT. EI1. d'4) M TO 30

i38Tj-j38T2

GO TO 410
30 CCNTIIUI!

F36T3mF3El1

'10 CONTINUE
F 8T's(138T3 ,ACAN)t*FS.AOAB
F3eTSmLIMIT( Li O..38TU)
F3ST6-0.048-O.64E LIIT(-5.O.25.0 ALPI4ATI,0039.138T7L1NL T -5 0 25 0 AL NAT) *0.01*LIMII( S)1O D.0.,s-3.9
13eT8=LlIN!Ti O.C.1.5.F58T7)-2.S+
138T9zB- 0.72
P3eT10O ;.C168*1IM!T (C. 0,208,F389
P39T1l F-ST10*138T8e+38T& T9
IF( NOT.ALPHAT.LS.1O.0) GC TO 50

i38=F2eT1 I
GO TO 60

50 CONTIN UE
138-P3 8? 5

60 CONTINUE
SETUBN
END
FUN~CTION 139 (IIPHIT)
REAL LIMI7
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?39;(Llill (13.C,2E C,ILPH AT))J*0.0833 3-1. 08329
BIT RN
END
FUN~CTION E40 (EI.;S,QC,PIQ)

?40T3z 1.:6177+.f3E-u) c .i(~ .Ci 0. 1 S

F40T=(F4~tl*-t.!*0.7 B2E6 1.52381-3f) 4 .0.t 475(6.5E 4 ) *PIQ
f 0" T3 F4':2 LI'IT(C 75 k

F4C7Fl4CV+ 5.6746E-L4+1.99L&11 *5 fa 217E39.912EF'4c8 (0.16923-3.E6'415::-5'PI ).(FL40?4* 1624E39212- 4 1
IF 4 (CT;11&11.Q.15) GO T a 28

F 4T9 F4 T8*F4CT1
GO TO .30

20 CONTINUE
P40T9- ET0T

30 CONTINUE
IF(NT O. E'100AD.ICEO7) GO 'T0 40

EFiOTI C37t'06
Go TO 50

40 C0NTINUE
F40TlO=Pu0T7

50 CONTIlUE
IF J.2OT rIj.G1.980.0) GO TO 6C

GO :0 80
60 CONTI3UE

if 3.NT.;3IQ.LE.50O.C-) GO TO I7C

GO TO e0
70 CONTINUE

S40 = F4 CT 10
80 CONTIN UE

RETURN
END
FU tC'1ION F4I( ALF 8AT, Ell
REAL LIMlIT
P41T1= LII" L8 0 2. 04ALP HAT) ..0) 0 .05357 1
F141T2=f!2353 1*lHTI(b'7 s8a RI -. 00997 *(LI.IIT(8.,22.qALPHiAT)-8.)
PulT'4=0.5675 -4lml:1( 21'0 19 ,Ifl*l.

IF .YO. PA..E.80)G6 io ib

GO TO 20
10 CONTIlUE

F(4 T3= 1. 0-F4& 11.2
20 CONTIN4UE

F(4 I;LNIT (F(4 I T 4 , 1. 0, F4IT3)
R ET RN

EVICTION 421N
REAL. LIMIIT,
7(422 (ADS (UI18.;3 18 33,IN)) *0.0(479.0.761)

RETaRN
ENE
FUNCTION F145 (CC 9 PS)
SEAL LIMIT
F?45T1W (LI)5ITfsg0.s,1c CO0,C -500.0)l !0,01

-P 4T *FL4;Tll
RETURN
ENE
!IUNCTION 768 (QC)
REAL LIM~IT
F66-0.0C2977* 1-'480.0+LI MIlT (260. 0,48 0.0 Qc))
RETURN
END
FUNCTION 190 (1I15)

3110 JLIM (0.Q.286.0.10OT1)*Ll'XT(0.C.2.08.790T2))*0.02Q551+16.5
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FUNCTION 193 (5!. S,NZAP)
REAL L:MI1 SJZAF
F93T1 fRl~d.O018QPS-0.69)*0.4~2857
F93TJ=PS-tZ~8.0

F93T 1.690E-*LIIT0.0 .OA 312

END
FUNCTION F96 (QCPE)
DEill LIMIT
F96T1:1. 5O.0.C&L*LI!IT (O.0,168.0,QC)
196T2= qC*O00Oe8+O.36
Ill .0T TC LE.500.C) GO TC 10

1 3if96T1
GO TO 20

10 CONTINUE
19613= 19612

20 C04TIlUE
F96T =0. 0007772* (628.0-LINIIT( 2'2.3,6 28. 0.2S1)
F96T=FET3+F6'4

RETURN
ENE
FUNCTION P101 EI.;SNZAF)
BEAL L11IT.HZ Il
110111 RI-M.5

F 1C1T3=PS-494 011 il
1101T4&=F101T2*LIN3lT a.a 835.0,1101T3)
Fl01T579E.5I-C.35L&E*PS
J101T,6=LI~vIT(165.--,275.5,1101TEI
F1ClT7=(5. 4,16E-51*LIIaT(O.0.110 116,1 1O1T4)
F1C1T8=A(ZF
El01T9-LI;.~(0 C 0,1018

11C1=l11T7* 0 1 0F01S
RETURN
ENM)
FUNCTION 1107 (CCI
RE AL LIMIT
Flo 7'1=(f-5.714E-7) *ABS JC-750.0) ) 4(8.4I-L-4)

11 C7IMI1(O .C,lOCOO.0. 07 Ti)
BITUR
END
FUNCTICN 1108 (cc)
REAL LIMITl
Fl08Tl1LII.IT(50.3g0QC
F108=;jFlCET1**2.Cv)*91.48Bf-d+0. 01557-P 108Tl*6.L435E-5

END

RE AL LI~
I( i.LT..28. CR. RI. T. 0.76) C-C TO 10
P112;420
GO TO 'O

10 CONTIUE

20 CONTIVUE
RETU RN
END
FUNCTION 1113(ILPEAT)
REAL L1311T
F113-0 . 16667SLIBI( 12.0, 18.0, ALPHAT) -2. 0
REJURN
FUNCTION P11401R)
BEAL LIMIT
P11'=0.85286*L1aIT(0.16,0.30,Blp.O.14286
RETURN
END

zv103
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