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ABSTRACT

> The objective of this project has been to design an improved

three-axis stability augmentation system (SAS) for the AV-8B

Advanced Harrier VSTOL aircraft using microprocessor-based

digital control. The research focuses on improving the handling

qualities of the irplane through SAS redesign in the low speed

flight regime. Particular attention is paid to the so-called

( wether-cocking instability encountered in transition

Sflight, Until quite recently, there

has been a dearth of information about the flight characteristics

of the Harrier. A major breakthrough in this field was achieved

by the development-of MCAIR's X22A AV-8B mathematical model,

which yielded a set of linearized stability derivatives for the

aircraft. The first step toward the improvement of the AV-8B SAS

requires the utilization of these coefficients in the development

of an analog/hybrid model of both the aircraft itself and of the

unmodified SAS. The controller design employs digital state feed-

back control to relocate the system closed loop poles. The con-

clusion reached is that this method of control represents a valid

approach to the final solution of the Harrier's stability and

control problems. A long range goal of this research is that this

controller design concept be applied to future aerospace vehicles.
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PREFACE

This investigation was conducted at the United States

Naval Academy, Annapolis, Maryland under the Trident Scholars

Program. This publication is the final technical report,

and it includes results through 30 May 1979. An oral presenta-

tion was made on 24 April 1979 to RADM William P. Lawrence,

Superintendent, U. S. Naval Academy and other distinguished

guests at the annual Trident Scholar's Dinner. The research

was conducted in the Department of Weapons and Systems

Engineering, and in cooperation with the Department of

Aerospace Engineering.

The principal investigator for the study was myself,

Midshipman Robert V. Walters. The faculty advisors for the

project were Associate Professor E. E. Mitchell (principal

advisor) and Assistant Professor K. A. Knowles of the Systems

Engineering Department, and CDR M. D. :ewett, Chairman of

the Aerospace Engineering Department. The assistance,

insistence, and perseverance that Professor Mitchell, Professor

Knowles, and Commander Hewett have shown has been a major

catalyst in the research effort. Considering the tremendous

amount of engineering expertise and experience that these

men brought to bear on the problem, it is not surprising

that such satisfying results were achieved.

Robert V. Walters
Midshipman First Class,
United States Navy
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I worry that the existence of a practical VSTOL
aircraft today (the Harrier, in its operational
A and forthcoming B versions) is being ignored
in favor of the long-range development of a
"high-performance" VSTOL culminating in the
1990s. Even this development has been slowed
by the Defense Department, stating that before
further funds are devoted to VSTOL it must be
proven superior to conventional aircraft. In
my judgment, if it were supported at this time,
an effective VSTOL aircraft could be developed
as early as 1986. The Soviets are doing it....

- ADM Elmo R. Zumwalt, USN (Ret)
May 1979, following Department
of Defense cancellation of
the AV-8B program.

[17, p. 104]
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CHAPTER 1

INTRODUCTION: JUSTIFICATION AND
ORGANIZATION OF THE REPORT

One of the major controversies facing naval policy

makers is the issue of the suitability and effectiveness of

VSTOL aircraft in a sea-going combatant environment. Major

policy decisions on the future of VSTOL aircraft are being

formulated based on the Marine Corps experience with the

Hawker Siddeley AV-8A Harrier. The success or failure of

the AV-8B now in development will further influence the

Navy's future VSTOL plans.

The AV-8A has experienced a very high accident rate in

the Marine Corps. In the first six and one-half years of its

use in Marine Corps operation, the Harrier logged twenty-

eight crashes -- nearly one fifth of the fleet -- over twenty

of which resulted in the total destruction of the aircraft.

The aircraft's problems mirror the present state of the art

in VSTOL technology. Present technology is capable of

producing engines of sufficient thrust at low weight to

provide thp thrust-to-weight ratios demanded in VSTOL airplane

design. Special VSTOL airframe structural and aerodynamic

considerations are also well within present technological

capabilities. Stability, control, and handling qualities

-14-



problems, however, persist. They are the major threat to

the success of the VSTOL concept. The poor transition-regime

handling qualities of the AV-8A due to inadequate control

authority and inadequately designed stability augmentation

are well documented and have contributed to the poor reputation

of the airplane as a difficult, unforgiving airplane to fly.

A strong research effort in stability augmentation design

is required to insure the success of the AV-8B and future

VSTOL efforts. In addition to the motivation resulting from

the political exigencies surrounding the Harrier program, the

strong current interest in the study of digital flight control

provides further justification for the research.

With these thoughts in mind, it was decided to conduct

an investigation of the flight characteristics of the AV-8B

Advanced Harrier, with the intent of improving the effectiveness

of its stability augmentation system (SAS) in the low speed

flight regime. The goal of the study was the realization

of a microprocessor-compatible compensator that would stabilize

the Harrier. It was planned that the new system would be

capable of functioning at two levels of control authority.

The "normal" mode would be designed to improve the overall

handling qualities of the aircraft, but still allow the pilot

sufficient control to meet the demanding maneuverability

-15-
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requirements of a modern fighter/attack aircraft. The

"recovery" mode would essentially take control of the aircraft,

seeking, in spite of any external disturbances, to return

the aircraft to some reference "trim" condition. The digital

state variable controller that since has become the fruit of

the study lives up to many of these initial expectations.

This report documents the year-long research effort

leading up to the final controller design. The organization

of the report is as follows.

The body of the report is divided into ten chapters.

The first three chapters are composed primarily of background

information. Chapter 2 describes the subject of the investi-

gation, the Harrier. Particular attention is paid to the

existing flight control and stability augmentation systems.

The reasons for the Harrier's unstable transition flight

characteristics are discussed in Chapter 3. The next two

chapters concern the formulation of a mathematical model

for the Harrier. Chapter 4 presents a derivation of the VSTOL

equations of motion, while Chapter 5 discusses the methodology

for the experimental determination of the coefficients.

Chapters 6 and 7 contrast the controller design of the present

conventional SAS and that of the digital state feedback device.

-16-



A description of the digital and the analog/hybrid computer

simulations is contained in Chapter 8. Finally, Chapter 9

treats the results of the investigation, and conclusions are

presented in Chapter 10. Thirteen Appendices document the

computer programming necessary in the research, and contain,

in the form of computer-generated time histories, the results

of the project.

-17-
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CHAPTER 2

THE HARRIER

The genesis of the design of the Harrier's basic

airframe is unique in that the entire aircraft was quite

literally built around its propulsion plant - the Rolls

Royce Pegasus engine. The Pegasus is an axial flow twin

spool turbo fan engine, and in this respect is similar in

principle to the engines powering many of our modern airliners.

The requirements of VSTOL flight necessitate several departures

from the norm, however. The most important of these changes

concerns the ducting of the jet exhaust. Instead of the

conventional configuration of a single nozzle located in line

with the turbine shafts, the Pegasus uses four rotatable

nozzles located symmetrically on the sides of the engine

(and protruding from the fuselage directly under the shoulder-

mounted wings). This enqine-airframeconfiguration gives the

Hawker Siddeley aircraft unique capabilities. The AV-8

Harrier has the ability to "vector" its thrust, i.e., to change

both the direction and length (magnitude) of the thrust vector.

As will be explained in a moment, thrust vectoring is the

Harrier's means of achieving VSTOL capability. Another

unique feature is that the two compressor/turbine sections

of the Pegasus engine are contrarotating. By spinning the

-18-
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blading in opposite directions, the gyro-coupling effects

that had the plagued many previous VSTOL designs have been

all but eliminated. An additional performance criteria met

by the Pegasus-Harrier package results from the location

of the exhaust nozzles such that the net thrust vector always

acts through the aircraft's center of gravity. This placement

means that no pitching moment is caused by the rotation of

the nozzles.

While seeing the Harrier in a hover gives one the

impression that it is defying gravity, it must, of course,

obey Newton's laws of motion. This implies that in all phases

of steady flight some lifting force must balance the weight

of the aircraft. In the VTOL/hover regime, the lift is

produced entirely by the thrust of the Pegasus engine, the

nozzles being rotated nearly perpendicular to the aircraft

centerline and the thrust being directed vertically downward.

For transition to conventional flight, the nozzles, which

share a common mechanical linkage to a control lever in

the cockpit, are slowly rotated aft. The net effect of this

rotation is to reduce the magnitude of the upward (lift)

component of the thrust vector while simultaneously producing

a forward thrust component. The resulting forward velocity

-19-



of the aircraft causes airflow over the wings and therefore

produces aerodynamic lift. As the transition progresses,

wing-generated lift gradually replaces the upward component

of the thrust vector until, at a speed of about 100 knots,

the nozzles are rotated fully aft and the aircraft is in

the conventional regime. The preceding sequence of events

is reversed for a decelerating transition from fully wing-

borne to fully jet-borne flight. It is worthwhile to note

here that the Harrier's most acute stability and control

problems occur in the transition regime, from about 30 to 80

knots. The dynamics of this phenomena will be discussed

fully in the next chapter.

Knowledge of the design and performance of the Harrier's

flight control system is vitally important to solution of

its stability and control problems. The aircraft's primary

controls for wing-borne flight consist of conventional ailerons,

rudder, and stabilator, with a reaction control system (RCS)

providing additional control authority in the transition

and hover regimes.

This reaction control system bleeds high pressure air

from the engine through lightweight ducting to special nozzles

(called "puffer" valves) located at the nose tail, and each

-20-
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wingtip of the aircraft. These shutter valves are mechanically

linked to the conventional controls; a master control valve

is geared to fully activate the system when the engine nozzles

are rotated 200 below the aircraft's centerline. Since the

nozzle angle is proportional to the aircraft's airspeed, the

net effect of the master control valve gearing is that the

RCS is activated only in the VSTOL-hover regime (below about

100 KIAS). The RCS extends the Harrier's controllability

envelope all the way down to zero airspeed, long after the

aerodynamic controls have lost their effectiveness.

A single channel limited authority stability augmentation

system (SAS) is provided to dampen rolling, pitching, and

yawing motions while in a hover or transition. The device,

which contains no "autopilot" function, was added to reduce

pilot workload under turbulent and low visibility conditions.

This is accomplished by sensing the aircraft's angular velocities

about the roll, pitch, and yaw axes and inmmediately initiating

a correcting signal to the control actuators, thus augmenting

the pilot's demands on the aerodynamic control surfaces and/or

reaction control nozzles.

As it is primarily a low speed system, the SAS functions

almost exclusively through the reaction control system. It

should be mentioned that the control authority of the reaction

control system decreases dramatically in high thrust demand

-22-
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situations. The SAS is quite economical in space and weight:

both the pitch and roll channels are housed in a single 5.5

pound unit that contains qyros, computing, power supply, and

self-test devices. The yaw SAS is slightly more elaborate,

as it utilizes feedback of both the aircraft's yaw rate and

of its lateral acceleration. In general, while the addition

of stability augmentation in its present form may definitely

be considered as a positive and flying-quality-enhancing

improvement, there is quite a lot of motivation toward opti-

mization of the system.

Of additional interest from the controls standpoint

is a lateral acceleration indication system consisting of

a readout projected on the pilot's heads-up display (HUD)

and a novel rudder pedal shaker system that actually vigorously

vibrates the rudder pedal that the pilot should depress to

eliminate the lateral acceleration. Sideslip is proportional

to lateral acceleration, and the use of an accelerometer as

the sensor of a sideslip-regulation circuit for turn coordination

of conventional aircraft is quite common. As will be described

in Chapter 3, the elimination of sideslip is of key importance

to VSTOL stability studies. In fact, control of this quantity

is so important to the directional stability of the Harrier

-23-



in transition that it is fed back not only to the pilot through

the indication system, but also to the lateral autostabilizer

through an electronic filtering/signal processing network.

The aircraft that is the subject of the research effort

documented in this report is an updated version of the AV-8A

now in service in the Marine Corps. It is called

the AV-88 Advanced Harrier, and a brief survey of its

development and capabilities is now presented.

Following the acquisition by McDonnell-Douglas (1969)

of manufacturing rights for the AV-8A Harrier, a tremendous

amount of research time and money was put into the full

development of the Harrier's potential. A parallel effort

was made in the refinement of the Pegasus engine by Pratt

and Whitney (who had similarly obtained production rights

from Rolls Royce). Many independent research projects

flourished on the fringes rf this central two-pronged advance,

spurred on by publication of large quantities of previously

unavailable technical data. The AV-8B Advanced Harrier is

the improvenent program's crowning achievement. The linearized

mathematical models developed by Calspan Corporation of

Buffalo, N.Y., which form the basis for the simulation described

later in this report, were an offshoot of this engineering

-24-



renaissance for the Harrier.

Effective lift is the AV-8's most critical design criteria.

There are two methods of increasing effective lift: increase

lift or reduce weight. The AV-8B makes use of both approaches.

To increase lift in jet-borne flight, 600 pounds of additional

lift were obtained by Pratt and Whitney through a redesign of

the Pegasus' engine inlets. A special "cross dam" was then

installed under the fuselage in order to take better advantage

of interference effects during VTOL. An estimated 1200 pounds

of additional lift is generated by this device in the VTO

mode. Lift in the conventional flight regime has been augmented

by the use of a thicker, "supercritical" airfoil. This new

wing also cuts down drag at high speed, thereby reducing fuel

consumption - always a concern in a VSTOL aircraft. The

structure of the new airfoil is the major weight reducing

component of the Advanced Harrier. The entire wing is made

of graphite epoxy reinforced at high stress areas with titanium

and aluminum. Most of the AV-8B's other subsystems were

carried over from the AV-8A with minor modifications. The

net result of these increases in effective lift is a performance

increase of about 100% ( a useful load of about 15,000 lbs).

Like the AV-8A, the Advanced Harrier's operational

effectiveness is best measured by its versatility. It can

-25-



take over 3000 pounds of ordinance straight up and to a

target fifty miles distant; from a short take-off, its per-

formance characteristics are comparable to those of the touted

A-4 Skyhawk. The Harrier has proven itself capable of

operating from small sea-going platforms, or from dispersed

austere sites ashore. The Harrier is an excellent aircraft;

it is, of course, the only VSTOL platform sufficiently advanced

in development to be used operationally. But, if any of the

Harrier's shortcomings can be labeled "serious", one of those

must surely be its transition-regime stability characteristics.

The next chapter examines this area in depth.

-26-



CHAPTER 3

STABILITY CONSIDERATIONS

A quick yet effective means of forming a preliminary

evaluation of an aircraft's flight characteristics is to

note its "Prohibited Maneuvers" as tabulated in its flight

manual. The AV-8A NATOPS Flight Manual [3 , R-12] lists 26

prohibited maneuvers, among them:

1) Out-of-the-wind vertical take-off or landing with

a wind speed greater than 20 kts.

2) In the transition regime:

a) Over 15 units angle of attack above 50 KIAS

b) Sideslip between 30-150 KIAS

c) Other than gentle turns between 90-150 KIAS

d) Any turns between 30 and 90 KIAS

3) Lateral wind component in excess of 30 kts.

4) Take-off or landing on paved surfaces with cross-

wind greater than approximately 5-15 knots (depending

on type of landing and visibility) or on any other

surface with crosswind greater than 5 kts.

Thus, it is seen that stability and control problems sub-

stantially limit the Harrier's usable flight envelope,

especially in low speed situations.

The Harrier's effectiveness below about 80 knots is quite

-27-
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limited, even when operating within the boundaries prescribed

by NATOPS. This limitation stems from the unusually high

pilot workload required during the transition, especially in a

low visibility or turbulent environment. The present SAS,

by damping the unstable, at times erratic motions of the

aircraft, very noticeably improves the Harrier's handling

characteristics in semi-wing-borne and jet-borne flight.

But, as many pilots quickly attest to, an "...attitude command

SAS would be desirable since this would make a positive

orientation reference available to the pilot at all times."

[4 , 332] The control system designed herein seeks to

answer this plea.

It is desirable at this point to back-off from a discus-

sion of the aircraft at the limits of its stability/control

envelope and discuss its handling characteristics in general

terms. First of all, jet VSTOL aircraft operating in wing-

borne flight perform very much like conventional aircraft

In general, the Harrier's flight characteristics at airspeeds

above 150 knots are quite admirable. However, VSTOL craft

in the jet-borne regime may exhibit characteristics that

appear quite peculiar to those familiar only with conventional

aircraft. The Harrier in VSTOL flight, for example, exhibits

neutral to negative stability in pitch and roll, and a definite,

pronounced instability in yaw due to the intake momentum drag

phenomena. The research effort described in this report began

-28-



as a quest for a solution to this particular control anomaly

(along with the related roll-coupling and pitch sensitivity

characteristics). With this in mind, our attention will

now focus on the aerodynamic principles that underlie the

intake momentum drag effect.

Air entering a jet engine experiences a rapid decrease in

velocity at the compressor section inlet. This reduction

of velocity produces a net change in momentum, which results

in a "momentum drag" force. At the high engine power settings

required for VSTOL flight, some 400 lb/sec of air are brought

to rest in the Pegasus' intakes. At extremely low airspeeds

(below 30 kts), this phenomena has little effect, as the

retarding force (drag) caused by the change in momentum is

quite small. At higher forward velocities, however, this

drag force is substantial (equaling, according to Newton, the

product of the mass of the air and the velocity).

The air intakes of the Pegasus engine are located forward

of the aircraft's center of gravity. The geometry of the

situation implies that this intake momentum drag, in the presence

of any angular deflection about the yaw axis (so-called "sideslip")

produces a destabilizing moment. Further, the magnitude of

this moment increases linearly with velocity. Combating this

toroue is the inherently stabilizing yawing moment produced bv the
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aerodynamic lift of the vertical tail, which increases as a

function of the velocity squared. The net result of these t o

opposing moment mechanisms is that the Harrier is directionally

very unstable between 30 and 90 knots, but essentially stable

outside this velocity envelope.

In the Harrier, unless corrective control is instituted,

sideslip disturbances result in coupled motions about all axes.

This is the reason for the high degree of enphasis placed on

its regulation. The mechanism that underlies the aerodynamic

coupling associated with sideslip merits discussion.

Sideslip produces rolling moments in most aircraft, especially

when swept wings are utilized. The rolling moment is generated

by a lift differential between the two wings. This change in

lift distribution is caused, in turn, by two mechanisms: (1)

the sideslip angle causes the airflow to pass nearly normal to

the leading edge of the windward wing, while the leeward wing is

not only turned away from the wind, but is also shielded by

the fuselage; and (2) the yaw rate produced by the destabilizing

moment causes the windward wing's velocity relative to the airflow

to increase, and, conversely, that of the leeward wing to decrease.

Thus, both mechanisms augment the lift of the wind-ward wing

and reduce the leeward wing's lift, thereby creating an unstable

rolling moment. The righting characteristic about the roll axis
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("dihedral effect") that is normally designed into an aircraft

is not, in most cases, of sufficient strength in the Harrier

in VSTOL flight to combat the roll coupling instability.

Furthermore, since large deflections in yaw and roll substantially

reduce the control authority of all flight controls, angle of

attack (which is analogous to pitch angle, a longitudinal variable)

is also a coupled variable in this intake momentum drag situation.

This fact is particularly relevant, considering the acute pitch

sensitivity of the Harrier in transition. So, what began as a

simple sideslip disturbance has, through aerodynamic coupling,

adversely affected handling qualities about all three axes.

The AV-8A NATOPS Flight Manual takes this analysis one step

further.

Three variables are of paramount importance to the intake

momentum drag/roll coupling/pitch sensitivity phenomena:

Indicated air speed, IAS (q)

Angle of attack, AOA (a)

Sideslip angle (a)

The magnitude of the rolling moment is roughly proportional

to the product of the three variables (IAS, AOA, 6). [3, 4-7]

Furthermore, the mathematics are such that if any two of the

terms are large, the rolling moment will be substantial even

for a relatively small value of the third term. Typical "large"

values are:

q = 100 KIAS

a= 15 units = 15'

a = 300
-32-



Note that these numbers approximately coincide with several

of the limits mentioned in the "Prohibited Maneuvers".

With respect to this serious VSTOL regime instability,

the flight manual warns:

Most dangerous of all, the AOA will increase instantly
with roll if there is a sideslip angle present. This can
result in an almost instantaneous loss of control with
very little or no warning. A typical loss of control
sequence at low IAS involves allowing a sideslip to develop
which introduces a rolling moment which, if not counteracted,
instantly increases AOA which increases the rolling moment
so that the situation becomes progressive. [3, 4-7].

The three axis SAS that is presently installed in the Harrier

seeks, through damping, to reduce pilot workload and lessen the

effects of disturbances; the pilot would then theoretically

be able to devote more attention to such conLerns as sideslip

control in transition. However, the lack of an autopilot function

in the SAS puts a heavy burden on the pilot in itself, particularly

with respect to the regulation of this yaw/bank/pitch coupled

instability in turbulent and/or low visibility conditions.

Also the directional (sideslip) controller, because of noise

problems associated with the measurement of lateral acceleration,

can be harsh and jerking in its operation. In addition, it is

extremely important to note that simultaneous application of

control to more than one reaction control system axis results

(in high thrust demand situations) in an overall reduction
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in the available control authority about all axes. Recall that

the reaction control system is the Harrier's major controlling

agent in hover/transition flight. This last limitation underlines

the fact that a controller designed to combat this aircraft's

characteristics must monitor the aircraft's motion about all

axes and provide instantaneous control actuation in response

to disturbances. The state variable feedback controller

described and demonstrated later in this report does just that.

Having qualitatively described the Harrier's configuration

and performance, the discussion now turns to a fairly rigorous

mathematical formulation of these dynamic characteristics.
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CHAPTER 4

THE EQUATIONS OF MOTION

It doesn't take a great deal of thought to come to the

conclusion that the airplane in flight is a very complex dynamic

system. Its operation requires a study of six degrees of freedom

for gross motions, while the modes of motion of its many sub-systems

add tremendously to the number of system states renuired for a model

of engineering precision. But a realistic model must, of course, be

defined, for practical considerations often render it impossible for

the control systems engineer to have any actual contact with the

system he is studying. When operating under this handicap, the

best he can do is to insure that he has a thorough understanding

of both the mathematical model he is using and of its relation

to the physical world. With the aim of providing a greater

degree of comprehension of the system presently under study, this

chapter presents a derivation of the Harrier airframe equations of

motion. The procedure used is based largely on that described in

Bernard Etkins', The Dynamics of Flight, Editions I and II [5 and 6],

an aircraft stability and control text that has become a standard

in the field.

In order to provide a Perspective on the ensuing derivation,

a summary of the key steps in the development of the equations is

in order. The aircraft is first treated as a rigid body and the
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equations of motion are derived assuming the reference axes are

fixed to its center of gravity. This analysis yields the classical

Euler equations. A discussion is then made of tl:e orientation of

the plane in space and of the choice of axes. The treatment of

spinning rotors and the modeling of the aircraft controls is then

considered. Finally, small disturbance theory is used to linearize

and partially decouple the equations. It should be emphasized

that this discussion is meant to be more illustrative than definitive.

A complete derivation is found in The Dynamics of Flight.

A rigorous derivation of the general equations of motion for

aircraft begins with particle mechanics, where elementary masses and

forces are related via Newton's second law and summed:

H6F = ZSmV 4.1

By applying the definition of the center of mass and carrying out

the summation, we arrive at the familiar:

F = m v 4.2

where F is the resultant external force applied, m is the total

mass, and vc is the acceleration of the center of mass. A similar

development for rotations equates the total external moment, , to

the time derivative of angular momentum, h, by:

d4.3

These two vector equations (4 .2 and 4 .3) form the foundation for

the expanded equations of motion.
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L = Rolling Moment P = Rolling Velocity = Bank angle
M = Pitching Moment Q = Pitching Velocity 6 = Pitch angle
N = Yawing Moment R = Yawing Velocity = Azimuth angle

X, Y, Z = Aerodynamic Force Components

U. V, W = Velocity Components (w.r.t. the airmass)

Figure 4.1 Standard Body-Axis Nomenclature

-1 W

Angle of Attack: o' = tan - I W
U

Angle of Sideslip:3 
= sin - I  V

Vc.g.

Figure 4.2 Inclination of Body Axes to vcg
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Before proceeding with the discussion leading to the Euler

equations, a brief comment on reference axes is appropriate. First

of all, the development presented here is valid for any "body axis"

system -- orthogonal axes fixed in the airplane, with the center

of gravity as the origin. Because of the simplifications they allow

later in the derivation, the ultimate choice of axes is the "stability

axis" system - with the x-axis pointing in the direction of motion,

the y-axis extending out the right wing, and the z-axis pointing

"downward" such that it fulfills the requirement of orthogonality.

Stability axes find application primarily in the study of linear

disturbance theory. Figures 4.1 and 4.2 define the necessary

nomenclature.

The evaluation of the angular momentum, h, is vitally important.

= = (r x )6m 4.4

Let the aircrafts angular velocity vector be:

w= iP + jQ + kR 4.5

The total velocity of a point in a rotating rigid body is

V = v + wxr 4.6
c

with r = xi + y' + z, from which

0 r ( + wxr m 4.7

The application of vector algebra yields:
4 1 2 2 2
h = WE(x +y +z )6m-Er(Px+Qy+Rz)6m 4.8

The summations that occur in the equations of the scalar components

of equation 4.8 are the moments and products of inertia for the

aircraft, so we have, after substitution:
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I l A -F -E-

h y - -F B -D Q4.9

h L-E - D C 49

where

(A B C] = moments of inertia about x, y, and z axes, respectively.

and D = fyzdm, E = fxzdm, F = fxydm are the so-called products of

inertia.

The derivative of a vector in a rotating reference frame is:

= + WA 4.10

where

-fx by

Applying this definition to our vector equations of motion, in a

reference frame fixed to the aircraft, yields:
6V .

=m- 6 +mxv c  4.11

ii + -' x

6 + 4.12

with the following scalar components:

F : m(U + QW - RV)X

F : m(V + RU - PW) 4 .13
Y

F = m(W + PV - QU)

and

L = hx + Qhz - Rhy

M =hy + Rhx - Ph 4.14

N = h + Phy - Qhx
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axis system may be uniquely defined by an ordered series of three

rotations - first in yaw to angle p, then in pitch to angle 0,

and finally in roll to angle 4. The specific ordered set of

rotations just described defines the so called Euler angles.

The next step in the development of the equations is

to account for the "rotary derivatives" - the angular momentum

added to the total by any spinning subsystems. This quantity

would normally appear as an additive term (;') to the r.h.s. of

equation 4.8, but, because of the Harrier's contrarotating turbine

sections, it is not important to this discussion.

The next subsystem group to be modeled is that of the flight

controls. A detailed discussion of this area is beyond the scope

of this report. In general, each of the three control systems (rudder,

aileron and elevator) is assumed to be a rigid, one-degree-of-freedom

linkage. LaGrange's equation of motion in a moving reference frame

is then applied:

d 3T _ DT -F 4.18
dt 3q k qk

where

T = kinetic energy of the system

W = work done on the system by external forces

F = generalized force

qk = generalized coordinate
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where h is defined by equation 4.9. Equations 4.13 and 4.14,

together with 4.9, are the Euler equations of motion for the

airplane. The physical interpretation of the variables of the

Euler equations will become evident after the following discussion

concerning orientation relative to fixed axes.

Because one of the basic assumptions made in the foregoing

analysis was that the reference axes used were fixed to the aircraft,

the linear and angular position of the aircraft cannot be described

relative to them. Two sets of differential equations produce the
S I i

desired transformation to a fixed frame (x , y , z
,3

x = Ucosocos +V(sin~sincos-cossin)+W(cossinecos+sinsin)
.3

y = Ucosesinp+V(sin~sinsin+cos~cosp)+W(cos~sinsin -sinocos) 4.15

z' = -UsinO+Vsincose+Wcos~cosO

and, to describe the angular orientation:

P = ¢ - p sin 0

Q = 0 cos 4 + p cos e sin 4 4.16

R = p cos 0 cos 4 - 0 sin 4

therefore,

o = Q cos 4 - R sin 4

= P + Q sin 4 tan 0 + R cos 4 tan 0 4.17

= (Q sin 4 + R cos 4) sec e

It is obvious that the integration of equations 4.15 and 4.17 represents

a formidable problem except in simplified special cases. Fortunately,

linearization by small disturbance theory simplifies them. It should

be mentioned that the orientation of an airplane relative to another
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Application of this equation yields the three control equations:

H + F = I 6 + m e a + P (PR-Q) (elevator)e e e e ee c z  ex

H + F = I r6 - m e a - P (PQ+R) - P (RQ-P) (rudder) 4.19Hr r rr -reracy rx rz

2Ha + Fa = I a6a + 2Pay (RQ + P) (aileron)

where

a = accelerated of center of massc

e = mass eccentricity of control surface

F = generalized control force

H = control hinge moment

I = control effective moment of inertia

M = mass of control surface

P = control product of inertia

6 = control angle

The development of the control equations represents the last step

in the modeling of the aircraft from a stability and control point of view.

However, the complexity of the equations renders them nearly unusable

in their present form.

One minor addition needs to be added to the present equations.

The total external force applied to the aircraft is the sum of

aerodynamic (including propulsive) and gravitational forces. The

quantities appearing on the l.h.s. of equations 4.13 are, therefore,

F = X - mq sin a
x

F = Y + mg cos 0 sin 4 4.20

F = Z + mq cos 0 cos
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The moment equations, being purely aerodynamic, need not be altered.

Small disturbance theory will now be used to linearize the

equations. The validity of the approach rests on two facts:

(1) it is often the case that the aerodynamic response is a nearly

linear function of the disturbance, and (2) flight involving large

external disturbances may be sustained with relatively small variations

in linear and angular velocity of the aircraft. Small disturbance

theory necessitates the following assumptions:

(a) all disturbances and derivatives all small, and their

products and squares can therefore, be considered

negligible;

(b) stability axes are used;

(c) reference flight condition symmetric and without

angular velocity;

(d) small angle approximations may be used;

(e) rotary derivatives are negligible; and

(f) all controls are dynamically balanced.

The application of small disturbance theory to linearize the

equations involves several steps. Initial application to equations

4.13, 4.14, 4.16, 4.17, and 4.19 yields:

X + AX - mg(sinO0 + Ocoseo) = mu

Yo + AY + mgqcosO o = m(P + Uor) 4 .21

Z + AZ + mg(coso ° - Osino 0 ) m(wO - U 0q)
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L + AL = Ap - Er

M + AM = Bq 4.220

N + AN = -Ep + Cr0

H AHe +F + AFe = Ier

Hr  + AHr + Fr + AFr = I r 4.23
0 0

2H + 2AH + F + AF =Ia E0Ha a ao  a a

0=q

= p + r tan 00 p = ¢ - P sin e 4.24

r sec 00

If the disturbance variables in equations 4.21 - 4.24 are set equal

to zero, the equations then apply to the reference condition. By

subtracting these reference values from the equations, we can

eliminate all initial forces and moments:

AX-mgOcos~o= mu

AY+mg4coseo= mv + mu0r 4.25

AZ-mgosine0o  m - mu0q

AL = Ap - Er

AM = Bq 4 .26

AN = -Ep + Cr
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AHe + AFe = Ie N

AHr + AF = I 4.27

2AHa + AFa = I a

6=q
¢=p + r tan 0°  p =  - sin 0° 0 A24

(unchanged)

= r sec 00

The derivation up to this point has been general in scope,

i.e., is applicable to both conventional and VSTOL aircraft.

It is in the treatment of the aerodynamic force and moment

perturbations (the terms with a "A" prefix) that the differences

show. This is also the point of major problems from the VSTOL

modeling point of view, as the literature essentially omits

this process from their discussion. The actual method used was

introduced by Bryan in 1911. It is based on the assumption

that the aerodynamic perturbations can be constructed from

the instantaneous values of the disturbance velocities, the

control deflections, and their derivatives via a Taylor

series expansion. The resulting series is linearized by

neglecting all higher order terms. One such "linear air

reaction" takes the form

AA = A u + Au + ...A66 + A'6 4.28

where Au (-M)oreference condition

3
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The derivatives "A" are called the stability derivatives

of the aircraft. Engineering experience and judgement are

used to determine which stability derivatives are important

enough to be included in the air reaction. This decision,

in turn, affects the final form of the equations. Further

discussion of this decision process is beyond the scope

of this text.

After careful thought and consideration of the literature,

it was concluded that the VSTOL linear air reactions take the

following form for the Harrier:

AX = X u + XwW + X q + X. Oj + X6T + X6E6E

AY = Yvv + Yp + Yrr + 6 6A+ 6  4.29YAA + YR R

AZ= Zu + Zw + Zq+ Z0j z6 + Z6u w q 0 iJ Z6 TTZ6 E E

AL = X v + L p + L r LA A LR6R

AM = Mu + M w + Mqq + Mja + M6 
6T + M6 E 4.30

u W q a T 6E

AN Nv + Npp + Nrr + NA6 + N 6v p r 6  A+ 
6r rA r i

and I = Ir I e =0
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Substitution of the air reactions into equations 4.24-4.27

yield equations similar in form (but not content) to those

in the literature:

d Xu - Xw + (mg cos 0  x d 0 XO j - X6 - X 6 0
-u u .... 6 e O =

-ZuUt(mt.. - Zw )w - [(mu + Z q)-at mg sinOo a .a - 6T6T Z6e 6 e  0
T e

4.31d2

-MuMwW+ d MW q d -Me j -M 6 -6MT e 6 0
dt T 6ee

q do =0

d- ) v y p + (mu -Y )r-(mg cosO°)@ -Y 6 -Y 6r = 0

a r
-v(A - L)p-( E~t+L)r-L6a6a-L6 r6r =0 4.32

ANvV- (E d + Np)p +(Cd Nr)r -N 6 N0
Np+ d_ Nr N6aa - 6r~r=

: p + tan 0 r
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OUTPUT EQUATIONS

(I= tan- tan [
U u+

0

6 tan tan -1

w +u 4.33
0

=r sec 0

Since 0 = 5' for the model, the second term of the r.h.s.

of the last equation of equation set 4.32 may be neglected.

Algebraic manipulation is all that is needed to transform

equations 4.31 and 4.32 into their final, state variable

matrix form. The results are shown in Figures 4.3 and 4.4.

But equations 4.31 and 4.32 are of little use without experi-

mental knowledge of the values of their coefficients. Hence,

the next chapter discusses the source from which the AV-8B's

stability derivatives were obtained, and describes the methodology

used to determine them experimentally.
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CHAPTER 5

ORIGIN OF THE MODEL

The simulation described later in this report is based upon a

linear, non-constant coefficient mathematical model developed by

Calspan Corporation of Buffalo, New York in the summer of 1977.

[ 71 Calspan actually laid the groundwork for the model much

earlier, publishing a feasibility study which contained a generic

VSTOL model in July of 1976. [ 8] The genesis of the linear AV-8B

model as published in the final report, Calspan TM No. 98, is in-

teresting in two major respects.

The first is that the original motivation for developing a

linear math model was to determine the feedback gains for the

variable stability mechanism of Calspan's X-22A in-flight simula-

tion aircraft. In fact, hardware limitations of the X-22A avionics

were the primary reason for linearization of the AV-8B equations

of motion. The other particularly notable fact concerning the

origin of the model is that it is, essentially, a simulation of a

simulation. Simulation of the actual Advanced Harrier was not

possible because at the time of the TM No. 98 report, the AV-8B

was not in existence. A study of the methodology used in the

TM No. 98 model development provides needed insight as to the

fidelity and application of the linearized equations of motion

for the Harrier used in this work.

The only model of the AV-8B Harrier in existence at the time

of the Calspan report wasa nonlinear table-look-up digital
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computer simulation at McDonnell-Douglas' (MCAIR) St. Louis

facility. Consequently, Calspan, in cooperation with NADC,

Warminster, requested that two representative approach (transition+

hover) trajectories be "flown" on the MCAIR simulation. The air-

craft was to be kept at trim throughout the approach. MCAIR com-

plied, defining a 30 (flight path angle or "glide slope") ap-

proach from 105 Kt, and a 50 approach from 65 Kt. It was decided

that the angle of attack would be held constant at 80 and that a

"one-step" deceleration would be used, that is, nozzles

rotated from full back to full down instantaneously. In all, these

two trajectories may be considered representative of actual flight

procedures based on the NATOPS Flight Manual. 1 3]

The mathematical model was to be developed in terms of these task-

related reference trajectories , with linearized, but non-con-

stan.t stability and control derivatives being calculated about

the "trim" conditions. Small perturbation theory and the use

of stability axes as the reference frame are necessary to employ this

procedure. The actual calculation of the derivatives wos conducted

as follows.

A computer subroutine was written to interact with the MCAIR

simulation. At various points along each reference trajectory,

the subprogram first perturbed one of the state variables (u, v,

w, etc.), and then measured the corresponding changes in the other

aerodynamic and thrust forces and moments (the other state

variables). These force and moment deflections were then plotted
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versus the perturbation, and the appropriate linearized stability

derivative determined by statistical data fit in the least squares

sense. Since this entire analysis is based on perturbation

studies at a single velocity along the reference trajectory, the

process yieldsa discrete series of stability derivatives, one for

each velocity tested. Calspan choose 0, 30, 50, 65, 80, and 105

knots, and TM No. 98 contains tabulated values of every stability

and control derivative at each of these six velocities.[ 7 ,

pp 9-10] A summary of these results is contained in Appendix A

In terms of the equations of motion, the stability derivatives

represent the coefficients of the characteristic equation. As

shown in the last chapter, a linear model can be represented as a

set of simultaneous first order differential equations of the form

x =4 A +A5.1

where

= n x n Coefficient Matrix

= n x r Input Matrix

= n x l State Vector

u = r x 1 Input Vector

The stability and control derivatives are then the elements of tne A

and B matrices respectively.

Thus, the airframe model of the AV-8B Harrier has been com-

pletely developed and defined. It is seen to consist of two fourth

order systems of the form of equation 5.1. One eqaation describes

the lateral/directional modes of motion, while the other treats
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the longitudinal characteristics. The coefficients of the A

and B matrices have been calculated by Calspan for six distinct

points in the transition/hover regime, and have been shown

to be functions of aircraft velocity. Having derived and

defined a Harrier airframe model, the discussion can now focus

on the theory of stability augmentation controllers.
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CHAPTER 6

PRESENT STABILITY AUGMENTATION

It is appropriate to preface an analysis of the way the

present Harrier's Stability Augmentation System (SAS) attempts

to solve the instability problem in transition flight with a

few comments on the development of the SAS block diagram used

in this research. In the first place, no definitive model of

the AV-8B SAS was found in the literature. The most thorough

treatment of the AV-8A SAS is contained in Reference 8 as an

appendix. [8, pp 92-5] NADC, Warminster responded to the

writer's request for more information by providing a sketch of

their best estimate of the SAS structure. The block diagrams

of the AV-8B SAS shown in Figures 6.1 and 6.2 were constructed

using information from various sources, judgements being made

based on engineering experience in cases of conflicting data.

This updating of the model was a dynamic and on-going process

throughout the research. The final models arrived at and shown

here are believed to accurately represent the AV-8B SAS.

Inspection of Figures 6.1 and 6.2 reveals that all channels

of the SAS exhibit a saturation nonlinearity. These nonlinearities

arise from the control authority limits imposed on the SAS.
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Nonlinear system behavior cannot be compensated by classical

controls techniques. In addition, it can be seen that the SAS

model, by requiring complex signal filtering and processing

in the feedback loops, significantly raises the order of the

system. Also, except for the lateral acceleration feedback

loop (which will be discussed below), angular rates are the

only system variables fed back. Feedback of the first time

derivative of the controlled quantity usually effects relative

stability, serving to increase the damping of the motion. Thus,

Harrier pilots commonly refer to the SAS as a "control damper".

In the literature, angular rate feedback in aircraft controllers

without accompanying feedback of angular position is virtually

nonexistent.

The feedback of single states to single inputs with accompanying

series compensation networks in a multi-input, multi-output

system is an attempt to apply something familiar, classical

transfer function compensation, to something unfamiliar, the

multi-input, multi-output plants. The present Harrier SAS

represents just such an attempt. It seems safe to conclude

that this approach can provide neither a systematic design of,

nor an optimal configuration of total system compensation.

Because the Harrier lateral and longitudinal airframe models
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consist of coupled differential equations, and because both

systems of equations are of the multi-input, multi-output type,

conventional transfer function control design is largely in-

effective. This is not to say that it is impossible to determine

the input/output relation (transfer function) between any

given input and output. With a knowledge of the composition

of the A and B matrices, it is relatively easy, with the use of

modern control theory, to perform the necessary matrix mani-

pulations for transfer function determination. The problem

that arises is that compensation of the determined input-output

network usually has a detrimental effect on the performance of

the other input-output relationships. In the interest of

completeness, this method of SAS design was attempted with the

Harrier airframe equations using the powerful Thayer method

of classical transfer function compensation. As might be

expected, the attempt was no more successful than the present

SAS.

From a performance standpoint, the present SAS design does

improve the Harrier's handling qualities to a limited extent.

From a state-of-the-art control systems point of view, however,

the system is quite rudimentary, certainly yields suboptimal

results (the aircraft is still unstable), and is therefore

inadequate.
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CHAPTER 7

STATE FEEDBACK CONTROL

It seems intuitively correct that the more knowledge the

controller has as to the state of the system being controlled,

the more accurate the controlling signal produced. Similarly,

if the controller has the ability to affect a greater number

of control inputs, it will be better able to bring the controlled

plant to the desired output state. By measuring every system

output state, and then calculating an actuating signal for

each control input of the system based on a specified weighted

sum of the output states, the state feedback controller generates

a superior solution to the situation discussed in the previous

chapter. This chapter documents the development of the digitally-

based, state feedback controller designed as a stability augmentation

device for the AV-8B Harrier. A representative drawing of the

system is presented in Figure 7.1.

The use of state feedback control eliminates, or greatly

reduces all the problems inherent to the design of the present

SAS. To review, the deficiencies of the present SAS are:

(1) failure to account for nonlinear effects;

(2) requirement of complex analog signal processing in
the feedback loop;

(3) greatly increased system order;

(4) has no significant effect on root locations; and

(5) does not account for all the states, nor for coupling

effects.
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Figure 7.1 Representative Model: Digital State Feedback

II

Figure 7.2 State Feedback Block Diagram
(P = 0, F = I, C =)
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These problems are not encountered in the state feedback

controller. In addition, the following benefits are realized

using state feedback:

(1) Because the controller reacts so efficiently to counter-
act disturbances of normal magnitude, saturation is
seldom encountered, and the system is thus effectively
linear.

(2) Output variables are multiplied by a pure gain and summed,

thus no extensive signal processing is required.

(3) System order is unaffected by state feedback control.

(4) Provided no limitations are put on feedback gains,
it is theoretically possible to relocate closed loop
poles anywhere in the s-plane.

(5) The calculation of the state feedback gain matrix, k
accounts for coupling effects between all system states
and inputs.

Basic modern control theory states that the characteristic

differential equation for a system can be determined by setting

the determinant of the [sI-A] matrix equal to zero. The roots

of the resulting algebraic equation in the complex variable "s"

are then equal to the roots of the system itself, and therefore

define the system's natural modes of motion. When this analysis

is applied to the Harrier airframe equations (see Appendix B),

it is found th.t at least one root of the lateral equation and

one root of the longitudinal equation has a positive real part.

This is to be expected as the flight manual contains numerous

warnings of transition instabilities. The function of a stability

augmentation system (SAS) then, in terms of the roots of the
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characterisLic equation, is to "pull" the loci of root positions

(or "root loci") further to the left and, if possible, into

the stable left half plane. The design criteria used to

determine the SAS state feedback gains for this study was

the placement of the system closed loop poles. The following

discussion is a brief summary of the technique as presented

in Reference 9. [9, pp. 308-314]

It can be shown that for a controllable open loop system

of the form

x= Ax + Bu 7.1

any desired closed loop poles may be achieved by a constant state

feedback matrix kT. It can also be shown that the numerator

dynamics of the closed loop system are unaffected by state

feedback. Furthermore, the closed loop eigenvalues must satisfy

the equation (refer to Figure 7.2):

A'(-) IXiI A + BkTI = 0 7.2

for each desired root, Ai It is possible to transform this

equation into an equivalent form (see "Nomenclature" section for

explanation of symbology):
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A'(A i ) 0 I(X I n -A)I n + (Xi n-A) Bk j

n~ Tn
I I -A11  + (A InA)- Bk In n in

= A(Xi)11 n + p(A)BkT 7.3

since A(Xi) I'i in-Al

= A(Li)jI r  + J (i) BTI 7.4

Here p(Xi) (i1in-A) -l and A(Xi) is the open loop characteristic

equation. The kT that drives the determinant specified by either

equation 7.2 or 7.3 to zero for each i is the solution to the pole

placement problem.

Elementary matrix theory insures a zero determinant if any

row or column is zero. Associate Professor E. E. Mitchell, the

principal faculty advisor for this project, programmed an

algorithm to force the columns of equation 7.4 to zero. A

listing of this program is included as an appendix.

After suitable manipulation of the equations, it is possible

to determine that there are nr unique solutions to the feedback

gains problem. This is fortunateas the algorithm proved

susceptible to computer round-off error noise in this

application. (In general, the round-off error is more

prominant when the plant is a large, unstable system). To

combat the round-off problem, it is good practice to use

double precision variables and to test for a zero determinant

for each solution.
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The final design procedure was as follows. First, the gain-

calculating program (see Appendix D) was employed to study the

magnitudes of the gains required for various pole placement

areas. While infinite gain is theoretically possible in a

digital controller, extremely high gains are still undesirable.

Time responses for the various gain matrices were studied on

the digital computer as a part of this effort. As a result,

the following system pole locations were somewhat subjectively

chosen:

Longitudinal: -Z, -2.2, -2.4, -3

Lateral: -3, -3.2, -3.5, -4

Not only did these roots give satisfactory system time responses,

but, for Vcg = 30 kt, they were small enough to be magnitude

scaled to run on the analog section of a hybrid computer. There

are two major reasons for the desirability of selecting roots

on the real axis: (1) It was thought that roundoff errors

would make the pole placement a "rough" process, and so a high

damping ratio was desired; and (2) the gain-calculating algorithm

proved especially unstable for complex pole placement. Like

the stability derivatives, the state feedback gains are also

velocity dependent. A table-look-up routine was thus utilized

to implement variable gains as functions of velocity.

On paper, state feedback control provides a plethora of

advantages including: (1) positive placement of poles in the

s-plane; (2) "total system" compensation accounting for coupling
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effects; and (3) no real increase in model complexity. The

summary of simulation results leaves little doubt as to the

validity of the technique.
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CHAPTER 8

COMPUTER SIMULATION

The final model of the Harrier airframe consists of two

fourth order, linear differential equations of the form:

x = Ax + Bu 8.1

with the elements of the A and B matrices being the velocity-

dependent stability and control derivatives, respectively.

The first step toward a computer simulation of this set of

equations was the development of a subroutine to calculate

and read the stability derivatives at any velocity (see Appendix

E). Since the values of the derivatives were known only for

six distinct velocities, some sort of interpolation scheme

was required. The method chosen was a polynomial fit in the

least squares sense. The coefficient-calculating subprogram,

MATCOF, reads the coefficients of the least-squares polynomials,

and then uses them to calculate the stability and control

derivatives. The derivatives are returned in the arrays ALON,

BLON, ALAT, and BLAT. This subprogram was used, without

modification, on both the large scale digital computer simulation

and the hybrid simulation.

The initial testbed for the mathematical model was the

Naval Academy's Time-Sharing System (NATS). A FORTRAN digital

-66-



simulation utility program, DIGISIM, was used as the basis

for the simulation. DIGISIM, which was also programmed by

Associate Professor Mitchell, uses a predictor-corrector algorithm

to handle the integrations. The many user-defined options

available in DIGISIM make it a particularly powerful simulation

tool. These features are described in Appendix G of this report.

Using an existing utility program has the additional advantage

of some assurance of the stability of the integration routine

itself.

The DIGISIM-based digital simulation, named AHEAD - Advanced

Harrier Electronic Augmentation Device (see Appendix H), was

a tremendous aid to the development of both the model of the

present SAS and the analog/hybrid simulation. It proved

particularly helpful in the determination of scaling constants

for the analog implementation of the equations of motion. It

was also used to check the accuracy of the analog model. There

is every reason to believe that AHEAD is an excellent computer

model of the AV-8B, its present SAS, and the newly-designed

digital state feedback controller. The major drawback to its

use as a controller-design tool is that the simulation consumes

approximately ninety seconds of NATS C.P.U. time for ten seconds

of run time.
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Because it possesses (in its analog section) the ability

to integrate in real time coupled with no loss of the con-

venience of digital program control and input/output, the hybrid

implementation of the Harrier's equations of motion represents

the ultimate tool in controller design. Because of the

complexity of the system, this implementation was a long and

painstaking process. Noise in the analog section is by far

the most formidable problem to be overcome when modeling a

large, unstable system. Persistance paid off, however, and the

final versior of the hybrid simulation yielded responses that

compared closely to those of AHEAD for simulation times up to

four seconds for the lateral and longitudinal equations

(maximum error recorded was approximately 29%).

Noise is the limiting factor as far as accuracy is concerned,

especially in the longitudinal simulation. Two items should

be noted regarding simulation accuracy: (1) the noise had

little effect on the position variables, probably due to the

filtering effect of the pure integration; and (2) a maximum

error of 29% on one state of an unstable fourth order system

is actually quite small. Thus, the hybrid simulation is also

judged to yield an excellent representation of the Harrier's

flight in the VSTOL regime.
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The one really major problem encountered in the analog/

hybrid simulation involved the lateral acceleration feedback

loop of the present SAS model. In order to generate the

lateral acceleration on the analog model, the derivatives of

three of the states were required. The derivative is available

by summing the inputs to the particular state's integrator.

This was tried, but the resulting lateral acceleration signal

was so noisy that its feedback actually had a destabilizing

effect on system response. The circuit was thereafter removed

from the hybrid model. It is interesting to note that the

actual lateral accelerometer used in the Harrier is very sensitive,

having a threshold acceleration of 0.06 G. As such, this signal

is highly sensitive to spurious system motions. In addition,

the literature suggests that the feedback of lateral acceleration

is usually accompanied by noise problems [1, p. 145 and 2, p. 17].

This report supports that belief.

The final hybrid model represents a truly versatile tool

for the evaluation of control system performance. The initial

analog parameters (including potentiometer settings) are set

by a digital program that shares its name with its NATS brother,

AHEAD (see Appendix J). This program automatically loads the

digital state feedback control subroutine SFBCON (see Appendix K).

Rather than use an actual microprocessor and associated interface

equipment, it was decided that a small portion of the PDP-15's

memory would be used to "simulate" a microprocessor. Considering

-69-

r



the present state of microprocessor technology, this substitution

can be made without loss of applicability. Following the initial

setup, program control is transferred to the logic and switching

section of the analog computer. SFBCON runs constantly in an

endless loop, sampling the state variables at a rate of about

71 samples per second and calculating feedback control signals

based on each set of sampled data. Periphery devices include

a functional miniature joystick and an analog generated, pictorial

output, both used for pilot-in-the-loop studies. Of course,

in addition to the real-time mode, the system response may be

observed using the hybrid's high speed repetitive operation

(rep-op) mode. Push-button logic allows instantaneous switching

between the four feedback options: (1) no feedback, no SAS;

(2) present SAS; (3) continuous (analog) state feedback; and

(4) digital state feedback. User documentation and system

diagrams are contained in Appendix I.
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CHAPTER 9

SUMMARY OF RESULTS

The results of this research effort can be described in terms

of the project's two major accomplishments: The successful imple-

mentation of a proven mathematical model of the AV-8B on both a

large scale digital system and an analog/hybrid system, and the

design and implementation of an effective SAS for that model. If

it can be conclusively determined that the present simulation

accurately describes the dynamic behavior of the Harrier, and if

it can be shown that the state feedback control system stabilizes

that model, then there is a strong logical argument that this

control system satisfies the goals of the research. This summary

of results will focus on showing that the newly designed digital

state variable controller fulfills this project's stated objective.

The analysis of results must begin with the mathematical

model, for if it is invalid, the possibility exists that any results

obtained from it could be fruit of the proverbial poisoned tree.

Of the validity of the final AV-8B model, Lebacqx [7, p.9] comments:

...it was judged that the linear model represented the nonlinear

time histories reasonably well at these flight conditions." It

therefore seems reasonable to conclude that, providing conditions

remain such that small perturbation theory holds (as described in

Chapter 4), the Calspan TM No. 98 linearized stability and control
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derivatives define a valid mathematical model of the AV-8B.

The next logical concern is the accuracy with which the

digital and hybrid simulations described earlier in this report

represent the Calspan model. The answer to this question is illus-

trated by comparison of the graphical outputs shown in Part I

of Appendix L with the Calspan-generated curves presented in

Appendix M. The plots are nearly identical in every respect.

Also, since the hybrid model has been shown to be in close accord

with the NATS digital simulation, it can be concluded that both

computer simulations describe the actual behavior of the Harrier

in flight.

Having reached this favorable conclusion concerning the fidelity

of the current computer representations of the unmodified Harrier,

attention can be focused on the performance of the digital state

feedback SAS. Reference to Parts II through IV of Appendix L

indicates that application of the newly-designed digital controller

results in stabilization of both the lateral and the longitudinal

modes of motion of the model. The stabilization is evidenced by

the fact that the state variables are driven to zero. Recall that,

due to the nature of the linearization process, the state variables

of the model represent disturbance quantities. Thus, the regulation

of these variables to zero has the physical significance of returning
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the aircraft to its "trim" condition, and therefore of stabilizing

it. A closer examination of the time responses in Appendix L is

in order.

The original objectives of this research called for an

analysis of the intake momentum drag instability in the transition

region. By setting the initial conditions of the model to reflect

actual values the state variables might equal at the outset of the

"weathercocking" phenomena, Parts II through IV of Appendix L

provide an interesting comparative study of the performance of the

present SAS versus that of the state feedback controller in this

situation. Parts II and III demonstrate the system's effectiveness

at various velocities in the transition region. Part II treats

the lateral modes, while Part III contains longitudinal responses.

The curves of Part IV present a progression of response characteristics,

from that of the unstable bare airframe to the completely stable,

near first order response of the state feedback equipped system.

As a further demonstration of the ability of the system to

recover the aircraft, Parts V and VI of Appendix L illustrate the

expansion of the flight envelope that implementation of the digital

SAS allows. As discussed earlier, the flight manual prohibits

angle of attack exceeding 15 units and side velocities exceeding

30 kts. The state feedback controller permits these limits to

be safely expanded, at least as far as the linearized model is

concerned.
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A thorough study of the time trajectories of Appendix L

allows one to formulate several generalizations regarding the

relative performance of the two stability augmentation packages.

The lateral motion of the aircraft (presented primarily in Part II

of Appendix L) appears to be close to neutrally stable. In addition,

the relative stability of the aircraft seems to increase with

velocity, a finding not in keeping with the predictions of earlier

chapters that the aircraft's motion was most unstable between 30

and 90 KIAS. Despite this discrepancy,it was judged that the curves

were a fairly accurate description of the Harrier with existing

stability augmentation. The trajectories of the state feedback

equipped aircraft, in contrast to those just studied, show a stable,

nearly first order response in all cases. Furthermore, the gain

scheduling algorithm is seen to do an adequate job in maintaining

a damping ratio greater than 0.5. Recall that since the design

locations for the system poles lie on the real axis, the desired

damping ratio is unity. Also, note how intolerable the system is

to large disturbances -- it exhibits a "willingness" to reach

comparatively large instantaneous values of angular velocities

in order to eliminate a large side velocity, for example. (See

Parts II and VI of Appendix L) This tenacity to remain at or near

trim is a convenient characteristic as far as the model is concerned,

for it also implies that the system seeks to remain in the linear

region (where the linearized derivatives are valid).
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The longitudinal response characteristics (highlighted in

Part III of Appendix L) of the model in many respects resemble those

of the lateral case. Under conventional stability augmentation,

the aircraft experiences a very slight divergence in pitch at all

velocities in the VSTOL regime. Also, a pitch distrubance causes

a rapid reduction in forward velocity (U) in all cases. As in the

lateral case, the motion of the state feedback equipped system is

characterized by stable responses of high damping ratio.

Preliminary pilot-in-the-loop handling qualities studies

conducted on the hybrid computer demonstrate the superiority of the

state feedback system. The pilot evaluation task was defined as

maintaining steady transition-regime (usually 30 KIAS) flight

down a 100' x lO0 corridor. The pilot controlled the aileron and

elevator via a miniature joystick. His performance was observed

on an oscilloscope using an analog-generated pictoral output. The

experimenter had the ability to introduce wind gusts of varying

magnitudes from any direction. .The pilot was seldom able to maintain

control of the aircraft under conventional stability augmentation

for more than several seconds. On the other hand, the state

feedback system allowed the pilot to retain control for an extended

period of time, even in the presence of turbulence. The pictoral

responses of both the handling qualities studies and of the open loop

studies were video-taped to facilitate further study.
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As stated earlier, the objective of this research has been

to design an improved, microprocessor-compatible three-axis SAS

for the AV-8B Harrier. Further, the SAS was to be capable of

functioning at two levels of control authority - a "normal" mode

and a "recovery" mode. Closed loop pole placement by digital

state feedback is a suitable method to meet these criteria. The

performance of the "recovery" mode is demonstrated in this paper.

Note again the tenacity with which the system seeks to return the

aircraft to a trimmed condition. Further, this level of performance

is achieved without exceeding the control authority limit imposed

by military specifications. [10] There are two possible avenues

that may be followed in implementing a "normal" control authority

mode: either to define new design pole locations and recalculate

the feedback gain matrices, or to simply reduce the control authority

of the present SAS. Preliminary studies indicate that, from a

handling qualities point of view, the latter approach is preferable.
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CHAPTER 10

CONCLUSIONS

The general conclusion that may be drawn from this study is that

it is feasible to stabilize the motion of the AV-8B Harrier in low

speed flight by using a microprocessor-based state feedback controller

to "directly" relocate the system poles. This controller design

has been shown to be capable of fully stabilizing a proven computer

simulation of the Harrier. The achievement of these objectives

has required the accomplishment of the following tasks:

* The computer implementation and verification
of the Calspan linearized mathematical model
for the AV-8B Harrier airframe. The computer
model includes a least-squares interpolation
routine to accommodate the assignment of the
model's variable stability gains. The research
required the development of both a digital
and a hybrid computer simulation. The models
were verified by comparison of time trajectories
to those in the literature.

* The construction and computer implementation of
a valid model for the existing Harrier SAS. The
model required the use of information from various
sources in the literature.

* The development of a computer algorithm for the
direct relocation of the closed loop system poles.
The program was then used to determine the lateral
and longitudinal state feedback matrices required
to meet the desired pole location criteria over the
studied velocity range (0-100 KIAS).

* The design of a microprocessor-compatible controller
to implement and test the calculated state feedback
gains.
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6 A comparison of the performance of the existing
conventional SAS design versus that of the digital
device.

A number of conclusions concerning the simulation of VSTOL

aircraft, digital flight control, and the relative performance of

the two Harrier stability augmentation packages may be formulated

based on this research. The statements made regarding flying

qualities are the result of preliminary, informally conducted studies.

The conclusions are summarized below, and additional details are

contained in the text.

* The present computer simulations represent a
fairly accurate and versatile tool for the
design and evaluation of VSTOL flight control
systems. The Naval Academy's digital and
hybrid computer facilities are clearly well
adapted to the study of such systems.

0 Direct relocation of closed loop poles using
state feedback is an effective method of
flight control design. Consisting of a
blend of modern (state feedback) and classical
(root locus) control theories, this procedure
benefits from the user's ability to rapidly
visualize expected results -- a feature lacking
in many control design methodologies.

* The sampling rate allowed by this controller design
(a rapid 71 sps.) is more than adequate to insure
performance quite comparable to that of an analogous
continuous system.

* In all cases, the state variable controller was
found to stabilize the Harrier, providing clean,
nearly first order response. It is judged, based
on the response characteristics, that the digital
controller facilitated movement of the system
poles to locations in close proximity to the design
values.
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0 In contrast, the existing conventional SAS,
while providing definite improvement in the
aircraft's handling qualities is unable to
fully stabilize its motion. In general,
the responses of the conventional SAS model
exhibit a near neutral stability.

Pilot-in-the-loop handling qualities studies
demonstrate clearly the superiority of the
digital state feedback system. While the
pilot is, in general, unable to maintain
control of the conventionally-augmented
system, the system equipped with the state
feedback device is quite controllable, even
in turbulent conditions.

0 The lateral acceleration feedback loop of the
hybrid simulation's conventional SAS model
proved so susceptible to the effects of
spurious noise in the system that it had to be
removed from the circuit. This result, coupled
with similar findings found in the literature,
casts some degree of doubt on the use of the
actual system on the Harrier, and particularly
on its very light detection threshold (.06G).

The determination of whetrer the controller designed in

this project is capable of stabilizing the Harrier rests on a

number of as yet unanswered questions. The following are among

the key considerations:

* The effect of many of the higher order terms
(such as instrumentation delays, more complete
actuator dynamics models, etc.) that have been
omitted from this model.

* The limitations associated with the use of a
linearized model. As shown in Chapter 4,
linearization of the stability derivatives
decouples the lateral and longitudinal equations
of motion. However, our discussion of the
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0 intake momentum drag phenomena alluded to
probable coupling between the lateral and longi-
tudinal modes. The strength of this coupling
and its effect on the controller have yet to be
determined.

* The effects of sampling rate, pure time delays,
and quantization errors. A discussion of on-
going research in regard to these and other
important parameters in the study of digital
flight control is contained in referertce 16.

* The ability to instrument the aircraft to measure
all necessary system states. The use of an
observer may be required to approximate unavailable
system states.

* The controller's ability to cope with model
inaccuracies and to adapt to inevitable changes
in plant dynamics. Complete sensitivity and
robustness studies are clearly in order.

As the study of the state feedback control of aircraft is in its

infancy, the literature provides little help with the many questions

that this research has prompted.

In summary, an accurate representation of the dynamic behavior

of the AV-8B Harrier has been programmed on both the Naval Academy

PDP-15/EAI 681 Hybrid Computer System and on the Naval Academy

Time-Sharing System (NATS). In addition, a digitally-based variable

gain state feedback controller has been added to the simulations,

and proved to be capable of fully stabilizing them. While it is

doubtful that the controller in its present form is the final answer,

it has been demonstrated beyond a reasonable doubt that microprocessor-

based variable gain state feedback control is a valid approach to

the final solution of the Harrier's stability and control problems.
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APPENDIX A

THE AV-8B STABILITY DERIVATIVES

This appendix presents the stability and control derivatives

for the AV-8B Harrier linear mathematical model formulated

by Calspan Corporation. This data has been extracted from

TM No. 98, and is included here in the interest of completeness.

The A and B matrices shown in Figures 4.3 and 4.4 may be

derived from this data by simple substitution.
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AV-8B LONGITUDINAL MODEL

STABILITY AND CONTROL DERIVATIVES
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AV-8B LATERAL MODEL

STABILITY AND CONTROL DERIVATIVES

V0 (ft/sec) 0 50.668 84.447 109.781 135.116 177.339
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APPENDIX B

ROOTS OF THE AV-8B CHARACTERISTIC EQUATION

The roots of the system characteristic equation are tabulated

and plotted as a function of velocity.
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ROOTS OF THE AV-8B LINEAR AIRFRAME MODEL

V (KTS) LATERAL LONGITUDINAL

0.0 -.451 -.044

.157 +~ j .344 .097 + j .209

-.069 -.267

30.0 -.947 .444

.244 + .648 j-.594
-.112 -.069 + j .144

50.0 -1.086 .548

.190 + j.770 -.731

-. 123 -.108 + j .191

65.0 -1.158 .496

.117 + j.837 -.627

-.113 -.172 + j .233

80.0 -1.238 .116

.016 + j.907 -.083

-.079 -.300 +j .466

105.0 -1.429 -.021 + j.130
-.148 + j1.103 -.336 + j1.105

.0035
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APPENDIX C

MATRIX MANIPULATION SUBROUTINES

("MATPAK")

Nearly all of the proarams utilized in conjunction with this

research rely heavily on matrix techniques. The file listed in

this appendix contains many of the most commonly used algorithms.
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MATF'AF:i 5/'C)/ 7' 16. 51. 2: PAGE

*** SI.E:ROIJT INE T: TAF:E THE NEG-ATIVE TRAN'ESF'OSE

OF A MATRIX
SUE:ROIIITINE NTRAN(XF:, L, Y, M, N)
EIMEN --ION X (2), 20) Y(20, 20)

I ) 10 I ?= i,
t C) J,_Ii, L

I1C) y(. I) -X (I, J)

M =L
N = ::
RETURN
END

SUBROLITINE TO TA[ E THE TRANSFC'O.SE
C:IF A MATRIX

SLIE:ROIITINE TRAN( X,K, L, Y, M, N)
D I MENS I ON X (20, 210), Y ( 20, 20)

DO 10 1=1, :
DO 1lQ J=1,L
IC) Y(J, I) = X(I, J)
M =L
N K '
RETURN
END

SIE:ROIIUTINE TO ADD TWO MATRIIE:Es-
SUBROUTINE MADD(R, A, N, M, E:)

DIMENSION R(20, 20C), A(20, 20), E(20, 2))

C 10 1=1, N
DO I1) J=,I? M
I0 R(I,.J) = A(I,.J) + B(I,J)
RETURN
END

:-;IE:RLITINE TO SUIIETRAC:T TWO MATRICE.-S
SUE:RO0LITINE MSIJE:(R, A, N, M, E:)
D IMENS.ION R(2), 2()), A(20, 2;)), B (2C.), 20)

; Do 0 1 I=I,N
DC' 10 1= 1, M

1) R( I, J) = A( I, J) - E:( I, .J)
RETURN
END

-SUE:RFiT INE TO MULTIPLY TWil MATRIu-:E:;
SUBROUT INEMMULT(R, A, N, M, L, E:)
D ,rMEN,In-iN R(N, L), A(N, M), E:(M, L)

DIMEN- ICIN V 20, "20)

Ell- IC1) I=I,N
D,) IC I = ,
V(I,.' ) = N

DCI' 1) K=1, M
V(I,._I) = A(I,K) E:(K,,j) + V(I,.I)

1') C:-IiNT I NIJE
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DO 20 1=1, N
DO 20 J=1, L
20 R .. IJ) = V(I,,J)
RETIURN
END

* SUERIUTINE MINV

SPFRPOSE

* INVERT A MATRIX

* '.ISAGE
* CALL MINV(A,N,D[,L,M)
.

* DESCRIPTION OF PARAMETERs;
* A - INPUT MATRIX, DESTROYED IN CIMPUTATION AND REPLACED EY:',
* RESULTANT INVERSE.
* N - ORDER OF MATRIX A
* D - RESULTANT DETERMINANT
* L - WORK VECTOR OF LENGTH N

* M - WORK VECTOR OF LENGTH N

* REMARKS
* MATRIX A MUST EE A GENERAL MATRIX
*

* SU:BROUT I NE'.=; AND FUNCTI ON SUE:PROGRAMS RE'I I RED
* NONE

* METHOD
* THE STANDARD GAU''.-._IL-RDAN METHOD IS USED. THE DETERMINANT
* IS ALSO CALCULATED. A DETERMINANT OF ZERO INDICATES THAT
* THE MATRIX IS SINGULAR.

.£IE:RLITINE MINV(R, X, N, DI)
iOUE:LE FRECISION A, D, E:IGA. HOLD

DIMENS ION A ( 100), R (10, 1(), L (100), M (100)
EIIMENSION X(10, 10)
K = v
EDO 9~ I=I,N[10 99 '.--.' I=1, N

: A : =X ( I , ,J)

* IF A DOIUB;LE PREC'IS:IN VERSION OF THIS ROUTINE I.S DES ;IRED, THE
* Iz: IN COLUMN 1 SHOULD E',E REMOVED FROM THE DOUE:LE PRECISION

STATEMENT WHICH FOLLOW:E.
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* DOUBLE PRECISION A, D, IGA, HOLD
* SEE ABOVE
.

* THE C MUST ALSO BE REMOVED FRCOM DOLIBLE PRECISION STATEMENT!.
* APPEARING IN OTHER ROUTINES USED IN CON.JUNCTION WITH THIS
* ROUT INE.

* THE DOUBLE PRECISION VERSION OF THIS SUBROUTINE MUST ALSO
* CONTAIN DOUBLE PRECISION FORTRAN FLINCTIONS. AB:S IN STATEMENI
* 10 MUST BE CHANGED TO DAE:S.

* SEARCH FOR LARGEST ELEMENT

D=I. 0
NK= -N

EDO 80 K=1, N
NK=NK+N
L ( K ) =K
M(K)=K
KK=NK+K
BIGA=A(KK)
DO 20 ._=K, N
rZ=N*(.J-1)
DO 20 I=K,N
I,_= I Z+I

10 IF( DABS( BIGA)-- DAE'S(A(I._I))) 15, 20, 20
15 EIGA=A(IJ)

L (K) = I
M (K) =j

20 CONT I NUE

* INTERCHANGE ROWS

.J=L (K)

IF(J-K) :3-:5,3-:5,25
25 KI=f.:-N

DO 30 1=1, N
K I =K I +N
HOLD=-A(KI )
,JI=i::I-K+j
A(KI ) =A (,_I)

:-0 A(,_II) =HOLD

* INTERCHANGE COLUMN'S--:

5 I=M(K)
IF( I-K) 45, 4 5,
JP=N* I- I)
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D[1 40 .1=1, N
,JK:= NK +,_

.J1I =jP+ -

A( ,JK.) =A( .J I
40 A(JI) =HOLD

* DIVIDE I:OLUMN BY MINIr.; FIVOT (VALI.,E OF PIVOT ELEMENT IS
*CONTAINED IN BIGA)

45 IF(BIG A) 48, 46=,48

46 D= 0)
,zo TO 160

48 DO 55 I=IN
IF(I-K I) 5:, 55, 50

5C) IK=NIK+I

55 CONTINUE

* REDU:E MATRIX

DO 65 I=I,N
I K=NK+ I
HOLD=A(IK)
I .J=1I-N

DC- 65. .J=1, N
I.i=IJ+N
IF (I-l<) 6(, 65, 60

60 IF (.J-K) 62, 4--.5, 6.2
62 K,=I._-I+K

A ( I ._i) =HOLD*A (K.J)+( I .J)
65 CI:ONT I NUE

* DIVIDE ROW E:Y PIVOT

tV ,_J=t-N

DO 75 ._=1, N
L' ._1 I':' _1+ N

IF(K'-K) 70, 75, 70
7f) A ( .l)=A ( K._I/ B 1E --;A

75 CONTINUE

*PRCIDUCT OF PIVOT!-:

D= *: I 3A

*R*;EFLAC:E PIVOT E:Y REC:IF'ROil-:AL

A0-::) =I1. O E:IOGA
:Co ONTINUIE
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FINAL ROW AND :OLUMN INTERCHANGE

F=N
10:0 [=(F.-1)

IF(K) 150, 150, 105
105 I =L (K )

IF( I-K) 120, 120, 108
1 0' .I'!=N* 0K- 1 )

,JR=N* ( I- 1)

DO 11 .J=1, N
_JIF(=. 11+, I

H''LDi=A ( ._K )
,I -,..R +._I

A(JK) =-A(JI 
11C' A(JI) =HOLD
12(') ,..=M ( K)

IF(._I -) 100, 100, 125
125 KI= -N

DO 1:30 I= 1,N
KI =K I +N
HOLD=A(K )
.-' I =k. I -1K+J

A (I =-A(JI)
1:C) A(JI) =HOLD

G0 TO 10o
150 GC TO 16C:)

I K= 0

DC, 170 I=1,N
['0 17') .=1, N

K=K+ I

170 R(I,.J) = A(K)
['1 =D
RETURN
END
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* PROGRAMMER: E. E. MITCHELL
* PROGRAM NAME: FADDMI
* SYSTEM: DTSS FORTRAN
* FUNCTION: COIMPUTES STATE FEEEIBACL GAINS FOR
* THE SOLUTION OF THE ARBITRARY POLE
* PLACEMENT PROBLEM FOR MULTI-INPUT
* MULTI-OUTPUT SYSTEMS
*

*** MAIN PROGRAM FOR FADE,

DIMENS ION A( 10. 10)) H( 10, 10), S(I0), 10)
DIMENSION P( 10), AX (10, 10), E:( 1Op 10, 10)
DIMENSION C(10, 10)
[lIMEN's:ION .( 10), RR( 10),RI (10) D( 10, 10, 10)
2HARACTER YES, FILEI,FILE2

LIBRARY" *E1)5(06: FADD"
L I BRARY " *E05006: MATPAK"
L I BRARY "*EO5006: PRNT"
L I BRARY" *E('0500')6: EVAL"
M = I0

IN=(
I OIUT=0
* DATA FROM FILE OR TTY

PRINT. "INPUT FROM A FILE?"
I NPUT, YES
IF(YES . NE. "YES") GO TO 5
PRINT, "FILE NAME IS."
INPUT. FILE1
OPENFILE 2,FILEI
I N=2

* OUTPLIT TO FILE OR TTY

5 C.INT I NUE
PRINT, "OLUTPUT TO A FILE-"
I NPUT. YES
IF(YE; .NE. "YES") GO To 10
PRINT, "FILE NAME I';
INPIUT. FILE2
OPENFILE 3, FILE2
REWIND -
ENDFILE :
11-11 =,-

10 C-INl I NUE

* READ DATA FROM FILE OR TTY DEPENDING UPOIN IN=O OR 2
* IN=() FOR TTY, IN=2 FIR FILE1

*
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IF( IN E,'. O)PRINT
IF( IN E:. O')PRINT, "A = N :Y N MATRIX"
IF( IN . El!. 0) PRINT
IF( IN . EQ. O)PRINT, "N
READ( I N, 50-)-O N
IF( IN EC7!. 0) PRRINT, "ENTER A BY ROWS, I ROW/LINE"
PRINT
DC :: I =I, N
E: REAE( IN, 50-) (A( I, .J), .J=I, N)

IF( I OUT . NE. 0)WRITE( IOUT, 510)
WRITE( IOCl, 510C)
Di :30 I=1, N
IF( IOUT . NE. 0)WRITE( IOUT, 520) (A( I, J), J=1, N)
3:)' WRITE(IO, 520) (A(I, J), .1=1, N)
CALL FADD(A, E:, AX, PN, NM, I01, I102)

500 FORMAT (V)
510 FORMAT(././" A MATRIX"
52, FC:RMAT( "0, 5(G12 5, 2X), 5(" . . 4(612. 5, 2X)
IF( IN .E'. 0)PRINT, "N,L, ' BY ROWS"
READ ( IN, 500)N, L
D. 40 I=I, N
40 READ'( IN, 150) (( I, .), J=, L)
DC' 45 I=I,N
DO0 45 .I=I,L
45 H(I..._)=C( ,._)
CALL PRM(H, "INPUT E:", 10, 101 N, L, 0)
D£1 70 K=1, N
DCI 50 I=l, N
DlC, 50 = , N
5C0 AX( I J)=B , I, .J)
CALL MMULT(AX, AX, N, N, U C)
DC 6.0 I=1, N
PCO 6_ 0 J =I i L
. ') E'.(,, 1,._J) =Ax (I,.J)

7) C-NT INUE
IF(IN E' )PFRINT, "ENTER N ROCIT LOCI:ATIONS, RR, RI, I/LINE"
[Id] ::0 I , N

:=1) REAF'(IN, 5U'))RR(I),RI(I)
PRINT, "DE.I-:IRED ROOT LOCATIIN"
c-'0 :_::5 I=I,N
:5 PRINT 520, RR(1),RI(I)
DOf) If) LI = 1 , N
* CALL PFRRV(P, "F", N+1, 0)
FR I=RR (L 1)
F11=RT(L1
C;ALL EVAL(PN+IPRI,FI1)
lI 10C) I=1 N
[' 1 _=IL
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C ? ' - )1): , .11 )
* :ALA. FRRV(C'., f! N, ')
F'R=RR (L I )
P1=RI (LI )

C'ALL EVAL(0, N, PR, F'I)
11( L 1, 1, J_) =-FR./FPR I

* FRINT, D(LI, I, .J), FR, PRI
10C) C:ONTINUE
DO IIrN I=I,L

DO i10 J=IN
C: ( I, .J) =(.
110- L-(1,._1)=1.

DCI 180 :jI:1, L*A
[ID 1:= 1, N
DO J:0 ._I=I,L
:;(., I ) =-I--( j, I )
IF ('(.J, I) . E.. 0. )G3O TO 130
DO 120 K =I,N
120 AX0K,, I) = D(I,K;,J)

130 C:O-NTINLIE
I=1
150) DC' 160 *._=!,L
I F (I: (., I )EC!. 0) GO TO 161
C ( J, I) =(.
IF(.J . E -. L) G'0 TO 170
C(,J+1, I )=1.
GO TO 1 75
160 CONTINIE

I=I+1
IF(I . GT. N)GO TO 175
GIZ-_ TOI 150"

175 CINTINUE
- CALL FRM(C!, "C", 10, 1('0, N, N, I))

.CALL PRM(AX, "AX, 10, 1. N, N, 0)
C.ALL MINV(AX,AX,N,DET)
IF(DET . NE. 0) 1313 TO 19C)
PRINT, "DET = o"
CALL FRM( C, "::" , 10, 10, N, L, u)
..- TOj I :-:0
S',) CALL MMU1LT(AX, S, L, N, N, AX)
CALL FRM(AX, " G3A INS". 1"0 .ICII, L, N, C)
FALL MMI.JLT (AX, H, N, N., AX)

CALL FFM(AX, 11E:*..1, 10, 10, N,N. W:)I--A L L r =_.IE:(A X , A , N , N A X )

' -ALL FRMAX, "A-E*" , 10, W0, N, N, C)
I F ( 11:1-- NE. .3, ) 1-1CI TlCi 1 --: 0
IALL F'RM(HX, "A-I':I."a IC). 10. M. r, II'--:)
1 :') COiNTINUE
END
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SLIEROUTINE FADD(A, BAX, P, N, M, 10, 102)

;_E:R-UTINE TI FINE' THE INVERSE OF THE (SI-A)
*MATRIX - A MATRIX IN GENERAL FORM

* E.E. MITCHELL 6/7:

* CALL VARIABLES

* A = A MATRIX IN (SI-A)
* B = :OEFFICIENTS OF NUMERATOR POLYNOMINALS
* IN THE (SI-A) INVERSE
* E(1, I,.J)*S**(N-1) + B(2, I,.J)*!:**(N-2) +. +

:B(N, I, .)
* P = VEC:TOR OF CHARACTERISTIC E';N COEFFICIENTS

P- P(1)*S**N + P(2)*S**(N-1) +... + P(N)
* AX = INVERSE OF A MATRIX UPON RETURN

B B(N+1, 1. 1) = DETERMINANT OF A MATRIX UPON RETURN
* M = OR N+I, ETUALS THE DIMENSION OF A,B, AX P P

MATRIC:ES; IN THE CALLING PROGRAM
N = OIRDER OF A MATRIX
101 = OUTPUI FILE # FOR INVERSE OF (SI-A)
10 2 = OUTPUT FILE # FOIR INVERSE OF A MATRIX

DIMENS'zION P(M),A(MM),AX(MM),B(MM,M)
L I BRARY" *EO()506)/_. • MATPAK"
15 DOC 20 I=1, N
[,D 2-) J_=I, N

2) E( Ii, J)0. 0

DO 2.5 I=1, N
25=  E'(1, I,1I) = 1. 0-

* MAKE Al = A

DC 35 1 = 1. N
DI :3--'5 ..= 1, N
:5 AX(I,J) = A(I,.J)

P( I) = -1. C

* NEED A COINTER. t::.=2,N+I FOR THE N MATRICES

[ =1

* THE LOPIF' AROIUND THE ALGORITHM

=-I0-1
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* FIRST F(;)
* PRINT, "i1"

pP (LK) = 0.

DO 60 I=1, N
60 P(K) = F(.) + AX( I, I)
TOL=I. E--..
F(K) = F'(K)!/XK
* PRINT, "P(K.) " K,(K
* THE E: MATRI:ES
DO :-:0 1=1, N
DC, :() .J=1,N

(f, I,.J) = AX(I,,J) - F'(K)*E:(1, I,J)
'0 :flNT INUE

* WRITE(IC. 620)K
D 1. 2 I=1, N

* 82 WRITE( 10, 560) (B(K, I, .J), J=1, N)

DO 86 I=I,N
[DC 3 :-:=..l N

862. IF(AE:E:(K, I,._) .LE. TOL) B:([::, I, J) = ). c:)
* THEN THE AI MATRIC:ES
IF (: .El!. N+ 1) G'3 TO 120
Ell0 100C 1=1,N['0 100' *I=l, N
DEIq 1 C') C) J1 I1, N

AX( I, .,) = ()
DO 100C' L=1, N
AX( I, J) = AX I, J) + A( I, L)*E:(K, L, J)
1 00 CONT I NUIE
* WRI rE( I0.. --622)
* DO 1iM I =. N
* 103 WRITE( I0, 5/-.0) (AX( I, l), 1=1, N)
DO 105 I=IN
DO 105 J=t, N
1-)5 IF(AES:'-(AX( I, .J ) . LE. T'IL) AX( I, J) = -. -
G0 TCI 50

END OF LOIOP
120 WRITE( I0, 505)
I $W=O

DO 140 I=1, N
WRITE( I , 5 ')(E-(N+1, 1, _), ._1=1, N)
14:) IF(E:(N+1, I, J) . CT. 1. E-015)1:W 1E
IF( I .W + El-'. 0) C1, TO 160
FR INT, "-TOF==1, CONTINUE=f-0"

IF( IN . El). C)GO TO 160
INFLIT. IW
IF ( 1';W . E11. 1) -T 'P
160 C':lINT I NUE

* HERE TO1 C:LITFIT RE$':'LVANT MATRIX

WRITE( I C, 510C))N
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ID. 1,3:C) 1=1, N+1
J=N+1-1

P( I )=-F'( I)
10WRITE( 1CI, 52CF( I), J

WR IT E(I I, 530)
['I] -,oC) V 1 N
W R 1TE ( I CI, 550 ) K
El CI 2C) C)I= I, N

2C)WRITE(I10, 560 (B:Cf, 1, J), 1=1, N)
GO TCi25
-' IC) CCONT I NIJE
WRITE( IC',57o)
WR ITE ( I CtS 58'.))
WR ITE ( I Cl 585) N, N
ElC, 22C)I I1, N
EC) 220 J= 1, N
WR ITE ( I10, 50
WR ITE (ICI. Ic:,)j

L =N+1-K

-10 WR ITE ( 10, 5*5-5) E:(F , 1, 1J), L
250) C CNTINIJE

OUILTPUJT THE INVERSEZ OF A

E:(N+1. 1,1) = XV:
WR ITE ( I C, X0i) XF:
WR ITE ( I CI, 6 10)

I=C 2011, N
WR ITE' I C' 560) (E: (N, 1, J)./X i, Ij=, N)

'7 C 'CINT I NIJE
25RETURN

1-t FCiRM~iT (///' I NPUT 1 FC'k FE'8_L VENT MATR IX"

I IF 2 FC'R INVERSE coF: ~MT
.' I ~NPUT oFO'R DCITH ")

2,1 FiC'RMAV T" C,14 5, *5* 12)
IIFuFIWd' // " DJ'3INT l1~R',C( I), WHERE"

/ ':'*.*N+L(I *NI+ 4 F:(N-1 )*S"

',c f C' ~ (///" L(' 12,")'
Fn FCFIRMA T CI)' 5(C12. --, 2 X 5 4, 4( G12. !5. 2 X

7 Cr~ 0 F /_F;m T RE'-.'L VEN 7M T NRI X C'L YNC'M INA L C
': F RMAT (' i'
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t-c:5 FORMAT("+ 1(8) 18 A ", 12, L:Y, 12, MAIR IX")

5'-0 FORMAT ( " + ", 2i 1. , , -2, " )
95 F'JRMAT( O", 4(611. 4, '*'.E**", I2, 2X,

& 5(." " 3(011. 4, L** " 2, 2X) )

'.0' FFI-RMAT(./" DETERMINANT OF A z=", G4. 5)

4.(1 FORMAT(" A INVERSE")
62) FORMAT( " E:,K", 12)
622 FORMAT(" A, K", 12)

END
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lI UUT INE EYVA L(E:, N, I )

* PROGRAMMER. E. F MITCHELL
* PR':'GRAM NAME: EVAL

*: Y2:TEM: E'TSS FORTRAN
*FUNCTI 'IN PiDLYNC I AL EVfALUAT ICON AT

* A I::OMF'LEX P'JINI
* A( 1)+A(2)*X+A(3--)*X**2-+ .. A(N+1 )*X**N

DIMENS1IN A(10)

COIMPLEX X, R
* PRINT, "ENTER POINT, REAL PART, IMAG PART"
* I NPUT , U
DO0 5 1=1I.- N
5 A(I)=3(Nt--I)
X =C:MPL X(ID:!:)
R=ic-MPLXC-. C U.
J=N

2R=R*X+A(,I)

';10 TI 1
I- COINT I NUE

*PRINT 50C0. 0
* RINT 510, R

0= REAL ( R)
iS=AIMIAG (R)

RET URN
12 COINTINUE
CI ='-.C1R T ( nz.l*I1:1+ H;*:.)

IF('-'! EfR 0 . (. C AND. EO. C0 C01 fl TCI' 10
,::=A FAN2(3._:; REAL (R) )*1 1 41926A
P R INrT 5,2w C'S .
10 'PONT I NUF

PETU.!RN

50)FC'RMA T ( " C-VALUIE OIF PO--LYNO-M I NAL AT ", 20Cl14. 5)
5 10 ()PPMA T (" RRR PI"2'G14. 5)
52C. FOIRMAT "0OR MAGiNITUDE =1", 1314 5'./4X, "ANG3LE 6.14. 5)
END,
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S4mple Run

N U ti

INJPUT FROM A FILE?? YFS
FILl" NAM',E IS?? LCN5
OUTPUT rC A FILE?? YES
FILE NANE IS ?? F

A MATRIX

-. 4400E-01 -.57910E-03 -32.160 1.3320

.72470E-03 -. 38160E-01 -1.6900 -9.(633

.00900E-38 .O0000E-3P, .OOOOOF-3F 1.PY)o0

-. 13680E- .115910E-02 .OOOOOE-39 -.663PE-O1

INPUT B M'ATR I X
-0.15940 0.33711
-0.34610 -2.5380

.00300E-38 .00000E-3-
0.23080 -. 36000OE-01

LESIR EP ROOT LOCATICNS

-2.0000 .00000E-39

-2.2000 .00000E-38

-2.A4000 .OOOOOF-38

-3.0000 .OOOOOE-3S

K GAINS ',!ATR IX
-239-15 539b.0 528F1. 7957.l1
.0000E-3Y .00000E-38 .OOOOOE-35 .0000OF-3"

,*K MATRIX
38. 120 -860.13 -81129.3 -1270.0
82.7C9 -1867.(, -18302. -2757.5
.00D0E-35 .00000F-38 .000OOE-38 .pnooE-3q

-55.TI5 12 5.l 12205. 1Pl3. .9

A-BK ATR I X
-3F. 164 860.1? 397 • 1 1271 .3
-,:2.76, I867.5 18301. 27)17.0
.QUOOE-38 .O0000E-38 .O0000E-3Q I.0900

55. 194 - 145.4 -12205. -Ip39.0
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K GAIlN t,3 TRIX
-2.00055 -0.34I)r,4 80.20 30.5 19
.33202E-01 -0,75553 -7•39?6 -1.1112

P K H.ATRIX
0.33086 -0.19973 -15.2P9 -5,2393
0.60983 2.03 39 -9.0225 -7.7422
.000OOE-38 .OOOOOE-39 .0000OE-38 .O0000E-3q

-0.46406 -. 52391E-01 18.795 7.0837

A-BK MATRIX
-0.37486 0.19915 -16.F71 6.5713
-0.60910 -2.0751 7.3325 -7.9271

.O000OE-38 .OOOOOE-38 .O0000QF-30 1.0010
0.46269 .56982E-01 -18.795 -7 . 1501

K GAIES MATPIX-1.8190 -0.33227 75.516 29.800
•36604E-01 -0.83229 -8.1443 -1.2242

B*K MATRIX
0.30228 -0.22761 -14.783 -5.1628
0.53664 2.2273 -5, a660 -7.2066
.000OE-38 .000OOE-38 .0000OE-38 .OnOOPE-38

-0.42113 -.46727E-O1 17.722 6.921P

A-BK MATRIX
-0.34628 0.22703 -17•377 6.4948
-0.53592 -2.2655 3.7760 -2.11567

.000OOE-38 .OO0OOE-38 .0OOO0E-38 1.0000
0.41977 .51318E-01 -17.722 -6.9302

K GAINS 'ATRIX
-4.7658 -0 .699.5" 119.33 IJO. 941
-20.043 -3.3280 094.84 71.695

131K MATRIX
-5.9970 -1.0106 143.01 18.65k
52.51F 8.682 -1307.6 -203.75
.00000E-30 .00000E-33 OOOOOE-38 .00000F-3

-0.37840 -. 411115E-01 16.652 6.7603

A-BK MATRIX
5.(530 1.0100 -175.17 -17.322

-52.1518 -8 7264 1305.9 loU e
•00000E-38 .00oo03E-30 .00000F-30 1.0003

0.37703 .46006F-01 -16.652 -6.P266
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K GAIHS MATRIX
.- 1.6040 -0. 325S4 71.081 29.050

.40005E-01 -0.90904 -8.8961 -1.3373

P*K M ATR IX
0.27M72 -0.25451 -114.329 -5.0e13
0.47436 2.UA199 -2.0229 -6.6602
.00000E-38 .00000E-38 .000008-38 .00000E-38

-0.38548 -. 42478E-01 16.726 6.7528

A-13K MATRIX
-0.32272 0.25393 -17•831 6.4133
-0.473614 -2.4581 0.33289 -3.C,031

.00000E-38 .000008-38 00000E-38 1.0000
0.38411 .47059K-01 -16.726 -6.8192

K GAINS MATRIX
-6.7910 -0.94612 206.31 50.(173
-33.072 _14.9150 864.41 138.31

B*K MATRIX
-10.066 -1.5061 258.52 38.548

86•286 12.802 -2265.3 -362. 57
.00000E-38 .00000E-38 .00000E-38 .00000E-3B

-0.37678 -. 41425E-O1 16.496 6.7161

A-BK MATRIX
10.022 1.5055 -290.;8 -37•216

-F6.2'5 -12.3LIO 2263-6 35P.90
.00000E-3e .00000E-38 .00000E-30 1.0000

0.37541 .46016E-01 -16.496 -6.7825

K GAINS MATRIX
-17.1111 -2.1710 502.91 102.29
-97 .707 -12.583 2723.1 161.99

B *K MATRIX
-3,. 210 -3.0'956 P37.• 3 39. )
253.90 32.686 -70F5.3 -1207.9
.000DE-39 .00000E-38 .O9OOOE-3p .OOOOE-30

-0.432,6 -. 48088F-01 IP.039 6.9755

A-FK ATRIX
30.166 3.805' -- 6 .99 -1c) .10

-253 •90 -32.724 70,0-.6 119P.3
.CO0-O3F- 38 .O00, -30 .000D-38 1 oor,

Q.'3109 .52679-Q1 -18.039 -7.01119
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K GAI!S MATRIX
-0.11082 -0.17151 -3.8712 11.223

7.7953 -0.17620 -421.37 -103.03

L*K MATRIX
2.6455 -. 32061E-01 -141.43 -36.521
-19.74b 0.50557 1070.8 257.61

•OOOOF-38 .00000E-38 .000OOE-38 OOOOOF-?P
-0.30621 -. 33242E-01 14.276 6.299)1

A-BK MATRIX
-2.6895 .31482E-01 109.27 37.853

19.747 -0.541173 -1072.5 -267.27
.OOOOE-38 .00000-30 .00000E-38 1.0000

0.3084 .37833E-01 -14.276 -6.3657

-110-



APPENDIX E

CALCULATION OF AV-8B STABILITY DERIVATIVES

("MATCOF")

The subroutine contained in this appendix calculates the

AV-3B Harrier stability and control derivatives at any velocity,

V. The derivatives are returned in the arrays ALON, BLON, ALAT,

and BLAT. The subroutine first reads in the coefficients for the

predetermined least squares polynomials. Each stabilitv

derivative is the solution of a polynomial in V, the input

velocity.
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MATCOF 0.O 7' 16, 46: 1.5 PAGE

';IE:RfI__II TINE MA*ri-:ItiF ( V, ALON, E:LON, AL T B-LAT)

*PRICIRAMMER- R, V. WALTER'7;:
*FILE NA~ME: MATC:CIF
*:-Y' .YSTEM: LIT'S': FC)RTRAN
*FUtNC:T I N: ':*.LII3ROUT INE. FCR C:ALI ijLAiII N OF

* CEFFL,@_; IiF A ANL' [-: mpirRI:ES=. FOlR
* AV-S HA~RRIER S__IMLALT1ON AT ANY V.

DIMENSION AALCN( 16, S), E:ELOiN~k, 4), AALAT( 11, 4), ESELAT(6, 4)
D IMEN-.'IOCN V-. I1), V.--,,(4, 1 )
D IMEN=; I CIN ALIN ( 16, 1 ), ALAT( 1Q,, I) E:LON( 12, 1) :LAT( 12, 1)

LIBC-RARY 11MATPAK

V5 (6, I)= 1.
DO': 1 I=5 1 i-1
V5( I,1I)=V--(1+1, 1)*V
1 I::iNTINI!E

V:3(4, 1)=t.
D":i 2 1= 1, -1I
V'-(: I, 1) =V 1, 1) .- I*

2C;ONTINUJE

OFENFILE 6, " LCIN
REWIND 6,

DO1 4 1
DO1 5 I= I. 16.

5C:ONTINUtE
4 iONT TNUE

I:IENFILE 7, " BLON"
REWIND 7

DC' 7 J=1,4

P : (7 ~,BLCN(1J
:- CI:NTINLIE
7 ':OINT INUE

CiFENFILE. :3,ALAT"
REWIND .8

DO I C .I4

RFOO AAAT-112-



C'5.'13 '7 16:: 4.~ PAG FiE 2

CINT INUE

REWIND *:

£1111 1 .=1, 4
[DO 12 I116

12 CCINT I NUE
11 C CIINT I NIE

-A~LL MMULT (ALCIN, AgiLCIN, 16., 6, 1, V')

IF (V. LT. 5. ) gAL0N (7, 1)=.: 137

F.ALL MMLILT (BELON, BELOW,~ 4, 1.. V:-'.)
E:LCIN ( 12, 1)=E:LC-INQ 1)
EL'JN( 1 1 1 =E-:LiJ-N(: 1)

(:0 10.:, 1) =E:Li-N (7, 1)
P-LCN ( 7. 1 )0
r-j rI (E~ I)=(-).
BLON (9. 1 )j

El' I 1I2, 1'

1-1ONT I NLIE

E:LAT (:--: 1 )=E:LAT (6, 1 )
E:L A T (7. 1 =E:LAT (5, 1 )
E:L~lT (5, 1) -E:LAT (4, 1 )
PLAT(4. 1 =P-LAT.: 1)
E:L A I ( I.1)-0

RE TURN
ENDF
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APPENDIX F

DETERMINATION OF STATE FEEDBACK GAINS

("SFBCOF")

This subroutine employs a table look-up algorithm to

determine the feedback gains. Feedback gains were calculated

for three design points: V = 5, 30, and 60 kt. The SFBCOF

program employs the followim loqic:

O< V< 15 USE V = 5 DESIGN

154 V< 45 USE V = 30 DESIGN

45< V USE V = 60 DESIGN

-ll14-



:EPOUHT INE .Fii .1X LON, x', LATr
*FlI:IOF'AMMlEF R V W ALV T I
*FRCl-iI3RAM NAME: ::-:. F:tiF

- :):ZTEM; Lc:'T33 F''RfTiN
*FIJNC.TI.IN: £ETER~:?1NE,. AV--: HA&RIER F;EP:

* I3AIN. AT A.NY VEL,-IL-ITY

*L.I -:RAFRY [;LCHIJ - :..I:"("tIIiI

DlIPIEN'B. I ON XV.LIIIN (::3 * XV:.LAT (, 3

IF(Y '31 15 ) ,- T']1

CIFENF I LE 1 LLN3
REWIND 1
CIFENFILE 2, 'ILLAT5"
REWIND 2

*

READ ( 1, ) XV LIN ( I)

1 C: Ci NT I 1\1 11
RE TULIRN

I F k). T1. 4 5. 1- Ii TI:' 4

-., E H I L E :,~ __N2
FL-W £ND .
i'ENF I LEi 4, K~TI
f'f.W I ND 4

Prlg Ill 5

;-ENFL IL :2, T.ILAJCI)'

PEr AD 1 LO



-F~~~c !: i Oi101 2 C) PAG3E 2

5 CLIJNTINUE

IRETURN
E PIDr



APPENDIX G

"DIGISIM" DOCUMENTATION

DIGISIM, programmed by Associate Professor E. E. Mitchell

is the digital simulation utility program on which my DTSS model

was based. This appendix describes its features and user-defined

options.
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L'Li.f j./ '7 §51 1 45. PAOLE 1

U I I,-.I N-- DIG3ITAL :-,IMULATC'R --- E.E. MITCHELL 2/77

REMENLER RUN FCORiRAN

*L INES '-:)')/,~ IN I-[IIAL [I ME 1D~TA LSLC:K+
*L I NE':- 750)-l 1~ SYSTEM [DYNA-MIC EC.UAT ICONS_.
*LI NE':-. -100 'IL OUU S.TATEMENT3__

* LI N~. 7)i) 1 E: Q:TERMI NAL C-ALFrHLAT I ON REO I [N

* -:A.1r DA~TA. TMAX, DELT, NS=.MF*L
IC E*S iZ TATEMENTIS.. X=ENTl3,RL ( XD', X (C) ) F ALL [-'L1ii F ( X, X

AD~~[D I T I CiNAL FUNC T I [I-NS. S;TEP -FRS1. OR, S'NDDR, FLLS-E, ::-OUARE, DELArY, ElI 13TAL, I- I r'
* FTR I N

*FO)R MiJRE DETAIL,,: -INTINLIE LIST"INC,

***INITIAL TIME RECIION

*THI,±_. F'RC'3RAM HA'. AN INITIAL TIME DA~-TA REGIO:N EXTENDING' FROIM LINE'. 409-)
* THISZ SF-';PAE IS LIS-:ED TO DEF-INE C:IiINz_.TANTE;, INITIAL VALUlES NzOHR O

* C HAN' I NCi FARAMETERSm REil"! I RED B-Y YOIUR PROGiRAM. ALOIN IT IAL C. ALCU-LAT 1 CI
* MAY B:E MADE HERE (IF YOU DEFINE THE REOU'IRED PARAMETER-:).

*IN ADDI rICON, :_::EC:IAL l-C7ONTANTS FOiR BULILT IN DICOIS:IM FUJNCTIOINS:: ARE DEF
*HERE. FOR WNSTNC~E, Ii:IMMCNLY DEFINED TERMS IN THIS-: AREA ARE.

* HEAD= F'NE LINE OF SOC' R LESS C:HARACTERS BETWEEN THE OLITE'w.
*THIS; I'-: TYPFED IZilII- A-- A HEA[iINC FOIR THE RUN

* [ELI INTE'3RATICN S_.TEP S-'IZE (DELT=CO. C05 DEFAULT)
T TMAX TCOTAL S:IMULOTEEI RUN TIME (TMAX=:3-- DEFAULT)

* N':-'MFL COUTFI!T SFAI N'3- ANSWERS FR INTED EVERY DEL T*NSAMFL
* TIME INTERVAL (NSAMFL=2 DEFAULT)
-*DIOiIIAL COCNTROILLER 13AIN
Z A ( 1-) ZE( B-/1 DIGITA~L c.':NrR:LLER :OEFFICIIENT'; (Z )=7[:( )=C) DEF ,LI_1

* T-S(AM DiIGITAL COINTROILLER SAMF TIME (T,;AM =o DEFAUILT)
T TL AC DELA~Y FERICiD ECIR TIME DELAY (TL~'i'_=C DEFAULT)

* TO INITIAL TIME IF ITHER THAN C) (TCO=-C DEFAULT)
T 14 PLOCT IF If..FLITh I THE COUJ FLIT RESPiZINS:E I,; WRITTEN I NTOD A FILE
* SAVED L-:Y' YF'U. 11' I S IN THE FPROPER FO:RM FOC PLOT I I N1 4
* ON THE TEI<7rRONICI GRAPHIC TERM INAL,:: C TFFL.IOT=CO DEFAl-1

* PLANE IF FFLANE=l THE Tk::F'LC-IT FILE IS:: WRITTEN IC' M~fE A H4,
P LANE PLOIT CIF THE F IRST TWCO CALL CUi-rPUT VAR 1 E:LF 9-

***DYNAMIC. REGION

*THE FROO',RAM HA'--- A ['YWMI[ REIIIN FRFIIM '_TAT'EMENT NLIMBEEk- 75U-110)o 1 N
*AREA~ THE ±.-YCTEr DYNAIC':.., -'IN:-STINC ['F DIFFERENTIAL AND' AL'EERAI1Ci

* 0Iif rI NSA RE DEF INED
*IN THIFE YNpAMJ: RFE'IIIN THE FULL RE'3UILAR FORTRAN LIB:RARY 1,:: AVI, -LE
F- R THAT MA I Ef- IT I,- AVALI ,BELE ANYWHERE IN THE FRCOOR~m IN AD' IT II['N

*FHE FU'Ll. OlW IrlNY F ~li Tji uN*I ARE FLIRN I SHED: ( X=I NPUT11, Y=UU-l-TFLIT

* I = TIME
'y ENT!2-RL (X. Xu.'- X'ii=INIT IAL VALUIE - DECIIMAL FIIINT REOLIIREEI IF NY-



DI rn 0Ii 5,(.7,,' PAGz FE 2

* Y = ':TEF'( T1 ) - Y=() F':'h 1111, Y~l Fi-iR T'.z-Ti
* Y =PULS.E (TITi 12) Y'yC EXCI - WiT'Y- WH'N Ti -=-fr _=2
* Y = TUARE (i T ,T' T -:, F, ) :.'RE WAVE W I [H AtFLTJOE OF Wi lEOi

CIOF F IR;:_T F"_-IL:-E AT T:, FUILS:E WIDTHI IC. T1 [,

* ~REEAIE; EVERY FPE'ID
* Y F RE.T Ci R ( A , B-, [:7 D)- F I R';T ORDLER TRAN'ZFER FLINC:T ICON DEF INEDI 0+

* ( *S.+ ) . (C 'E+D) CI S NOT ZERO
Y =SC ND'iR ( X, A., . D, E. F) - _ BECCiNE LIRDER, *RAN*FER FINC:T ION DEFDI)LL'

* (0,*-,!I-*';+ ) ([IS;*+E*:F)D IS NIlT Z
* Y =DEL0Y(XI'TLAC; -- TIME ['ELAY, Y = X AFIER X I,:; DELAYED TLOC'3F''I'
* Y =EIGTAL( X) -- DI'3TAL FILTER OIR COlNTROiLLER SIMUILATCIR. DELT SHIC11-LL

* *=I;OM' 10. T:.M0MIF'LE INFUIT-ul-ITFUT TIMES COF THL Di
* L:ONTRI:ILLER. IRONSz: FU~NC~TIO~N HA,-; 6. ZA, ZE TERMS AtNK' 1
*(Z -:*(ZA( I)*X--ZA(2)*X-1+ZA(:3-.)*X-3--) - ZE:(2)*Y-1

*Z Z(:)*Y-2 ).Z B(lI)
*X=C-:U-RRENT INPUT, X-1 LA.zST INPLIT, ETC. ['1110 FCIR, Y

* Y =LIMIT(IU1 X,IU2_) -- Y-1-1 IF XKUI11 Y=1-1'- IF X AIZ, Y= -~THERWI,:;E
Y =FTRAIN(Tl) -- a'=1 IF T N*T1, THIS.E, IS A F*-L-,::E TRAIN, UNIT Fil_L_

*EVERY N*T1 S-,ECO___NDSz

*** lUfTPif REC IIN

*THE FRC.F AM HA:: ON ClUIFLT RE,3lON FROM S;TATEMENT NUMBER 12ZC)O-15CC). IN
* REGIOlN THE VARIAE:LE:. TOI BE PRINTED ANLD FLOTTEDI ORE DEFINED. TI: COUITF-L
* X, XDO T AND X21DT, THE 'ETOFTEMENT:_: ORE:

CA'LL CIUTFPiT( X, "X")
CA:LL CIITFIJT(XDrIT, "XDO1__F

CA[lLL CULITT( X 2L'C'T, " C CE-L'

* ANY =-: i:HARAC:TERS.: MAY BE U---ELI BETWEEN THE ',THES_:E ARE THE C:CILUMN
* HEOINGI'S COVER THE FRINIEL' VALUJE':

** NOTE **TIME IS_: ':'UIIPT AUT iiMAT 1 CALLY

**NOTE **THE FIRS-T 6. CALL OULTFIIT VARIABLES ORE FLUJTTE'

***TERM I NAL COALC: HOT ICON RFF3 I N

*THE PRCW'3RAII HA,., A TERMI NAL REC.IDON F RUM :_TATENEN-1 NUMBlEERS 1 7C(- 1::_ -[
*AREA I,-. 0-'SED TI MOIDIFY PARAOMETER'--, hlT. AT THE END, CIF A RUIN OINE C AN

THE 00BO-1 --,NTaRATE AGAOIN AND OaG'IN A lYFICOL. PRO~BLEM THAT

WV--I-LEI I_'EE THiS.: AREA A5 0 IDUiNIRY VALUE FRC't-:LEM.

*IF YOIUR PR~i'C.FAM CINTAINS. THE 'S,;TOTEMENT
* C.,:i I 'I'

*C ['NTI''L I.-. TRONS::FERE.'I Ull . TO, THE TFP OIF THE I N ITIAOL AREA

*IN A LIKE MANJER, THE EUEVN

IlAt E [[' [R'LI THE L:C'TI [CM UF THE. TN ITIL AREA, (C O CF DYNH-M IC AkE,

*a
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APPENDIX H

"AHEAD' - ADVANCED HARRIER

ELECTRONIC AUGMENTATION DEVICE

AHEAD is the DIGISIM-based digital Harrier simulation. The

output traces of Appendix L were made using AHEAD in conjunction

with a special APL graphing routine. AHEAD is an extremely versatile

design tool. The user must program control inputs and initial

conditions prior to run time. At run time, user inputs TMAX, his

desired SAS option, desired output format, and output file. System

response data is then output to the user-defined output file.

L ......



C) :1/> 11 14. 57 PAG'E I

* FfRClC3RA4MER. R. V. WAtLTER-3
* FRCIC.RAIM NAtME.- AHEADL
* :_:;YCTEM: [ITSS; : FORTRAtN
* FLINCTICIN; SIMLATE':: THE LAtT AtND LONIR.

* EiYNAtMIi:"E OF THE PtV-8F: HARRIER,
* INCLLIDINC, B'0TH EXISTING STAB'lLJTY
* PtLIli~ AND At '=.TATE FB CClNTR'JLLER

LIB:RARY "MATi::OF"l
LIBf-RARY "SFBCF"l
IMPLICIT REAL( 1-N)
INTECER i':.z7,fNICZ, ITZ NITZ, ITMAX, KERR, IAZ, NZZ, K-:PZ, NSAMFL, KTZ, 117, .J.-JZ, 17
INTEGER IC:NT, NVAR, IDIC'L, IC:N, IADC-:NT, ISZZ
ElIIMEN'::.I IN ALON (16, 1), ALAT (16, 1), BLON (12, 1),E:LAT (12, 1
C:CMMCrN '17ClJT, X V Z(6, 402), 1ICNT, NVAR, T, To, TMA X, DEL T, HEIEL T, I C: Z, N IC:Z, I TZ, N I TZ,

' I TMAX, K :ERR, I AZ ( 100), YIP Z ( 100), Y4PZ ( 100), X1IP Z( 100), X4PZ ( 100), NZ Z, i::FPZ,
& NS-7AMFL, VKTZ
DIMENSIOIN XKLON(S) , XKLAT(8)
C':OMilCr .,,HOLD./I ADC:NT, I TOA, .JC.NT, I C.CNT, HLE' (500)
COIMMOIN /0OUTPZ.' II7, J.JZ, AZ Z I SZZ, AMX Z ('25), AMNZ C25), HEADS NPLOT, TV _PLOiT, FPLA.
CO1-MMON-r~.'El 1131Tf)/ I II '3L, ZA (6) , ZB3( 6), T-AM, 7'. N'ZNT

CHARACTER YE':S
:HARAC ITER FD'Th! FDC)2. IFO., AZZ (25), HEAD*)*,

REAL LIMIT
INTECGER TKPLOIT
DATA IC:N, I 1Z, 1-_lZ/f_, 0, fl/
7 C'lT= Il:NT= ID I L=C)
TI PL CT=C)
rJPL ':'T =6
C- I u9 I Z= 1, 4
Z A( I Z).

I A D CN T=

I (-):::,: HLE'CI Z ) =').
1 DOI 2 17=1, 100(-
2IAZ ( 1Z)0
0 -oCC) 0 C:1CINTINUE

DEL_ = 1

NITZ7= 4
INITIAL REGIOIN

PRINT. "I'-:- F&e INPUJTS C:IiRREC T,-
PRI NI
FR INT - "IF NO~T. STCOP



AHEAD' 05,05/7Q 20: 15-32 PAGIE 2

FRITNT.

PR I NT, "I NFIT TMAX
INFLIT. TMAX
PRINT,
DELT=. QI)*

HEAD=" AV-S':E: TIME RESF'C'NSEl

X LfNaO=O.

XL'IN40:=c)

XLAT 10=0.
XLAT30=0.
XLAT :U=Q.

SF-L AT =0.

FR INT, "CO'LNVENTITONAL OWA; 'N

INPUT, YES
IF ( YES. NE. "YES;" ) CC TO' 506/

QSAS=l.
F AS 1.

5()' PRITNT, "SFE: -;ASCI N?"
INPUT, YES
IF ( YE':: NE. "YE!3" GO1F TO 1-

.VE:LAT= 1

I FLAW-. II

FE.I NT. ".FRC;LC'N'U DYNAMICS.:'
I NPl! F.Y
IF(CYiS ET'. 'YES :")IFLA:,=f:)
PR INT. ".U'.1-PPRESS LAT ClYNAN ICO
I NP 11T. YES
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AHFADE. P90/- I)1 AC-iE

PRI NT.

PR I N r I NPtIT VELC"7: ITY'
I NFUT. V
VINI T=V
FRI N r.

-A~LL -cFL-:iC--F ( V X LC'N, XK-'LAT)

FR INT. "INITIA~L CC'EFF IC: IENTS: C:gALC:LLATEDi'
FR I NT.

PRINT, E[:EG-ilN SIMULATION"
PR INT,

L LET TO

I F ( Ti[:, FL C[T EI 0. C ) G' C Tf:1 9 1 C)
WR ITE ( ZOT? ::7)
.=-7 FORMIT(" WHAT I,3 YOUR SAVED FILE NAME")

READ'( ZEUT, 14) 1PC!
CiFENFILE :::,1Ff
REWIND 3
ENrJFILE

T :: To Z

HE'ELT=CO. 5*DELT
i<:ERR=()
11-: Z = I
ITMAX=NIC-.Z
4 ITZ1=1
-5 NZZ=C

EI* YNAMIC:: REIIN
IF( IFI.A4l'. EC!. C)) I:.':i TO:

* L.CN' I TUD INAL S IMULAT ION



AHFAD' 750 '-) 20: 16.- 24 PAGJE 4

B-.I..LOiN> XKLON 1 )*XLIN1 *X :.Lfl-N(2 )*XLu--N2+XKfLflN(: --)*XL0--N:3-.+XK LON(4)*XLCN4
f-.itLON\2=XL LON (5) *XLIJ-NI1 +Xk::LO-N (4.) *xL.''N2I+xrL~IJN(7) *XLCINI':+XlCLfl-N (:,) *XLO--N4

7&2THRO--T=0'. 'THROITTLE
ULD 0 JET ANGLE

UJLO-N2-=THROT-SF E:LON*[,-LON2--

LO--NS'Tf;L I M IT (-S. , LONS-TK:, 4. ) LONSTK*

L71DE'=17410). *XLCUN4-1:32. *9i!.D-17410. *01
01 [' = EN TGCRL I El IEl, ..
ul=ENVGR I D,' 0.

E:XLOINE=4. 0)4*(()1El+9 2*)-I. :35*E:XLON
EBXLC'N=ENTGRL-( BXLOND,) 0.
P-.XLONf!-SA*IMIT(-. 84, I3XLON, . 84)

ELON=LONS. T - :X LO'N-SFE:LON*Ef:.LOiN1

UL:-iN 1 D'=12. * ( ELO--N-ULON 1 )
IJLON I=ENTGRL (ULi-N 1 D,0. ) ELEV./STK" I NPUJT
HLOlN1=LIMIT(-E8. *=3.4, UILONI, 4. E84)

XLO-N1E'=PLON( 1, 1 )*XLON1+AL:IN(2,, 1 )*XLOIN2-+ALO--NC3, 1 )*XLOIN'.:3+ALOiN(4, 1 )*XLO--N4
XLOIN 1 E'=XLOIN 1 ['+EBLON ( 1, 1 ) *ULflN 1 +E:LCJN (2, 1 ) *ULiJN2+ELIN (*3-, 1 ) *ILCNS--
XLON2DE=ALON(5, 1 )*XLON~I-ALON(4, 1 )*XLON2+ALOIN(7, 1 )*XLON:3.+ALO-N(c8, 1 )*XLOiN4
XL0IN2-E'=X LON2D+E:*LOiN (4, 1 ) *JLON 1 +E:.LOiN (5, 1 ) *LILON2-+E:.LOiN (6, 1 ) *tJLO-N:3-
XLOiNS'-=ALlN (9, 1 ) *XL-iJN1I+ALJN ( 1'C). 1 ) *XLIDN2--+ALON ( 11, 1 ) *XLIN:3--AL,-iN( 12, 1 ) *XLON
XLONS-D=XLO'N:.3D+BLON (7, 1 ) *ULONlI+ELON (8, 1 )*LOCN2-'+ILON (?, 1 )*UO:
XL0IN4E'=ALIN ( 1:,1 ) *XLON1 +ALON ( 14, 1 ) *XLCIN2+ALON ( 15, 1 ) *XLOINS':+ALON ( 16., 1 )*XLO-I
XLODN4Ei=XLODN4D+E-:LON ( 1(.) 1 ) *ILC-'N1I+E:Ll-iN( 11, 1 )*IJLCN2+E:LON( 12, 1 )*ULONS.-

YL0N1=ENTGRFL(XLiN1E',. XLON1O-))
XLO1-Nz=ENTl'3,RL(CXL'-N2-E', XLIN2O().
XLO--N:S=ENTRL-( XLON3E',, XLflN:--'O.)
XLO--N44ENTGP-L (XLO-"N4Eb, XLODN4O-))

IFA IFLAGZi,-. E17! 0:) GOD TO) '97:8

* LATERAL SIMULATIOIN

kPI ,LATIzXIK'LAT()*XLAT14xLAT()XLAT+XLAT(3--)*XLATS--+XK.-LAT(4)*XLAT4
EL:LAT2 =XF:LAT(5)*XLAT1+XK::LAT6c')*XLAT2+X[.'LAT(7)*XLATS--+XK-:LAT(S:)*XLAT4

-124-



A-HEA~LC' -)i:5.7~ T)1 : P E 5

U!Li rC NOI INFHi

Fl~jJ=1410 *X~T2132*FlLi-1741u.-. *Fl
P' 1 [TENTC.RL ( P 1 ['lEl C.).
PF1=ENT'3RL (PFIEt C).

F,,-,,Et =4. C)7*(P ID+ 1. 2SEPF1 )- 7 4* F,2
F2-ENTC'RL(P2D, ().)

L AT,:.TL V'. I L AT,-:T1.
LAT'STK--,*LIMIT(-4. , LATST -, 4.

ULiAT1'2 I (EPULtT-ULAT I
ULAgT1 =ENTG3RL (LATf iD, C0. ) LRN./-STL.- INPUT

RlEE1741C). *XLAZT-13:'2. *R1E-1741C0. *R1
R ID-=ENTiiRL (R I DD, 0.
R 1=ENTiRL (R 1 El -

R2E'=2.3. *(RI-R2)
R 2= E N T iR L ( R2D,0C.

-'D1 773*R2E'-. 32*R:3-

R4Ez2 3.. 2-_.t-( 2--4*1,LLA 1 -R4)
R4=ENTC'RL(R4fl, C0.

(-'Y=-1 *XLAT1EH--". 3*Xr2l-. *XLAT:3DE+:3'2. 2*XLAT4

~YlE'=13*AY- 19. 45*AY1D-164 *AY1
AY 1 D'=EN TI3-:'RL (A~Y 1 ran,C.
AY 1=ENTCiRL (AY1D C l )

PtCZ=. 1-*((AYIEI+4 *Y).*
AY2--ErNT0-RL ( Y2Ea, C).

E:RL~i Fk-E:A-=*L IM IT(-. 7, ERLAT. 7)

Fl IUF'F~~( .RI-11FEiII

FIJl-DFEL.=L 1IT -2 T RI.JDFEEl, 2

EFRLA~ I ~F TFD.ER T;P~*L L 2

IJLA r2D=5 7. * ( ERLT-'-LA['12)
I LAT2- =ENTF;RL (LALT2[.',,0 RU-EIR/$r[T.: INPUT



AHEAD 5.)/(J5/7:, 20: 17: .3PAG3E IS

ULLA T2 =LI M I T-2. 7, HL AT 21 2 7)

XLATI1D=ALAT(1, 1)*XLATI+ALAT(- ,,1)*XLAT2--+ALAT(:3--, )*XLAT:3+ALAT(4, 1)*XLAI4
XLATlED=XLATlE'+ELAT( 1, 1 )*iILATl+LALgT(2-, 1 )*LILAT*2-+:LAT(:, 1 )*LILAT:3
XLAT2- D=ALAT(5, 1)*XLATI+ALAT(6 . 1)*XLAT2+ALAT(7, 1*XLAT:3+ALAT(8, 1 )*XLAT4
XLAT2lE'=XLAT2D+E:LAT(4, 1 )*IJLAT1+E:LAT(5, 1 )*LILAT*2-+E:LAT(6, 1 )*LILAT:3
XLAT'.'E'=ALAT(9? 1)*XLAT1+ALAT(10--, )*XLAT2+ALAT(11, 1)*XLAT:3-+ALAT(12-,,l)*XLA-T
XLATEl=XLAT:E1+E:-LAT ( 7 1) *LLATl1+E:LAT ( ::, 1) *LLAT2,-+E:LAT ( I~ ) *LILAT.3-
XLAT4E=LAT(1:3--, )*XLATI+ALAT(14, 1)*XLAT2+ALAT(15, 1)*XLAT:3-+ALAT(1., )*YXL.A
XLAT4E'=XLAT4ED+E-LAT( 10, 1 )*LILAT1+E:LAT( 11, 1 )*ILILAT*27+E:LAT( 12, 1 )*LILfAT3-

XLAT1=ENTI3RL( XLAT1Eb XLATl0)
XLAT'2 =ENTI3RL (XLAT21. XLAT2'))
XLAT:3=ENTI3RL (XLAT 3D, XLAT:30)
XLAT4=ENTG:RL (XLAT4I, XLAT40)

97,_: COlNTINUIE

IF (T. NE. 1. ) 'LD TI: 100.3

I F(NF 1. NE. 1)FPR INT, "T= I
NF1=1
1(:)(:): IF ( T. NE. *2. ) 00 TI: 10'
IF(NF2. NE. 1)PRINT, "T=2'"
NF2=1

10), IF (T. NE. :3. ) 1313 TOI: 1(i0
IF(NF:3. NE. 1 )RINT, "T:3
NF3= 1
10051Y IF (T. NE. 4. ) '3's'1 TO: 1012
IF(NF4. NE. 1)FRINT, " T=4"
NF 4= 1
10:12 IF (T. NE. TMAX) '30 TO 1015
I F(NF5. NE. 1) PR INT, " T=TMAX
NF5=1
1(.015 COI:NT I NUE
IF(KWERR .NE. 0) 'GO TI: 9
ITZ=ITZ+1
IF(ITZ . LE. ITMAX) G60 Ti: 5

iD*UTFIJT REION *** LINE-.- 1200).--15':)

IFC IFLA,_61 NE. 1 )Gl': TI: 1245

C:ALL _iUTFJT CX LO:N, 1U ICX -VEL)
,-:ALL Fli TFUTC (XI'N-2, "W( Z-VEL) ")
,-ALL 1-111FLIT XC LN3 '- THETA"

I F ( I F L AIG' E 0 1 '0 Til 1-245

*ALL 1ZLITF'IT( XLCN4 . (D'( 'I T))I
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AHA 5./C5/ 7' -2f: 18: 0-8 PAG3E 7

1245 COINTINUE

IF( IFLA1'32 NE. 1) CGOI 11-1 1-167

I F ( IFLAG I EQ. 1) GCIc TO 126:3

CALL ClUTFLIT (XLAT2p "P(DROLL))

126-.3 C'7ONTINUE
CA~LL CUTFlIlT (XLAT:3-: "R (DYAW)")

CA~LL OULTPUT (XLAT4, "PHI")

12'. C: CONT I N UE

*.IZ=J

I* 0 ) 3 O6

I* Z=(

*TA=NT

tI* T.L.(MA+ 00 OT

REA.1ZOU 1) Z+i2.

I F (I TFLI:I . NE CYES ) GO TO 7
WRITE (ZCOIJT, 12)

1FC'rMAT(" TMANTTOIi:R"S M)

READ( ZC'l-IT- 14)TMAX
C TI: 6.

T=ft.TZ

T=T*IELT+T(-)
GO1 TO' 4

W R ITE ( OUT, 10U)
1C) F':'RrMrAI'( -X, " I NTECRAT I ON A,:;3 :I i3-NrENT ERROR"

TERMINAL REION
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IF(TVhFLIT E0. o)CALL RANG~E
IF (If .:FPLOT .E0;. C)) CALL FLOT2
IF( TLPLCT .NE. C)) CA~LL TEIKPLT
S TCIP
END
FIJNC: r FION ENTISRLM(X Y()
LCuDrILIN OU~T, XYZ (6, 402), 1ICNT, NVAR, T, TC), TMAX, DELT, HDIELT, I C, N IlC, I T, N I T I -f;*A
& 100), YlI ( 100), Y2 ( 100), X I (10), X2( 100), N, I<'., NEAMPL, KT
N=N+ I
IF( I C. El;. 0-) GO TI -2 0
IF(IT. NE. 1) 050 TO 10
I F( I A(N). NE. f0) IGO TI: 50)

Gli TO) 15
10C I F( I A(N) . E0. C)) GO' Ti: 90 5-
15 Y2N=YO-.
GSO TO 4C)
2 I IF( I A(N). EC!, 0)3Is TO: 50

IF( IT. NE. 1) ISO TOI 30
P RE[II::.T-iR

YIN Y2( N)

Y1 (N)=YlN
XI(N)=XIN
Y2N=YN+XIN*IELT

* CI:IRREC:T:IR
CY2--N=Y1 (N)+(X1 (i')+X)*HEIELT

X2(N)=X
E NT :RL =Y 2N
RETURN
-0 ER~
RETURN
E NE,
FU-NCrTIcIN -;TEF,(Ti)
C'IrrlIN OUT, XVZ (6s, 40)2), IC-NT, NVAR, I

IF(T.VT. Ti) Y=o
- rEF' V
RET URN
ENE,
FUNC T I CON FUI-L*_$E (T TI T'2)
I IMMi:IN CI:IUT, XV-1 (-- 4(.)2-) , ICNT.- NVAR, T

IF(T CIE. TI AIND. T. LE. T2) Y=1.



20:A 0 5 5 7PAE 9

RE 1 U~kN

FUNCTION SI.C'UARE( Ti, T-1, 1.3:)
ICOMMO-N OIUT.. XVZ 0:- 402), IUNT, NVAR, T, Trc', TMAX, DELL, HLDELT
Y=C0
Ttl=pM':-D ( T-T 1, T:--)
IF ITM t G- E. C. . A NEl TM -LE. T,2) Y =1

'.RE=Y
R ETULRN
END
FUNCTIIN FR*3TtO-R( X A, B, C, E0)
1-1-MMI-IN ./FR-T./ EZ. -7

IF(C. ER-1 ZERO-i) GO TO 1

Z=ENT'3RL($Z, 0.,
FR'=.TCOR=(A*SZ+[*Z ) iC:
RETURN
I PRINT 2
2FIORMAT(5X, "FIR!S-T ORDIER TRAN'SFER FUNCTION OUT OF OIRDER"

E ND
FUN: T I OIN 'S.CNEiCiR (X, A P E:, I_, LI, E, F)
I-I MMODN / CND!+ 52 I Z,

IF'[' ECi ZER':' O TO 1:1

Z Et I T CPL ( SZ C)
NDIr)IR=( A* S2Z+ E:':Z+IZ) 'D

RFTURN
1 PR TNT2

2FC1RMAT(5X, "S.ECND I RDER TRAN'SFER FUNCTION CUILT OF ORDER)

SI:PBROUT INE OUTPUT ( ,I )

I -MM;-'IN OUILT, XVZ(6, 4C2) IC:NT, NVP4R, T. TO, TMAX, DELT, HDELT, IC:: NIl::, IT, NIT, I TmA
",A IC'':), Y1 (1I00), Y2--( it''()), )( ( 1'.mI)). Y -( 100), N, rP, NC3-:MPL, K
':O-MM'I-I IF*,--,./ I I, .11, A, I5 -z z, AMX Z (2) AMNZ (25), HEAD, NFLCT, TVLLOT, PFLANE
1-1-MMI-'N 'OUTF I/ V (25) . IFIP K, TS.ZV, If-N

IF( I NE. TCI)C;,' TO: 1(0

IF :I C Y ) ) CiC TI: 40'

NVAP MIN( I I.' NF'L':T)
60' TiI 4(j

I1( I F j F NE. CI- ' -: Tu 40f
IF (f -- Ei C' ) TI' uJ/I (
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AHEAD 5':5.' , ' I _ FAE 1 

IF(F'E. 0 E. N';AMFL) ) = z
4C)0 F'=iPF+1
IF(K'; . NE. 0) RETURN
TE::A = T
V0 P) = X
RE T URN
* PRINT LAST TIME PERIOID
,,0 CONTINUE

I C:NT=IC:NT+1
D0 120 I=1,NVAR
12:) XVZ (I I CNT) = V(I)
IF(Tf::PLOT . NE. 0)GO TO 20
IF( ICN . EC. 0) WRITE(OUT, '00)
IF( Il::N EC!. C)) PRINT, HEAD
IF( I-:N . LT. 51) G0 TO 7C)
I:N = 0
WRITE(ClUT, 915)
WR I TE ( OUT, '00
70 CCONTINUE
FTI=MIN(5, II)
I F (J._I . EQ. 2-) WR ITE (OUT, 1 f)) (A( I =1 I,K[:'TI1

IF(II OT 5) WRITE(OUT,'C)5)
WRITE (OUT,'T?20) I,:NT, TSAV', (V( I), I=I, KTI)

I C:N= I C:N+ I
IF(II LE. 5) C:.O: TO 10f)

ICN = IC:N + 1
: T T I N=0:: T1 + 1
F:T2'=MIN(F:TI+4, II)
I F (.. EC,... 2) WR ITE (COU.T, ?-1:0) (A ( I I, I=t: TI1, KT2)
WR ITE(OUIT,'-,14(')) (V ( I), I =t:TI1, [::T2)

IF:N=ICN+1
iTI = KT2
IF( II G 3T, KT2) 3:C' TO E0
10C) J.-=4
C ALL RANGE
60 TO 2U
'-"i0 FORMAT ( IH I." I//I)
C(:)5 FORMAT(IH
IC'- FORMAT(.I IX, "TIME, :-X, 5(2X, A:::. 2X

-S. Ft'RMAT (///)
C?'2 F ORMAT I H , I_: IX, 6'.G12. 5)
' F- FIRMA T ./ 1 _X, 5 ( 2X, A:-:, -2X)

' 40l FORMAT(IH 15X, 5012. 5)

END
' -:ig -Hrii TINE F'LOT2

SN= NUMEER OF FC'INTSE.
*NVAR= NUMBER OF FLCIT-;

-130-



*V= NVAR X N MATRIX, E1Y2-IIH COILUMN t,::O-RRES::FI:-INDS,= TO A VEF:TOR
* COrMPflSED OF F'O1-NTS. TO- B-E PLOTTED'

* MAX NVAR = 6.
*MAX N = 4C00- WITHOUT-11 C:HANFIINri DIMENS-IOINS-

COrMMrN lUT. V (6, 402), N, NVAR
CI:MMCON /OllT-2.'I I j-j, 2, ISEZZ, AMXZ (25'), AMNZ (25-), HEAD, NF'LO-T,T WF'LO-T, F'F'L~ihE
D1IMENSIOIN ':.F(7), IS(7), H(7), IC(7)
C:HARCTER F:LgANt., DOT, STR, MI N, HEAD*::50-
C:HARACTER X(S,), LINE( 120), A2(25)

DCLiTN=" 1

'=TR=" +"

M I NS;=-
X I ) "

X I ) * X

D'D I S=,, 2

DO I1I=1, NVAR
H ( I )=(-I

SF( I ). C~)

DO0 6 I= 1. NYVAR
V(, I)=V(I1, 1)4-1. E-6

['0 C4/. .11 , N

-1 I( I )=2
4 IF (ADES (V ( I, .J) ) -H ( 1) 6, 6, 5
9 H ( I ) =AU'S (V ( I, .J)
6. CCONT I NUE

GENERATE A:cLE FAF COF'-z

Elf-- 7 1 =1, NVAR

A=61- (NAR-131-

'::.(I)= /(H( )+ 1 H~l4



AH1) 5 05 7'-' 2 1 (p:PA'3E 12

DOil 7 J=1I N

* WRITE HEADIING'

WR I TE 0-OUT, '500) NVAR

NF-=NVAR

NIl'= 1
NP =4

WRT('LT C01 DC ~2 11 I=N'), Ni-'

WR ITE (OUT , 502) (S:.F I) I =NQ, NP')

11 NF-NYIAR
WRITECOUT, 505)

PR INT, HEAD'
WR ITE (OUT,5:)

A'~ XI;

LLNITH = 6.1

EDO: 12 I=1!LLNTH
12 LINE( I)=MIN*3

WR ITE(':UT, 504) K (LINE I 11, LLNTH)

* :LANk. THE LINE

D- 1__- I=1,LLNTH
I.T L INE ( I =BL AN[

*PLOIT THE VARIA:LE,:S

['lI 15 j!l,N
L I NE ( 1) =DCIT

[DO 14 1=r1, NVAR
4:.' -*1') /~~f4 + 1
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*JF'~F' A- G F

L INE ( .W:) =Efl0T
L INE (JP) =DCIT

14 LINE(JL)=X (I
WR ITE (lIT,50) J, (L NE 0:.), K , LLNTH)

EnWI 15 L~,LLNTH
15. L INE Ow' )=E:LANf:

REUR

50)FiMT *'=TMPCTIN 5,12 X A L:E:

504: FojRMAT ( I/ X, 14, 6XYSTE 12 LZ' I NA. 1X ,5,"VRI~-

505 FCORMT(.)
ENE,

CHAFRACTER AC(25), HEAEi*:E-:0
CiZMMI'N C-Iu XVZ (6v 402), TO--NI, NVAR, T, TO.-, TMAX, LIELT, HEIELT, IC., NIO,_
&IT. NIT. ITMgAX, f::ERR, IA~( 100)), Y1 ( 100), Y4( (1()), Xl (100)), X4( 1()d), N, f::F,
9lNS:_rAtFL, tT
1i:1i1MMIN /C(lITF"2.' I I J-1 A I SZZ, AMX (25) , AMN (25f), HEAD', NFLC'T, Tf.KF'LII'T, FFLANE
Ci'iMMC'N !'IiUTF1/ V (25) , IF, iL *SE, KS, TSAV, ICN
COrMMIflN ./HCOLE/ IADi::NT. ITO.A, .JC:NT, I r!C:NT, HL.Ei( 50)
I F( I ADC7NT. G3E. 1) '30 TO: 10,2

JI:.NT=C)
I IAC NT'=0
10C.2 IF( T. 'GT. TLc$3) GOu Ti: 103:"

I 'IC NT= I CliC-NT+ 1

1 f, : I F' ( J' NT CAE. 1 ) '3OD TC' 106-)e
I TOA= I
Jf N T =
i-') T-' 107

10.IF( (ITO:' LT IOGiNI ) '30 1') l107

107 DELAWz=HLD( ITOA)

RETURN
ENE,



A' HE A~/ PL C2. v:~ PAGE 14

FLINI I I iON DLI 1-ITAL (1-11 1
CICOMMON IuUJI X VZ .s, 40) .I CINT. NVAY I. 1 ).- FMA1 , EILL V, HLIELI I Cl, N Il I__,IT, N I r, I IrI(

.LM M -N/ l I C, IT A./ I EL I Gl'L.. Z~ A 6 Z L: (6 T S AM, Z K, Nil N T
IM M CN,' E X T R A/ N TE RM, LI6) Y(16

I F 1 [-I 1 I FL C1T C.)) Ciii TCi 1)

NI__N T =I)

NTERM=6_

* A'. HTLIELT Til P1EE I NTE'lORAL MULIiI FL E O~F TSAr1

IF ( DL T G~T. T,-HM /*Ii'). ) 'I'l TOl 50C
FFP= 1.

2)RR=T*U- M/FPP./ ELT

IF( (RR-FL~liiT(,jJ) ).LT . :1) i l Till 71:.)

PP=FF+ 1.
F (PP LE. :3. TO:ll ~l2
P-1.

XDEL=T4-.M,O PP
IF( XDL , L-r DELT' 13CI TCil 1'f_)
FFF+ 1

01,11 Till I

X DEL=TE;AM.' 1I~

['EL Th-X[EL
611 To.- 1C:11:

7: [ IELT=rIELT/'F'
N'_-.MF'L =N':MIFL*FP

1 C) I.)I INT 1 NLI

*HERF FiDIR NillRMCL CIPiERATICIN

IF (,E:'30 ( T*UELT - Nl:NT*IE,--M A) G,' T. 1. E-6 ) l
1

,l TilO311
I F I1I E' I TMAX) NC:Ni1=NTNr+ 1

y y
[ill 110IC I= 1, NTERM
II LI- Y:Nx +y ZI *ZA ( I ) *1( 1

12H 'Y'=YX -Z[E:(P)*Y(I)

IF( IT LT. ITMAX) CO)11 TCI :ji

[IllJ I _;C) 1=NTERM, 2,-



AHEAD 0.f702253PA'3E 15

1-:0 Y (I) Y(I-1)

00 E''iGTAL =Y(1)
RE TURN
ENDL

S UE:ROU-TINE RAN'3E
CHARACTER A ('25).. HEADi*:u-

ICrMON OlUT, XVZ (4-., 10) I:NTF
COCMMOIN .OUTP-2. I I, JJ., A I!::, AMX (),AMN (25), HEAD., NFLOIT, TKFL'JT, FFLANE
C:OMMOIN .' UTF 1I/ V ( 25 ) PI F i:KA'.E, KS..SAV, I CN

IF( I CNT iT. I) C'il TI: 2C0
DOF 1I C) I, 215
AMX(I) =-1.E+6

I1f) AMN(I) = 1. E 6

:.)DE 1 5 1=1, I I

50 AMN(I) = AMIN1(AMN(I),V(I))
70 RETUIRN

:::C WR ITE (CrLIT, 900)-)
DF' 10I 1= I I I
100 WRITE(COUT, 910)1, A( I), AMX( I), AMN( I)
'3': To- 70
90 FC'RMAT(1HC., ' MAX AND MIN VALUES")
Q I ( FO)RMAT( 1H , 12, 3X, AcS-, " MAX =", 012. 5, MIN =,'1.5

END
REAL FUINCTION LIMIT i-i, X, 112)
LIMIT = X
IF(X 'GT. 12) LIMIT=L12
IF(X .LT. L1) LIMIT=LI1

RETURN
END,

-1IE I~T INE TEVKF LT

*TH I'_ SHV-;-:RIIJT INE PREFPARE:: A FILE FOR FLOTT IN'S
*CIN THE TEIF TRONII::S CiRAPHIC: TERMINALS.
*YII Ml-IST:] COFN A FILE IN YO"UR CA-AL':"3J

i:HARAFJ:ER A (2-5), HEAD*:E0

CO-MMIl-iN O:UT, X (6, 4C)2), ICNT, NVAR, T, TO, TMAX, DIELT, HDIELT, IC, NIl:, IT, NI 7
I A ( 10), Y IPZ 100CC_), Y4PZ 1 00.), X1IFZ (10) X4PZ (100), N, f::PF, NS=-AMFL, FT:

COimmONl - I. Orp -. /, I I, 41, A, I., AX (25) , AZ (25) , HEAL', NFL':' T, Tt::FLOTI, FFLANE

IF ( PLANE NE. 0 ) '30TO, 70
DID' 50 I =1 NVAR
K:=C)
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fAHEALX 1)5/I) /79 23 2127 PAGCE 16

7- = Tf
lI':'21) .J=1, DINT

WR ITE(:, 5(-.C)) T, X (I, .J)
S+ 1

T = 1:1.*N'Z;AMFL
T = T*DELT + TO
'C) I CNTINUE
WRTE(3':: 510)
,O( COlNTINUIE
RE TURN
_7f DC) EEC) J=1, II:NT
:z O WRITE(3,500)X(1, J), X(2,J)
WRITE(3, 9j()

RE TURN

END
REAL FUNCTIOIN PTRAIN(T1)

':I'MM'JN ZOUT, XVZ (6, 4(.2), 1 CNT, NVAR, T, TO, TMAX, DELT
'::.AE P, J1

PTRAIIN=C'.

P=F*T 1
IF(T . GT. P).J=.J+l
1F(AE--3(T-F') LT. 0. 5*fDELT)FTRAIN=1/DELT
RET URN
E ND
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APPENDIX I

ANALOG CIRCUIT DIAGRAMS

This appendix contains the necessary analog flow diagrams

to implement the Harrier airframe equations, present SAS,

continuous state feedback, and digital state feedback controller.

Component numbers reference the present implementation of the

simulation on the EAI-681 large scale analog computer in the

hybrid technology lab of Nimitz Hall, U. S. Naval Academy.
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fpLRATE FEEDFACK

.% M -r I 11
44 .wlN~ - P? 1 c

LATERAL STiNBTy AUGMENTrATIO.

CP LCUL X OA 1Na

- B se- se .s rll l$

LAr. ACCF-t. r _________

Bocy WAr- KC- 1
movet), *=-ot-% Tr4Z

C 4 EDBC



YAW FA- FEED1AC<.
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_.7
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LON61TUJDINAL STABILITY AVGMtENTATJOI
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LCONTINUOUS STATE. FEEDBACK
IM IPL VAENTATI OR

L1 Fer

Loi c~L)PINL SE

LAT~gNoreE:

-13

L I )01t%, .L ~ ..



CONTINUOUS 5TATE FEEDBACK
I M PL EV\EN}TATI ON

~~ I"

LATE?,NL CA5 E

Noc sueLs-~

Lot-4 (m TO)DtNA.&L CA s

7-) S~EE APFENty r- I
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f~j LIZ 10 t
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c~cVE14)N~ t~UT~X1S
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APPENDIX J

DIGITAL HYBRID INITIATION ROUTINE

("AHEAD")

Also named AHEAD, this program sets the pots and initializes

the analog computer simulation parameters. Upon completion of

this task, it automatically loads the digital state feedback

controller-SFBCON (see Appendix K).
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II

APPENDIX K

DIGITAL STATE FEEDBACK CONTROLLER SUBROUTINE

("SFBCON")

This program implements the digital state feedback controller.

Note that it operates continuously in an endless loop. It is

activated from the logic and switching controls of the analog

computer. It has been determined that its sampling rate is

approximately'71 samples per second (T = 14 ms.).
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APPUIDI X L

AV-3B OLITPUT TIME TRACES

This appendix contains time traces of the AHEAD AV-8B,

illustrating the results of the research. In all cases, the x-axis

variable is time in seconds, and the ordinate represents the system

states in:

Radians - 0,
Radians per sec Q, P, R
Feet per sec - U, W, V

The results are divided into six sections:

I. V = 30; No stability augmentation; no I.C.'s.

Shows open loop system response to specified control

inputs. Simulation fidelity can be assessed by comparison

with Calspan results, Appendix M.

If-IV

) = 150 =26R

vo  10 kt - 16.9 fps

ro = 50/sec - .09 R/s

00 = 150 - .26R

Initial condition response for sections II through IV

is meant to be representative of the onset of the coupled

intake momentum drag pehnomena.

H1. LATERAL RESPONSE; V = 0, 30, 50, 80

Compares performance of present SAS and state feedback

controller at various velocities.

-153-



(Con t i nued)

III. LONGITIJDINAL PLSPONSL; V -. 30, n, !O

Same as II, except lonqitudinal case.

IV. LATERAL AND LONGIIUDINAL; V 30

Compares performance of the various stability

augientat im options.

V. LONGITI :J)I lA'.; V 30; INPUT PITCH P,(Li

Shovis response ot I -L,- -ontrol ,o y,,t-- to ,

15 '3O  25°  aol VV;'

U, . LATERAI ; 1<O1 S. .. .N 1 1 C 1

Show, response of F:'-controlle ', ' . V v

20, 30 and 40 kt ,. in pierene of at initial t,rik

anle and yaw ratc v = o)
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II.A) LATERAL; VELOCITY 0.1 SFB
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II.A) LATERAL; VELOCITY =0; CONV

* 0 12 345
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II.C) LATERAL; VELOCITY =50; SFB

0 23 4
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2 1

II.C) LATERAL; VELOCITY =50; CONV
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. . . . .. . . ..

II.D) LATERAL; VELOCITY =80; SFB

R . . . . . . .

0 1 2 34
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II.0) LATERAL; VELOCITY =80; CONV
. .. . . . .. . .. . . . ...i~I I 1 .........

25-

02-

.051

.,05................................ ....

61 2 34 5



III.A) LONGITUDINAL; VELOCITY =0; SFB

-172-



III.A) LONGITUDINAL; VELOCITY =0; CONV

. . . . . . . . . . .

25 .. ....
*

. 1 . . . . . . . . . . . . . . . . .

.0523
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III.B) LONGITUDINAL; VELOCITY 30; SFB
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III.B) LONGITUDINAL; VELOCITY =30; CONV

2 1. 2.... 3.....5
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4 - . . . . . . .

III.C) LONGITUDINAL; VELOCITY *50; SFB
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k-1 -- -

I1.) LONGITUDINAL; VELOCITY 50; CONV

.. . . .. . . ..2....
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____ 110) LONGITUDINAL; VELOCITY 80; SFB
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II1.D) LONGITUDINAL; VELOCITY 80; CONV

.25-

.....................

0 1 2 345

-179-



1080

- IW



IV.B) CONVENTIONAL SAS
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IV.D) SFC, No Actuator Dynamics
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V.8) LONGITUDINAL: PITCH ANGLE 250 (Top), 300 (Bottom)

. . . . . . .
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15

-VI.A) LATERAL: SIDE VELOCITY 10 Kt

63

R
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APPENDIX M

CALSPAN TIME RESPONSES

(EXTRACTED FROM TM NO. 98)

This appendix contains Calspan results to control inputs

used in Appendix L, Part I. Comparison of the two enables assess-

ment of simulation fidelity to be made.
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