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ABSTRACT

\\7=>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\girplane through SAS redesign in the low speed
fiight regime. Particular attention is paid to the so-called

ther-cock1ng§¥1nstab111ty encountered in transition
(\'\o\lo.r o C_onvqr\*\ﬁro\ and V.o Vavia

flight. 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 linearijzed 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
ummodified 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
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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 SB“EZ}J1§79. 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. Hewett, 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 weré achieved.

FRberrte. V Natlers
Robert V. Walters

Midshipman First Class,
United States Navy
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1 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 af low weight to
provide the 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




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
Titerally 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 engine-airframe configuration 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 beexplained 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-




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 1ift 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 (1ift)
component of the thrust vector while simultaneously producing

a forward thrust component. The resulting forward velocity

-19-
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of the aircraft causes airflow over the wings and therefore
produces aerodynamic lift. As the transition progresses,
wing-generated 1ift 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
jts 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 20° 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 Harrijer's controllability
envelope all the way down tc 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 immediately initiating i

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 gyros, 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.

0f 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-




* - L e -—

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-8B 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 1
and Whitney (who had similarly obtained production rights
from Rolls Royce). Many independent research projects

flourished on the fringes cf this central two-pronged advance, i

spurred on by publication of large quantities of previously
unavailable technical data. The AV-8B Advanced Harrier is

the improvement 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

_04.




renaissance for the Harrier.

Effective 1ift is the AV-8's most critical design criteria.

There are two methods of increasing effective 1ift: 1increase
1ift or reduce weight. The AV-8B makes use of both approaches.
To increase 1ift in jet-borne flight, 600 pounds of additional
1ift 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 1ift 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 1ift is a performance

increase of about 100% ( a useful load of about 15,000 1bs).

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

effectiveness is best measured by its versatility. It can

_95.
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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-
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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 f]iéht envelope,

especially in Tow speed sityations.

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 Yimitation 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 1imits 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-
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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 1b/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

toraque 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 emphasis 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 1ift differential between the two wings. This change in
1ift 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 1ift of the wind-ward wing
and reduce the lTeeward wing's 1ift, 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 (o)
Sideslip angle (B)

The magnitude of the rolling moment is roughly proportional

to the product of the three variables (IAS, AOA, B8). [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:
é = 100 KIAS
a = 15 units = 15°
B = 30°
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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 instaliled 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 concerns 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 féir]y rigorous

mathematical formulation of these dynamic characteristics.

i e = e
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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. 1Its operation requires a study of six degrees of freedom
for gross motions, while the modes of motion of its many sub-systems
add tremendouslv to the number of system states reauired for a model

of enjineerina 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 studyina. When operating under this handicap, the

best he can do is to insure that he has a thorough understanding
of bhoth 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 Dvnamics of Fliaght, Editions I and II [5 and 6],

an aijrcraft stahility 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 eauations is

in order. The aircraft is first treated as a rigid hody and the

-35-

hII..-II.IIl.l....l.IlII.IlI.IlIIlIIII.IlIIIII'III.IIIiIlIIIIIIIiIllil-i-.unuuu. — e




m’a»-: Nty W e s
4 .

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 the 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 ?aw and summerd:

£6F = I&mv 4.1
By applying the definition of the center of mass and carrying out

the summation, we arrive at the familiar:

e 5
F=mvC 4.2
—
where F is the resultant external force applied, m is the total

.

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

development for rotations equates the total external moment, 5, to

.
-

the time derivative of angular momentum, h, by:
G=h 4.3
T hese 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 8 = Pitch angle
N = Yawing Moment R = Yawing Velocity y = 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
y
e ;
4
17—
h
f
!

Angle of Attack: & = tan'] %
Angle of Sideslip:¥ = sin T_

Ve.q.

Figure 4.2 Inclination of Body Axes to Ve g




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, ﬁ, is vitally important.

-

h = zsh = o(F x V)ém 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
> > > > -
vV = vC + wxr 4.6
with ¥ = x3 + yj + zh, from which
h=zcp+ (;c + WxrEm 4.7
The application of vector algebra yields:
-
h = 32(x2+y2+22)5m-z?(Px+Qy+Rz)ém 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:




] A -F €]
hl-= - - 4
y F B D Q 9
h -E -D C R
Lil L d
where

il

fA B €] = moments of inertia about x, y, and z axes, respectively.
and D = fyzdm, E = Sfxzdm, F = fxydm are the so-called products of
inertia.
The derivative of a vector 6 in a rotating reference frame is:
Q= gg + oxQ 4.10

where

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

reference frame fixed to the aircraft, yields:
8v

E = mrgg + me X Vc 4.1
G = %% +wxh 4.12
with the following scalar components:
Fx = m(ﬁ + QW - RV)
F, - m(V + RU - PW) 4.13
F, = m(H + PV - QU)
and
L=h +Qh, - Rh,,
M = hy + Rh - Ph, 4.14
N=h, + Ph, - Qh,
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axis system may be uniquely defined by an ordered series of three

rotations - first in yaw to angle y, then in pitch to angle 6,

and finally in roll to angle ¢. 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 (K') 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:

g—t%;-k-%;-kw 4.18
where
T = kinetic energy of the system
W = work done on the system by external forces
F = generalized force

Qy = 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

desired transformation to a fixed frame (x , y , z ):

X .
1l

UcosOcosy+V(sindsinfcosy-cosesing)+W(cosesinBecosy+singsing)
. !
y = Ucos8siny+V(sin¢sindsiny+cosocosy)+W(cospsindsiny-singcosy) 4.15
z' = -Usin6+Vsingcoso+Wcospcoso

and, to describe the angular orientation:

p = é - @ sin 6
" Q=6cos ¢+ P cos 6 sin ¢ 4.16
R = @ cos 6 cos ¢ - 8 sin ¢
therefore,
é =Q cos ¢ - Rsin ¢
é =P+ Qsin¢ tan 8 + R cos ¢ tan 6 4.17
¢ = (Q sin ¢ + R cos ¢) sec ©

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:

Hy + Fy = 18, + meeeacz + Pex (PR-Q) (elevator)

I3, - mea. - P (PQ#R) - P (RQ-P) (rudder)  4.19

p =4
+

-
1]

2H + F, = 16 + Zpay (RQ + P) (aileron)

where
a. = accelerated of center of mass
e = mass eccentricity of control surface
F = generalized control force
H = control hinge moment
1 = control effective moment of inertia
M = mass of control surface
P = control product of inertia
§ = 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 1.h.s. of equations 4.13 are, therefore,

Fx = X - mg sin 9
F_y =Y + mg cos 6 sin ¢ 4.20
FZ = Z 4+ mg cos 8 cos ¢
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f angular velocity;

The moment equations, being purely aerodynamic, need not be altered.

Small disturbance theory will now be used to linearize the
equations. The vatidity 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 J
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 conditicn symmetric and without

(d) small angle approximations may be used;
(e) rotary derivatives are negligible; and

{(f) all controls are dynamically balanced.

i 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:

XO + AX - mg(smO0 + 8coseo) = mu

Y0 + AY + mggcosO, = m{v + uor) 4.1

Z0 + A7 + mg(coso0 - Gs1n00) = m(w - uoq)
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0
Mo + AM = Bq 4.22
N, + AN = -Ep + Cr
+AHe+Fe + AF =Ien
0
tAH +F o+ AF,. = 1¢ 4.23
0
+ =
2AHa + Fao + AF Iag
6= q
& =p+r tan 00 p = $ - ¢ sin eo 4,24
Y = r sec 60

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-mgecoseo= mu
AY+mg¢coseo= mv + mu r 4.25

7-ma6sing = me -
A m9851n60 mw muoq

AL = Ap - Er
MM = Bg 4.26
AN = -Ep + Cr

+ ekt et am — e+
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AH, + AF

AH  + AF

20H_ + AF

= q
¢ = p+ r tan eo p=2¢ -y sin 60 4.24
. (unchanged)
y = r sec 6

0

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 = Auu + A&u + ...Adé + Aéé 4.28

_ (oA .
where Au = (au)oreference condition
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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=Xu+Xw+qu+X6 6j+X6<5T+X6E6E

u W 3 T
AY = va + Ypp + Yrr + Yé GA + Y. 6 4.29
A GR R
AZ = Zuu + wa + qu + 26.6j + 26 GT + ZG GE
J T E
AL = va + Lpp + er + L6A6A + LGRGR
AM = Muu +Mw+ qu + My Gj + Mé GT + MG dE 4.30

v j T E
AN = va + Npp + Nrr + NGAéA + Narér

and =1 =1 =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 L

in the literature:

d
- X - X w4 6 - = .- - =
[ﬂ)a? u] u W (mg cos 0 an—t') 8 XejeJ XéTéT Xéeée 0

d d
-7 ut -1 - + - ] - - -
pUtimgg = Z 0w - [(mu Zy)aE - m9 sing ] 6 Zg 8 ZéTdT Zg 60 =

j e
, 4.
_ a- d ) '
-MUU MwW+(BE;7 Mq af)@ ‘Mejej - MGTGT - MGeée =0

d -
q -a—tO =0

d _
(maf - Yv) v - Ypp + (mug-Y, )r-(mg coseo)¢ -Ydaéa-Ydrér =0

s b 4 bk o 1 . R et ¥ gt bt ¢

d d :
L vt (A - L )p-(Eq- + L )r-L. 86.-L_. 6_=0 f
v dt p dt r §,a 8 °r 4,32 ]

_ _ d d
va (EHT + Np)p + (CHY - Nr)r - Naaéa - N rd =0

¢ = p + tan eor

-47-




OUTPUT EQUATIONS

"

- -1 W -1 rw
a=tan = tan [uo+w]

- -1V -1
B=tan = tan TV

wotu 4.33 !

< .
it

8
r sec 9,

Since eo = 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 4.3) 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 1ittle 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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THE LATERAL EQUATIONS

— r—
] ﬂ . Y cosd v v Y ]
v v %'y Yty 9 0 Sps 8op
—
L L L 0 b L L 8
N T A r . Sps - Opp AS
. 1 1 1 1 1 Q
r N 1 N 0 r N N RP
v.op r Sps Spp 5
8] Lo 1 0 0 N L ] 10 0 .
where <. = Y/m
and
CL, +EN CL. +EN
o CL,EN, . CL_+EN o CL+EN o Sas 6 ) r.& g g
Vo ocag? P caA-E r CA-£° Sas CA-E2 RP CA-EC
CL, +AN EL. +AN
o EL +AN, L CL_+AN, . EL +AN_ o Sas e K Sep o
v 2 ] 2 r 2 J 2 & 2
CA-E CA-E CA-E AS CA-E RP CA-E
A= Hxx
= 1
B =1y
c=1,

Figure 4.4 The Lateral State Equations
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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.

[ 7} 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 3° (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 8° and that a
"one-step" deceleration would be used, that is, nozzles

rotated from full back to full down instantaneously. 1In all, these
two trajectories may be considered representative of actual flight
procedures based on the NATOPS Flight Manual [ 3)

The mathematical model was to be developed in terms of these task-
related reference trajectories, with linearized, but non-con-
stant 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 stabjlity 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=AX+Bu -
where

A=nxn Coefficient Matrix

B =nxr Input Matrix

X=nx1 State Vector

u=rx1 Input Vector

The stability and control derivatives are then the elements of the 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 equation describes

the lateral/directional modes of motion, while the other treats




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 controlliers.
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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-88 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 controlied 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




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 Q'and g 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.




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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INPUTS OUTPUTS

DIGITAL
CONTROLLER

Figure 7.1 Representative Model: Digital State Feedback

Figure 7.2 State Feedback Block Diagram
(M= F=1,C=1)
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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, kT,
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 [SL-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 that 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




characterisiic 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 ET. 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):
' L T, _
A'(A) =[x1 - A+Bk] =0 7.2

for each desired root, Ai. It is possible to transform this
equation into an equivalent form (see "Homenclature" section for

explanation of symbology):
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= 1AL+ 01 AT H

= 801+ 6(3)8K]| 7.3

since %(Ai)wf JAiIQ—Al .

i} T H

BAIT, + Qg(xi) B'| 7.4 g
_ -1 .

Here ¢(Ai) z (AiIn—A) and A(Ai) 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 xi is the solution to the pole

placement problem.

Elementary matrix theory insures a zero determinant if any 'l

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 fortunate ,as 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: -2, -2.2, -2.4, -3
Lateral: -3, -3.2, -3.5, -4
Not only did these roots give satisfactory system time responses,

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

g
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
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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

et e s I e i ik bt

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

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

judged to yield an excellent representation of the Harrier's

flight in the VSTOL regime.




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 Titerature 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
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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




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-

ey

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

oo PR LR S




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 Il and 11l demonstrate the system's effectiveness
at various velocities in the transition region. Part Il 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.




R s e s v e

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 J

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 111 of Appendix L) of the model in many respects resemble those i
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 100' 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 suitablie 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 1imit 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

CONCLUSTONS

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

simulation of the Harrier. The achievement of these objectives

has required the accomplishment of the following tasks:

o 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
3 to those in the literature.

o 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.

e 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 1
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
L gains.
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® 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.

e 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.

0 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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[ 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.

o 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 whetier 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.

e 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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o 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 refererce 16.

e 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/EAL 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 cortrol 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-88 LONGITUDINAL MODEL

STABILITY AND CONTROL DERIVATIVES
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AV-8B LATERAL MODEL

STABILITY AND CONTROL DERIVATIVES
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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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Feg—— s anh B, o4

o

ROOTS OF THE AV-8B LINEAR AIRFRAME MODEL

V_ (KTS LATERAL

0.0 -.451
157 + § .344
-.069

30.0 -.947
.244 + .648 j
12

50.0 -1.086
190 + § .770
-.123

65.0 -1.158
17 + § .837
-. 113

80.0 -1.238
.016 + j .907
-.079

105.0 -1.429
-.148 + j 1.103
.0035
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LONGI TUDINAL

-.044
.097 + j .209
-.267

.444
-.594

-.069 .144

|+
[

.548
-.731

-.108 191

|+
[

.496
-.627
- 172+ .233

.116
.083
-.300 + j .466

-.021 + § .130
.336 + j 1.105

-




al

>

3SYJ TYNIGNLIONOT
"0T3A 40 NOILINNS

Y SV NOILISOd 100Y

-90-




N O E TR A

"0713A 40 NOILONNG
¥ SV NOILISOd 100d

g8-AY

-97-

[t




APPENDIX C

MATRIX MANIPULATION SURROUTINES
("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 AL

3¢ 3k 3t
3 3¢ 3t

[ 10

oo 1o

M =1L
N = ¥

RETURN

END
43
338 3¢

oo 10

Do 10

M= L
N = K

RETURN

END
4

=

2 10

SUBROUTINE TO TAKE THE NEGATIVE TRANZFOSE
OF A MATRIX

SURRDUTINE NTRANCX, k., L, Y, M, N)

DIMENZION X200, Z0), Y20, 20)

I=1,- [
=1, L
10 v (.LI)

SUBROLITINE TG
OF A MATRIX
SUBROUTINE TRANCX, K, L, Y, M, N)
ODIMENSION X (20, 20), Y20, 2
I=1, kK
=1, L
10 Yo, 1)

SUERCUTINE To ALD
SURROUTINE MADDC(R. A, N M, B)
DIMENSION R(OZ0, 20), A(Z0, Z0), B(L0, Z0)

I=1,N

oo 10 J=1. M

10 R(IL, D)
RETLURN

EN[D
33 4

#*
OO 10
i 10

END
w43

3+

e 10
Dy 10
VeI, .
Doo10 k.
VeI, )

([T}

n

SLEROUTINE TO SURBTRACT TW MATRICE
SUBROLUTINE MSUEB(R, A N, ML B
OIMENSION ROZ0, 200, A(Z0, 20), B(Z0, Z0)

I=1,N
d=1, M
10 RCOI. D
RETLUIRN

SUEROUTINE T MULTIFLY TWO MATRICES
SLURROUT INEMMULT (R, A, M, M, LS ED

CIMENZTION RN, L), AN, M), B(M, L)

DIMENSZTIOM V (20, 20)

N
L

1, M
ACT, ED) #EE, Q)

10 CONTINUE

>

)

OS/0S7s77%

TAEE THE TRANSFIOZE

TWO MATRICES

+ B(I,.D

- B(I,.N

+ VI,
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MATFAE. Q[LQ517 14:51:42 FAGE 2

DO 20 I=1.N
DD 20 =1, L
20 RCI D = YOI, D)
RETURNM
END
#

SUEROUTINE MINV ‘

FURFPOZE
INVERT A MATRIX

LISAGE
CALL MINVA,N. D, L. M) {

DESCRIPTION OF FARAMETERTZ
A — INPUT MATRIX, DESTROYED IN COMPUTATION AND REFLACED LY
RESULTANT INVERZE
N ~ ORDER OF MATRIX A
n RESILL_TANT DETERMINANT
L - WORK VECTOR OF LENGTH N
M — WORE VECTOR 0OF LENGTH N

i

REMARE=
MATRIX A MUzY EBE A GENERAL MATRIX

SURBROUTIMES AND FUNCTION SUERPROGRAMS REQUIIRED
MIONE

METHOD
THE STANDARD GAUSS—JORDAN METHOLDN Is UWSEDR. THE DETERMINANT
IS ALSD CALCULATED. A DETERMINANT (OF ZERD INDICATES THAT
THE MATRIX IS SINGULAR

*o% % ok ok ok ok ok % ok & % oK ok o ok o & ok K % & k % & %k % % k¥ ¥

SUBROUTINE MINV(R, X, N, O1)
ODUELE FRECISION A, D, BEIGA. HOLD

DIMENSION ACI00D), K10, 10), L{100), M(100)
ODIMENSION X(10, 10)

=0

O 3 I=1, N
oo e =1, N
F=k+1

RS A =X, )

IF A DOUELE PRECISION VERSION OF THIS ROUTINE IS DESIRED, THE
COIN COLUMN 1 SHODULD BE REMOVED FROM THE DOURBLE FRECISION
STATEMENT WHICH FoLLOWE.

x ok ok & & X
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VS Q5 7w 14592 16

DOURLE FRECIZION A, 0L BIGA, HOLD

SEE AROVE

%o % &k ok % ok o Xk % & ok XK

STATEMENTE

THE C MUZT AL BE REMOVED FRIOM DOUIRBLE FRECISION
AFFEARING IN OTHER ROUTINES LSED IN CONUINCTION WITH THIS

ROUT INE

THE DOUBLE PRECISION VERZION OF THIZ SUBRDUTINE MUST ALEZD
CONTAIN DIOLELE FRECISION FORTRAN FLUNCTIONMS

10 MUST EBE CHANGED TO DAES.

IN STATEMENT

SEARCH FOR LARGEST ELEMENT

=10

NK=-N

0o 20 k=1,N
NE=NE+M
LK) =K

MOK) =k
KE=NR+K
BIGA=A(KE)
Do 20 Jd=FL N
IZ=N#{.t-1)
Do 20 I=skL N
Ii=1Z+1

IF{ DARZ(RIGAY~ DAET(ACI.))) 15, 20, 20
EIGA=ACL.1)
LD =1 '
Mk ) =4

CONT INUE

INTERCHANGE ROW:=

=L KD

IFCI-k) 25, 35, 25
K I=t—-N

Do 20 I=1, N

k1= 1I+N
HILD=-A(KTI)

A=k I-k+.1
A(KETI)=ACI]1)

ACITY =100

INTERCHANGE TDLUMNE

I=M(E)
IF(I-K) 4%, 45, 2%
2 F=N#(I-1)




MATFAK

x ok ok %

*

40

70

by 1

o IR e A ¥R 1 e < e

VS/0O%57/7%

o 40 =1, N
=N
JdI=dpP+
HOLD=-A (1K)
ACIE) =A(II)
ACIID) =HOLD

DIVIDE COLUMN BY MINUE FIVOT (VALLE OF FPIVOT ELEMENT IS
CONTAINED IN EIGA)

IF(ERIGA) 42, 44, 4%

L D=0, 0

GO TO 140

2 DA 55 I=LN

IF(I-K) S0, 55, 50

Ik =NE+]
ACIE)=A(IE) 7 (-EBIGA)
CONT INUE

REDINCE MATRIX

oo &5 I=1,N

Ik =Nk+TI
HOLD=A(IkK)
I.0=I-N

0Do &% J=1, N
It=T.0+N

IF(I-F) &0, 65, 60
IF A=k A2, &5, &2
pod=T. 4= T +k

ACTL D =HOLD#AE D +ACTI)
CONTINUE

CDIVIDE ROW EY FIVOT
bod=k~N
po 75 J=1, N
b=k N
IFCI=K) 760,75, 70
AlK. D =A(E.1) /BIGA
CONT INUE
FRODUCT OF PIVOTSE
D=0#EIGA
REFLACE FIVOT LY RECIFROCAL

AEEY=1. O/BIGA
ZONT INLIE
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OS /0% 7r79

>

14
P
X
h

FINAL ROW AND COLEMN INTERCHANGE

b—-1)

E) 190, 150, 105
I=L(k)

IFCI=-EDY 120, 120, 103
=N (B~1)
JR=N&(I-1)

oo 110 =1, N

K=

HZ2LO=A (1K)
dI=JR+

A ==ACJ]D)
ACITY =HOLD
J=MOED

IF{I=E) 100, 100, 125
KI=k~N

W 1z0 I=1,N
KI=kKI+N
HOLD=A(KT)
JI=RK T~ 4+
A(KI)==A(dI)
ACUHI)Y =HOLD

S0 T 100

150 G0 T 160

I=1.N
=1, N

170 RCI, ) = ACE)




EP U S - . —

FADDM1 OS/09,79 17:27: 329 FAGE 1
# FROGRAMMER: E. E. MITCHELL

# FROGRAM NAME: FADDM1L

# SYSTEM: DTS5 FORTRAN

# FUNCTION: COMPUTES STATE FEEDRACE GAINS FOR

* THE SOLUTION OF THE AREBITRARY FOLE

¥* PLACEMENT FROEBLEM FOR MULTI-INFUT

* MULTI-0UTFUT SYSTEM=

3t

##%  MAIN FROGRAM FOR FALDD

¥

3 3F 36 3 3 3 4 30 S 4 36 3 8 3 3 36 38 36 3 36 3 36 36 3 38 36 3F 3 36 3 30 36 3 30 3 38 36 3 3404 33 ?
I+

DIMENSION AC10, 10), H(10, 10), 5(10, 10)
DIMENSION F(10), AX(10, 10), E(10, 10, 10)
DIMENSION C(10, 10)

DIMENZION 2¢10), RR(10), RI(10). D10, 10, 10)
CHARACTER YES. FILEL, FILEZ
LIEBRARY"#EOSOO4: FADRD"
LIEBRARY"#EOSO04: MATFALK "
LIEBRARY"#EQSOOL: FRNMT
LIEBRARY"#EOS0O04: EVALY

M= 10

IN=0O

I0UT=0

* DATA FROM FILE OR TTY

FRIMT. "INFUT FROM A FILE?"

INFUT, YE=

IF(YES . NE. “"YES") G TO 5

FRINT, "FILE NAME Iz

INPUT. FILEL

OFENFILE 2, FILE1

IN=2

%

# QUITFUT TO FILE OR TTY
*

COMNT INUE !
FRINT, "OUTFUT T A FILE®
IMPUT. YES
IF(YES  NE. “YES") GO Ta 10 |
FRINT, "FILE NAME IS 7 ;
INFIIT. FILEZ !
OFENFILE =, FILEZ !
REWIMD 3
ENDFILE = |
I01="= i
10 CONT INUE

B3

# READ DATA FROM FILE OR TTY DEFENDING UFON IN=0O OR Z
# IN=0 FO2R TTY, IN=Z FIOR FILE1
#*
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FADDOM1 OSIO8 TS L7 57 52 FAGE z

IFCIN _EfR O)YPRINT
IFCIN  ED. O)FPRINT, "A = N BY N MATRIX"
IFCIN . E2 O)FRINT
IFCIN | EQL O)YPRINT, "N ="
READ(IN. SOO)N
IF(IN  EQ OPRINT, "ENTER A EY ROWZ, 1| ROW/ZLINE"
FRINT
oD o= I=1,N
2 READCIN, S00) (ACI, ), =1, N)
IFCIOT O ME. OYWRITECIOUT, 510)
WRITECID, S10)
D 20 I=1,N
IFCTOUT O NE. OYWRITE(IOGUT, S20) AT, 1), Jd=1, N
FO WRITECIO, S20)(ACI, A),d=1, N)
CALL FADD(A, B AX, PN M, I0L, T02)
ke
3+
SO0 FORMAT (V)
S10 FORMAT(A777" A MATRIX")
SZ0 FORMAT(MO", S(G12 5, 2X), S "L 4(G12 5, Z2X)))
IF(IN . EQRr O)FRINT, "N, L, B BY ROWS"
READCIN, SO0O)N, L
oo 40 I=1.N
40 READ(CIN, SOOY (I, ), J=1.L1)
o 4% I=1,N
Do 45 =1, L
i 4S5 H(OI. Hy=C(I.. D
CALL PRM(H, "INFUT B, 10, 10, N, L, O)
oo 70 K=1,N
DO SO I=1.N
0o SO =1, N
S0 AX(I, H=EdE, I, .0)
TALL MMULTAX, AX, NN, L. )
po A0 I=1, M
ng &0 Jd=1.L
20 B(EL, I, =RAXCT, D
70 CIINTINUE
TFCIN CED QOYPRINT, "ENTER M ROOT LOCATIONS, RR.RI, 1/LINE"
| =0 I=1, N
’ 20 READCING SOO)RR(IY, RICI)
FRIMT, "DESIRED ROOT LOCATIONT
oy 25 I=1,N
25 FRINT S20, RR(ID),RIC(CI)
D 100 Li=1, N
# CALL FRRVF, "F", N+1, 0)
FRIi=RR({(L1)
FIl=RT{L1Y
CALL EVALGF.N+1, FR1, FI1)
100 I=1. N
o 100 =1, L
oty 20 =1.N
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FAODML OS5 /705,77

[
N
)
D]
lJl
Tat

FAGE

SOO(EY=BE(EL L, LD

# 1IZALL. PRRV(D, "0, N, 0O)
FR=RR(L1)

FI=RI(L1)

CALL EVAL (D, N, PR, FILD)
O, I, DH=FR/FRL

¥ FRINT, D¢LL, I, ), FR, FRL

100 CONT INLE

oo 110 I=1,L

DO 110 J=1.N

C(IL =0

110 C(1. . ry=1

DO 180 k=1, LN

0 120 I=1.N

My 120 J=1,L

S TY=—20d, 1D

IFQZCH 1Y JER QG0 To 120
M 120 k=1,N

120 AX(E, T)Y = D(I, E,.0)

120 CONTINLUE

I=1

150 M 140 A=t L

IFCCOL Iy D ER O)E0 T 140
Zed 1) =0

IFGE D ED LG TO 170

CCd+l I=1

! GO TO 175

’ 140 CONTINUE

170 C(1, I)=1

I=1I+1

IFCI  GT. NGO T 175

S T 150

175 CONTIMUE

# GALL PRM(C)"CHIIOIIDINJN}O)
# CALL FRMOAX, "AX", 10, 10, N, N, )
CALL MINVAX, AX, M, DET)

IF(DET . NE. ©O) GO TO 120
FRINT, "OET = O"

CALL FPRMOES, "CY, 10, 10, N, L, O)

GO T 130

190 CTALL MMULT(AX, =, L, Ny N, AX)
CALL FRMOAX, "E GAINZ". 10, 10,1, N, 0)
ALl MMUOLT(AX, H. N, L. N AX)

CALL FREMOAX, "EB#k", 10, 10, N, N, O)
CALL MEUBRCAX, Ay N, N, AX)

CALL FRMOAX, "A-EE", 10, 10, N, N, )
TFCIOZ NE ) GO To 120

CALL FRMORX, "A-EE2. 16,10 M M T3
120 CIONTINUJE

END
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NN PR Sy o4 e e T D A D3 e Y

F DL S TACST A 146 56 25

SUEBROUTINE FADDCA, B, AX, B M, M, IO, T02)

*

L

# SLUERMITINE TO FIND THE INVERSE OF THE (=I1-A)

+# MATRIX - A MATRIX IN GENERAL FORM

3

# E.E. MITZHELL &7

#*

# CALL VARIAEBLES

#*

# A = A MATRIX IN (SI-A)

# [ = COEFFICIENTS OF NUMERATOR POLYNOMINALS

#* IN THE (=I-—-A) INVER:SE

#* BCl, I, . D#Ssex(N—-1) + B(Z, I, D#2#ex(N-2) +  +
* E(N, I,.D

# F = VECTOR OF CHARACTERISTIC EoN COEFFICIENTS
#13¢ FPOli#Sses#N + P(2Z)#S##(N-1) + .. + F(N)

# AX = INVERSE 0OF A MATRIX UFON RETURN

# [B(N+1.,1.1) = DETERMINANT OF A MATRIX LUFON RETLRN
# M = OR > N+1, EQUALS THE DIMENSTION OF A, B AX & F
* MATRICES IN THE CALLING PROGRAM

# N = OROER OF A MATRIX

#* I01 = QUTFUT FILE # FOR INVERSE OF (SI-A)

#  I0Z2 = QUTPUT FILE # FOR INVERSE OF A MATRIX

-3

-4

L E AR BRI I HIC IR H R RN R
DIMEMSION F(M), A(M, M), AX(M, M), B(M, M. M)
LIERARY"#EQS0O04L: MATFAK "

15 Do 20 I=1.N

Do 2o Jd=1, N

20 B(1.I,.0)=0 0

oo 25 I=1,N

2% B(1, 1,1 = 1.0

&

# MAKE Al = A

#

v 25 I[=1.N

oo =25 =1, N

I5oAxXcI, = Al

F{1)y = -1.0

k-4

NEED A IDUNTER. k=X, N+1 FOR THE N MATRICES

]
-

THE LOoF ARCUND THE ALGORITHM

v
-
1l
-
+
—

|
—-

o< Rk E TR %
W

FAGE

1




I . IO b i 2 el bttt —

FADD OS/AOS/T7 16: 54 44 FAGE z

[T,

# FIRST F (k)
* PRINT. "G1v
3
F(E) = O
DO A0 I=1,N
O FPOED) = F(E)Y + AX(I, 1)
ToL=1. E—-&
FOK) = FED)7XE
# PRINT. "PE) " K, PR
# THE B MATRICES
0D 20 I=1.N
oo 20 J=1, N
Bk, I,.) = AX(I, ) - PO)#BCL, I, .0
SO CONTINUE
# WRITECIO &ZO)E
« DO =z I=1,N
# 22 WRITE(IOQ, SEOY(E(GE, I, ), =1, N)
DO 24 I=1,N
o =24 =1, N
SéEH IFCARS (R, T, .0 CLE. TaL) (e, I,y = 0 O
# THEN THE AI MATRILCES
IF(E E N+1) GO TO 120
oo 100 I=1,N
oo 100 J=1, N
AX(I, . = O 0
Do 100 L=1, N
AX(I, . = AX(I, ) + A(IIL)*E:(H:ILI'_I)
100 CONTINLIE
# WRITEC(ID, £22)
« DO 102 I=1.N
# 102 WRITE(IDQ, S40) (AX(I, ), =1, N)
o 10s I=1, N
D 10S Jd=1, N
105 IF(ABS(AX(I,. )Y (LE. ToOL) AX(I,. Y = 0 0
S0 T S0
# END OF LooF
120 WRITE(ID, S0%)
IzW=0
oo 140 I=1,N
WRITE(TIDO SA0) (BIN+1, 1, .00, =1, N)
140 IF(EB(N+1,I,.0H 57T 1 E-0S)]IzW = 1
IF(I=ZW CEQ O) G0 TO 140
FRINT, "STOF=1, CONTINUE=O"
IFCIN (B2 OG0 TO 140
INFUT. ISW
IFCIsW EC 1) STOFR
140 TONTINUE

+
#  HERE TO QUTFUT RESOLVANT MATRIX
#*

WRITECDD, S10O)N
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FADD OS /057 7% 145712 FAGE =

D 120 I=1, N+

d = N+1-1

P(IY=—F(I)

120 WRITECILD, S20F (1), .|
WRITE (10, S20)

oo 200 KE=1.N

WRITE(ID, SS0)EK

oo o0 I=1,N

200 WRITE(ID, S&OY(E(K, T, D). 1=1, N)
G0 TO 285

210 CIONT INUE

WRITEC(IG, S70)

WRITE(IQ S20)

WRITE(ID, SSS)M, N

Do 220 I--1, N

Do zZzo =1, N

WRITE(IO, S20)
WRITEC(IO, S20) 1. .4

D 220G k=2, N+1

L = N+1-k

220 WRITECIO, S2SOEG, 1, ), L
290 CONTINUE

# DUTPUT THE INVERSE COF A
ZAEO XK o =—((=1)## (N-1))#F(N+1)
E:(N+1:1r1) = X}
WRITE (I, £00) XK

WRITEC(IO, £10)

Xb==F(N+1)

Do 270 I=1,N
WRITECIO, SA0) (BN, I, D /7XE, =1 N)
Dy 220 J=1.N

220 AXLI ) = —EIN, T D /R EN+LD
70 CONTINUE

2% RETURN

%
I+ 4
1+ 4
SO0 FORMAT (o, G ORE 2, 2X ) et 2XL S0nE 2, Z2X))
SOS FIORMAT (1Y, 7777, "0 S0l i TON CHECE, I3 B=0O ™)
S10 FORMAT (777" CHARACTERI=TIC EGN, ORDER=", 14)
TS FORMAT (777" INFUT 1 FOR REZOLVENT MATRIX"
s INFOT Z FIOROINVERSE 13F A MATRIX™

0 0 INFDT O FOR O SDOTH™)
SZO FORMAT (" " 1514 S, "woes", [ 2)

T0OFOEMAT (2" ARJGINT MATRICES, R(I), WHERE®
S /Y s eN + RO ESER (N1 4+ + FB(N—1) &<
@+ Lyt
SEOCFORMAT (2t RO, T2, M)

*

=
I

FEO FORMAT (MO S0512 S, Z2X), Sont "LAQGLE S 2ZX)))
STO FORMAT (777 REZOILVENT MARTIX FOLYNOMINALS")
S0 FURMAT ')
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FAOD

SIS FORMAT (" +
S0 FORMAT (" +

0S/05/79 14 57 %2

1¢2) Is @A », [Z2,00 By, IZ," MATRIX™)

./.(“' I:Z) "l"‘lzl ")”l)

S¥S FORMAT ("0, 4(511. 4, "wSes®, 12, 2X),

b2
LHOO
10
&20
&22
%
END

S

“, 20511 3, twses”, 12, ZX)))

FORMAT (/77" DETERMINANT OF A = ", 5314 3)

FORMAT ("
FORMAT ¢
FORMAT ("

A INVERZE")
B, R T2
A K", I2)
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EVAL OS/705/77% 170201 FALE

SLBROUT INE EVAL (G, N, &1, 5D

FROGRAMMER: E. E. MITCHELL
FROGRAM NAME: EVAL
SYITEM: DTSS FORTRAN
FUNCTION: FOLYNOMIAL EVALUATIUN AT
A COMPLEX FOINT:
ACLI+A(Z) RX+A(Z) X ##Z+ AN+ ) #X##N

o om % ¥ ox X %K

33 4 3¢ 36 6 3 9 3638 36 3 30 3 3046 3 03 30 46 3040 3 3 3036 30 36 330 3 30 F 46 3040 36 3 3 3630430 3 38
#
DIMENZION A(10)
DIMEMZTIUN E(10)
COMFLEX X, R
# FRINT, "ENTER FOINT, REAL FART, IMAG FART"
# INFUT, 0, =
0Da S I=1.N
S AL =B(N+LI-1)
X=CMPLX (3, =
=CMFLX (O, . 0.

1 IF¢Y= 2,02

2 R=R#X+A(.)

= 0-1

S0 Tt

=OCONT INUE

# FRINT S00, 0, =

# FRINT S10,R

D=REAL (R)

=R IMAG(R)

RETLIRN

12 CONT INUE

D=E0RT (DL 532)

IF( B O 0  AND = CEn O 0)El T 10
SZ=ATANZ (O3, REAL(RY Y #1230, /2 1419924

FRINT 520, 0, %

10 CONT IMUE

RETLIRN

*

SO0 FORMAT(MOVALUE OF POLYNOMINAL AT Y, 2514 5)
S10 FORMAT (" RR, RIM™. 21514 %)

SZO FORMAT (O DR MAGNITUDE =", G14 5, 74X, "ANGLE =",15314 5)
END
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Sample

KUN

14PUT FRCM
FILF

A FILE??
NAME 1572 LCHS

Run

YFES

CUTPUT TC A FILE?? YES

FILE NAME IS

?? F

A MATRIX
-.44000E-01 ~.57910E-03 ~32.160
LT2HT0E-G3 -.38160E-01 ~1.6600
.G00Q00E-38 .0C000E-3" .00000F~38
-.13680E- LU5910E-02 .00000E-38
INPUT B MATRIX
-0.15940 C¢.3371
~0.34610 -2.5380
.0000NE-38 .000005-38
0.23030 -.3€60005-01
DESIRED ROOT LCCATICHNS
-~2.0000 .00000E~3%
-2.2000 .00000E-38
-2.4000 .00000F=-38
-3.006090 .00000E-38
GAINS  MATRIX
-239.15 5395.0 528817,
.00000E-3" .00000E-~38 .0000C0E~3R
B¥K  MATRIX
34.120 -8690.13 -3429.3
$2.7€6 ~1867 .6 -18302.
LG00O00E-38 .00C00F~38 .00000E=-328
=55.145 124854 12205,
A-BK  MATRIYX
-38., 164 860,12 8397 .
~52.768 18RT.5 16301.
.COU0DE-38 .CO000E~3E .00C00E~3"
55.194 ~12bLs .y -12205.
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1.332%
-9.6633
1.0000

-.663F0E-01

7947 .4
.N0J00F=31°

-1272.0

=2757.5
.0NO0JF =38
183¢.9

1271.3
2717 .0
1.0000
-1£39.0




-2.0055

.33202E~

0.33086
0.60983

00000E~

~0.u6406

~0.37486
-0.60910

.00000E~

0.46269

-1.8190

.36604E-~

0.3022¢8
0.53664

.00000E~

-0.42113

-0.34%528
-0.53592

.00000E~

0.41977

-1.7658
-20.043

-5.9970
52.51P

.00000LE~

~0.37840

5.9530
~52.518

.00000E~

0.37703

B i A i s - ~
K GAINS MATRIX
-0.34084 80.280 33.519
01 -0.75553 ~7.3926 -1.1112
B¥K  MATRIX
-0.19973 ~15.246 ~5.2393
2.03£9 -9.0225 =7.7422
38 .00000E~38 .00000E=-38 .00000E-38
-.52391E~01 18.7095 7.G837
A-BK MATRIX
0.194815 ~16.871 6.5713
~2.0751 7.3325 -1.9211
38 .00000E-38 .00000F-3° 1.0030
.56982E~-01 -12.795 -7.1501
K GAIES MATRIX
~0.33227 75.516 29.800
01 -0.8322¢ -8.1443 ~1.2242
B*K  MATRIYX
-0.227¢€1 ~14.783 ~5.1628
2.2273 -5.4660 ~7.2056
38 .00000E-38 .00000E~38 .0N000E-38
~.UB72TE-01 17.722 6.9218
A-BK MATRIX
0.22703 ~17.377 6.ug4¢8
-~2.265¢% 3.7760 ~2.145067
32 .00000E-38 .00000E-38 1.0000
.51318E~01 -17.722 -6.9382
K GAINS MATRIX
~0.€94%54 149,33 bp .94
~3.3280 ugy, 8y 74,6095
L¥K  MATRIYX
-1.010¢% 143.01 18.654
8§.6652 ~1307.hH -203.75
38 .000NDE-38 .00000E-3% .00000F~-38%
-.41415E-01 16.652 6.7603
A-BK  MATRIX
1.0100 -175.17 -17.322
-8.7204 1305.9 tou . QR
3% L00000k =38 .00000F=38 1.0000
LU46006F-01  ~16.652 -06.8286
~-107-




""mpghhmwé5@
-

K GAINS WATRIX

~1.6640 -0.32584 71.081 26.059
L40005E-01 ~0.50004 -8.8961 ~1.3373
E*K MATRIX
0.27¢872 -0.25451 ~-14.329 -5.0813
0.47436 2.4199 ~-2.0229 -6.6602
.00000E-38 .00000E~38 .00000FE-38 .00000F~38
-0 .3854¢ -~ U420 T78E-01 16.72¢ 6.7528
A-D¥  MATRIX
-0.32272 0.25393 -17.831 6.4133
~-0.47364 ~2.4581 0.33289 -3.0031
.ODDOOE~38 .00000F~38 .00000E-38 1.0000
0.38411 L47059E-01  =16.720 -6.8192
1 K GAINS MATRIX
{ -6.7910 -0.94612 206.31 50.673
! -33.072 ~4.9150 864 .41 138.131
B*K MATRIX
~10.066 -1.5061 258.52 38,6548
85.286 12.802 ~2265.3 -362.57
.00000E~38 .00000E~38 .00000F~38 .00000E-~38
~0.37678 ~. 41U425E-01 16.406 £.7161
A-BK MATRIX
10.022 1.5055% ~-200.£8 ~37.218
~£6.285 ~12.840 2263.6 35R.9¢Q
.00000F~3%8 .00000E~38 .00000E-35% 1.0000
0.37541 LUB016E-01  ~16.496 ~6.782%
K GAINS MATRIX
~717.114 ~2.1710 502.91 102,28
-37.707 ~12.583 2723.1 161.99
B¥K  MATRIX
-37.210 -3.8956 £37.83 130,14
253.G0 32.6R6 -7085,3 -1207.9
.00NG0E-38 .GO000E-38 .00000k~38 LNN0DCE-3F
-0 . 43246 -~ 4BOBEF-01 18.039 A.9755
A-BK  MATRIX
30.166 3.80%1 -860,09 ~13f.170
-253.90 ~32.724 7083.6 11QR .3
.0Q3Q0F =38 L0000t -39 .CO00DE<3ER 1.000N0
U.431079 .526798-01  ~18.039 -7.0019
-109-




LT SRR

K GAINUS MATRIX
-0.1106¢2 -0.171% -3.8712
7.7953 -0.17620 -421.37
E*¥K  MATRIX
2.6U55 -.32001E-01  ~1471.43
~19.748% 0.50657 1070.¢8
.00000E-38 .00000E-38 .00000E-38
-0.30621 -.33242E-01 14.276
A-BK MATRIX
-2.6895 .314E2E-01 109.27
19.747 ~0.54473 -1072.5
.00000E~38 .00000E-38 .000N0F-38
0.30U8h .37833E-01 -14.276

*
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11.223
-103.03

-36.521
257.61
.00000F-3°
6.2994

37.853
-267.27
1.0000
-6.3657
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APPENDIX E

CALCULATION OF AV-8B STABILITY DERIVATIVES

("MATCOF")

The subroutine contained in this appendix calculates the
AV-8B 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

OS/FOS779 144415 FAGE

SUEBRIMUITINE MATCOF (V, ALIN, BLON, ALAT, BLAT)
-3

#FROGRAMMER: R. V. WALTERSZ

#FILE NAME: MATCOF

- #ZYSTEM: DTSS FORTRAN

j #FUNCTION: SURROUTIME FOR CALCULATION OF

' * COEFF@S OF A AND B MATRICES FOR
#* AV-2 HARRIER SIMULATION AT ANY V.
3 3% 38 3 3¢ 3¢ 3 3 35 358 3E 36 3 38 3 38 3 3 et
*

DIMENSION AALONCL1&, &), BELON(Z, 4), AALAT(11, 4), EELAT (4, 4)
DIMENSTION VS(&, 1),VE(4, 1)

DIMENSTION ALONCL&, 1), ALAT (LA 1), BLONCLZ, 1), BLAT (12, 1)

¥*

LIEBRARY "“MATFAK"

3¢

VS (L, 1) =1,
o1 I=S.1. -1

VS(I, 1)=VS(I+1, 1) %y
1 CONTINUE

-3

VZ(4,1)=1.

iz I=3,1, -1

VI, 1)=VE(I+1. 1)y
2 CONT INUE

E-3

QFENFILE &, "ALON"
REWIND &

3

Do 4 =1, &

Do S I=1. 14

READ (4. )AALONCT, )
SOCONT INUE

4 CONTINLE

+

DFENFILE 7, "BLONY
REWIND 7

k-3

no 7 .4=1.4

oo o= I=1, %

FEAD (7. YEBRLONCT, .1
ESOCIONT INLE

7 CONTINLIE

#*

DFENFILE =, "ALAT"
REWINMD =

3+

o v d=1.4

e 1o =1, 11

READ 2 YAALAT (I, )
10 CONT INUE

-12-
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MATLOF QL/QSST7

< COMT INUE
3*
DFENFILE <, "BLAT"
REWIND =
*
[“:' 1 ‘ -_|=1 ) 4
o 12 I=t, 4
REAL (=, JEELAT(IL.,.1)
12 CONTINUE
11 CONMTINUE
i
CALL MMULT (ALON, AALON, 14, &, 1, VE)
IF (VLT . S ) ALON(Z, 1)=-32 02
IF (V LT. S ) ALIN(7,1)=-2 27
++
CALL MMULT(BLON, BELON, 7, 4, 1, V)
ELONCLZ, 1)=ELONC=, 1)
BLONCIL, 1) =RLONCE. 1)
BLONCLO, 1) =RBLDNC7, 1)
BLONCT. 1)=0
BILONCE, 1) =0
BLON(®, 1)=0
*+
CALL MMLUILT(ALAT, AALAT, 11, 4,1, V3
o 2 I=12,14
ALAT(I. 1)=0
OCONTINUE
ALAT (14, 1)r=1
3+
CALL MMULT(ELAT, BEBLAT, &, 4, 1. V)
ELAT (2. 1) =BLAT (&, 1)
ELAT (7, 1) =BLAT (S, 1)
ELAT(S, 1) =BLAT (4, 1)
ELAT (4. 1Y =ELAT(3, 1)
CLAT (2 1) =0
CGLAT A, 1) =0
[y e 1=2. 12
BLrTcl. 1) =0
Lo DUINT MUY

%
RETLIRN
END

FAGE

“
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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

proaram employs the following logic:

0< V< 15 USE V = 5 DESIGN
15¢< V< 45 USE V = 30 DESIGN
45< v USE V = 60 DESIGN




SE G NE O 0% 1701 wLr

SLIERDIT INE SFERCOF CV, XFLON, £ LAT)

#  FROGRAMMER. RV WALTERS

#  FPROGRAM NAME: SFRCOOF

#  SYISTEM: DTS FORTRAN

®  FUMCTLON: DETERMINE:S AV-2E HARRIER SF[R
#* GAINS AT ANY VELOCITY

+

36 I3 4 3 ST L LI 3 3 S I SE I R I F 3 R EH IR
#

+®

#UITEBRARY  "HLONSY, "ELONZO", "ELONGO"

+#

DIMENZION XELON(S)Y, XELAT(2)

*
IF(V ST 15 ) Go T4 2
3

OFENFILE 1. “FLONS"
REWIND 1

DFENFILE X, "FLATS"
REWIND Z

3

o 1 I=1, 2

READCL, )XELONCD)
REALDCZ. YXFLAT(I)

1 ZONTINUE

RETLIRN

®

SOCONT INUE
IFAW GT 45 ) o0 TO 4

~
s

SEENFLLE 2 YELLONZOY
FoWIMD oz

DEENFILE 4, "ELATZON
FEWIND 4

I

URUAIC SN
FEADCZ, Y YELONCTL)
READC2DIYELAT 1)
RENRUR I

FEYUIRM

4 CINTTHLE

1#*

AREMETLE S "EILOM&AO"
RESIND S

CRENFILE S "HLATAO!
FELLMD A

ZELONCT)
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f) S L

READCH, ) XELAT I
5 CONTINIE

#*

RETLIRN

EMD

VA0S 7%

1%: 01 20

-116-
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APPENDIX G
"DIGISIM" DOCUMENTATION

DIGISIM, programmed by Associate Professor E. E. Mitchell
is the digital simulation utility program on which my DTS3 model
was based. This appendix describes its features and user-defined

options.




biloelain (RN WA 1 2% 4% FAGE 1

B DIDSI=IM --— DOIGITAL SIMULATOR  -- E.E. MITCHELL 2/77
3
w#u#  REMEMLRER --  RUN FORTRAN

LINES 300-450. INITIAL TIME DATA BLOCK

LINES 750-1000 SYSTEM DYMAMIC EQUATIONS

LINE= 12Z00-1%00 CQLITFUT STATEMENTS
LIMNESZ 1700-1250: TERMINAL CALTIAATION REGIION

BASIC LATA. TMAX, DELT, NSAMFL

CASIC ZTATEMENT=. X=ENTGRL (XD, X(0) ), CALL QM FUTOX, "X'")

ADDITIOMNAL FLINCTIONZ. STEF. FRETOR, SONDOR, PULSE, SOUARE, DELAY, DIGTAL, LIM
FTRAIN

FOR MORE DETAILS CONTIMUE LISTING

###  IMITIAL TIME REGION

THIZ SPACE IS LSED T DEFINE CONZTANTE, INITIAL VALUEZS AND OTHER NON
CHANGING FARAMETER:S REQIIRED BY YOUUR FPROGRAM. ALZC INITIAL CALCULATION
MAY EE MADE HERE (IF Yot DEFINE THE REGIIRED FARAMETERZ).

IN ADDITION, =SPECIAL CONSTANTS FOR BUILT IN DIGISIM FUNCTIONZ ARE DEF
HERE. FIOR INITANCZE, COMMONLY DEFINED TERMZ IN THIZ AREA ARE:

HEALD=" " ONE LINE OF 20 DR LESS CHARACTER:S BETWEEN THE GIOTE:
THIZ I= TYRED QT A A HEADING FOR THE RUN

DELT INTESRATION =TEF ZIZE (DELT=0. O3 DEFALLT)

TMAX TOTAL SIMULATED RUN TIME (TMAX=2 DEFALLT)

MAMPL QUTFUT SPACING- ANSWERST FRINTED EVERY DELTH#NZAMFL
TIME INTERVAL (NSAMFL=Z DEFALLT)

Lk DISGITAL CONTROLLER GAIN

ZA(1—-6) ZECL1-4)  DIGITAL CONTROLLER COEFFICIENTS (ZA(O)=ZE()=0 DEFALL

T=AM DIGITAL CONTROLLER ZAMF TIME (TSAM =0 DEFAULT)

TLAG DELAY FERICD FOR TIME DELAY (TLAG=0 DEFALLT)

TO INITIAL TIME IF OTHER THAN O (TO=0 DEFAULT)

THRLOT IF TEFLOT=! THE OQOUTFUT RESFONZE I3 WRITTEN INTO A FILE

SAVED EBY Yo IT IS IN THE FROFER FORM FOR FLOTTIN

ON THE TERTRONIC GRAFHIC TERMINALS (TEFLOT=0 DEFAL
FFLAME IF FFRLANE=1 THE TEFLOT FILE I WRITTEN TO MAKE A FHAZE

FLANE FLOT OF THE FIRST TWo CALL QUTFUT VARIARLE:

wad  OYNAMIZ REGION

THE FRUGRAM HAZ A DYMAMIC RESION FROM STATEMENT NUMBERS 750-1000  IN
AREA THE =YZTEM DYNAMICE, CONSISTING OF DIFFERENTIAL AND ALGELRRATIC
EDLATIONS, ARE DEFINED

IN THE DiyMaMIT REGION. THE FULL REGULAR FORTRAN LIERARY 1% AVALL L« LE
Froo THaT MATTER. IT 13 AVALTIARGLE ANYWHERE IN THE FROGRAM  IN AL ITTIUN
THE FOlLLOWING FUNCTLOND ARE FURNLISHED:  (X=INFUT, Y=OUTFLT)

i
Y

TIME
ENTSRLOY. X)) ~= X0 INITTIAL VALLE - DECIMAL FIOINT RECUIRED IF N

Bk R oA & A& K & % o & ok & ok g o K A& % &k ok &k % & % %k % ok & A & & % &k & % % % % X Kk % % % % % & %

h
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THIZ FROGRAM HAS AN INITIAL TIME DATA REGION EXTENDING FROM LINEZ 400




DIGISIMm QS /0S5 1a e 21 FAGE 2

Y = STEF(T1) —-- Y=0 FOR T+T1, Y=1 FOR T.=T1{
Y = FULSE(TI. TZ) —- ¥Y=0 EXCEFT Yv=1 WHEN T1 =T =12z
Y = SOUAREC(TL, T T ) —— S0IARE WAVE WITH AMFLITULE OF Y=1  LEADITM

F FIRST FULZE AT T2, FULSE WIDTH I T1 T
REFEAT EVERY F ZECONDES
Y = FRETOR(Xx. A, B C. ) ——-  FIRST ORDER TRANSFER FUNCTION DEFINELD A-
(AxZ+B) 27 (Cwz+0) O IS NOT ZERD
SONDOROX, AR, CL.OLECF) —— SECOND ORDER TRANZFER FUNCTION DEFIHED
(Ax s+ BRo+0) 2 (DeroSsS+E#S+F) D IS NOT 24
DELAY (X, TLAGY ~— TIME DELAY. Y = X AFTER X IS DELAYED TLAG =EILUH
DIGTAL(X) ——= DIGTAL FILTER OR CONTROLLER SIMULATOR., DELT SHOLILD

C=TIAM/10. TEAM=ZAMFLE INFUT-OUTFUT TIMES OF THE D

CONTROLLER. TRANZ FLINCTION HAZ A& ZA, ZE TERMI AND 1

(ZE#(ZA(L)#X+IA(ZY#X~1+ZA(Z)#X~-32) ~ ZE(Z)#Y-—-1

—IR()#Y—2 Y/ZE(1)

X=_JRRENT INFUT, X—-1 = LAST INFLUT.ETC. DITTO FOR Y
LIMITCOULL, X, ) —— vy=l1 IF X1, v=lz2 IF X>UZ, Y=X OTHERWIZE
FTRAIN(TL) —-— Y=1 IF T = N#T1, THIZ IS A FULZE TRAIN, LIWNIT FLILZL

EVERY N#T1 SECDONDE

<
i

-
i

%

1

<
i

rae COUTFUT REGION

THE FROGRAM HAZ AN DUTFUT REGION FROM STATEMENT NUMEBER 1Z00-1500. IN
REGION THE VARIAERLE= To BE FRINTED AND FLOTTED ARE DEFINED. TO QUTHELD
X, XDOT AND XZ00T, THE =TATEMEMTZ ARE:

CALL DUTRLT (X, “X™)
CALL DUITRUT CXDOT, “XOoT™)
CALL QUTFUT OXzDaT, "AZCEL™)

ok ok ok A ook i Kk & % B % ok & K K X & %X R & & %o ¥ % & @ & ¥ %

#*  ANY S CHARACTERSD MAY LBE LUSED RETWEEN THE ' ", THESE ARE THE COLUMN
# HEATINGT OVER THE FRINTEL VALLES
#4 MOTE =% TIME IS QUTFUT ALITOMATICALLY

+
#3 NOTE ## THE FIRST & CALL OUTFUT VARIARLES ARE FLOTTED

3

#### TERMINMNAL CALCLLATION RESTION

3*

#  THE PROGRAM HAZ A TERMINAL REGION FROM STATEMENT NUMEBERZ 1700-1=%0 T
®# AREA 132 LDSED TO MODIFY FARAMETER=, ECT AT THE END OF A RUN. ONE CAN

¥ THEN GO BACE AND INTEGRATE AGAIN AND AGAINM. A TYFICAL FROELEM THAT

= WagiLD UDE THIS AREA IS A BOUNDARY VALLIE FROELEM

IF YOLR FPROGRAM CONTAINS THE STATEMENT

SO T0 000

COMNTROL IS TRANSFEREL Bk T THE TOF OF THE INITIAL AREA

IN A L1EE MANMER, THE =TATEMENT

[T 0 BT N T

TAES CONTROL T THE BOTToOM OF THE INITIAL AREA, (TOF OF DYNAMIC AREr

R R R

*
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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 araphing 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.




BHE AL QI0S2 7% 20,1457 FAGE 1
# FROSRAMMER: R V. WALTER=

# FROGRAM NMAME: AHEAQD

#* SYETEM: DOT3S FORTRAN

# FUNCTION: =SIMULATES THE LAT AND LONS

* ODYNAMICS OF THE AV-2E HARRIER,

#* INCLUDINMG BOTH EXISTING STARILITY

# ALIG AND A =STATE FB CONTROLLER

3*

3+

3 36 3 3 S 38 3 3E 338 35 38 35 3E 36 3 3 3 58 36 36 3 3 35 35 36 3 3E I 3 3 3 34 S 3 3 3¢

LIERARY "MATCOF"

LIERARY "SFRCOF"

IMFLICIT REAL(I-N)

IMNTEGER ICZ,NMICZ, ITZ.NITZ, ITMAX, FERR, IARZ, NZZ, kFZ, NSAMFL, kTZ, I11Z, 412, 12
INTEGER ICNT. NVAR, IDIGL, ICN, IADCNT, 1522

ODIMENSION AQLONCLE, 1), ALAT (L4, 1), BLONCLZ, 1), BELAT (12, 1)

COMMION 20007, XVZ (&, 402), ICNT, NVAR, T, TO, TMAX, DELT, HDELT, 12, NICZ, ITZ,NITZ,
£ ITMAX. KERR, TAZ(100), YIFZ(100), Y4PZ(100), X1IFZ(100), X4FZ2(100), NZZ, EFZ,
L NSAMFL, KTZ

DIMENSION XELONCZ), XELAT ()

COMMON CHOLDATADONT, ITRA, JONT, TRCONT, HLD(S00)

COMMON ZOUTF2/7 112, 02, A22, 1522, AMXZ(ZS), AMNZ (25), HEAD, NFLOT, TERFLDT, FFLA
COMMON/DIGITAZIDIGL, ZA(A), ZECL), TSAM, ZE. NONT

*

CTHARACTER YESZ

CHARACTER PO, FOWRIZ, IFD, AZZ(Z5), HEALI#2G

REAL LIMIT

INTEGER TEFPLOT

DATA ICN, 112, 01270, 0,07

20T =TCNT=IDIGL=0

TEFLOT=0

MNELOT=A

o 1o 12=1,4

ZALTIZ)=0

107 ZR(IZ)=0

k=0,

IADCNT=0

Do 1o [Z=1, S00

107 HLD(IZ)Y=0

1 Dy 2 I2=1, 100

2 IAZ(IZ)=0

“OOO CONT INUE

TO=0

DELT= 0%

NIZZ=10

MNITZ=4

k33 INITIAL REGION i3

3+

FRINT. "IC7= % INFUTS CORRECTTM
FRINT,

FRINT. “IF MNOT, STOF!"
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AHEAMN OS/OSs 7%

FRINT.

FRINT.

*

FRINT, "INFUT TMAX"
IMFUT, TMAX

FRINT,

DELT= Q0Z

NZAMFL =50

HEAL=" AV-SE TIME RESFONSE"
TEFLOT=1

VML =1

k-3

XLONTO=0

XLONZO=0,

XLIONZO=0

XLIIN4O=0

3¢

XLAT10=0

XLATZ0=0,

XLATZ0=0

XLATA40O=0

*

DEAT=0,

REZAS=0,

FZAZ=0.

SFELON=O,

SFELAT=0D

#

FRINT, "CONVENT IONAL =A% ON®©
*

INFLIT, YE=

IF (YES NE. "YEZ") G0 T S04
CSAS=1.

S04 FRINT, "2FE ZAT ON?Y

IMNFUT. YE=Z

IF (YEZS NE "YES") 50 TD Sis
SFRLOM=1

SFELAT=1

#

S1a CONTINUE

1#

IFLANL=1

IFLALZ =1

FREIMT, “SUFRFFRE=ZS LONG DYNAMIOS "
INFIT . YE=S

IFOYE= ER "YEZ")IFLAGL=0
FRIMT, “zUFFPRES:S LAT DYNAMICS ™
INFUT. YE=
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AHEAD. Q7057 2O 1550 FAGE 2

IFOVE: B0 "YES")YIFLAGZ=O

FRINT.

*®

FRINT. “INFUT VELOCTITY™

INFUT. V

VINIT=V

FRINT.

*

CALL MATITOFR (VL ALON, BLON, ALAT, BELAT)
CALL SFRECOF (V. XFLON, XELAT)

®

FRINT. "INITIAL COEFFICIENTZ CALCULATED"
FRINT.

+

PRINT, "BEGIN SIMULATION"

FRINT,

#

LET T=07

#*
¥#*
*
¥*

b3

3+ 3 3¢ %

IF(TEFLOT . ED. O)GD T 2100
WRITE(ZOUT, =7)

27 FORMAT (" WHAT I3 YOUR SAVED FILE NAME')
READ(CZOUT. 14) 1R

OFENFILE 2, IF®

REWIND 2

ENDFILE 2

2100 KTZ=0

T=TO

HOELT=0., S#DELT

KERR=0

Io2=1

ITMAX=NICZ

4 ITZ=1

S ONZZ=0

a3 DYNAMID REGION #3¢3
IFCIFL.AIEL, ER O) GO T 2z

+*

- -2 222222222 B2 -X k- 2k Bk Xk 22
#* LOMGTITURDINAL SIMULATION
534 35 35 3 35 3E 3¢ 3F 3 46 35 30 3 3F 34 34 36 35 I 33 3 3E 3 3 3
%
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o R

AREATY OS/0% /7= 2001424 FAGE 4

#
ERLONT=XELON (L) XLONT #XELON (2 s XLONZ+XFLONC2) #XLONZ+XELON(4) #XLING
EELONZ=XFLON(S) #XLONT+XELON (&) # XL ONZ+XFLOM (7)) # XLONZ+XFLON (2) # XLONG
i

752 THROT=0, VTHROTTLE

IO Z=0, VIET ANGLE

k4

DLONZ=THROT-SFELON#EELONZ

++

LONSTRE=0.

LONSTE=LIMIT (-2, LONSTE, 4. ) VOLONSTE
3¢

D100=17410. #XLONG—-1322 #21D~-17410, %21

DID=ENTGSRL (10O, O )

1=ENTSRLODLD, O.)

3#*

EXLOND=4. Q4% (Q10+S 2#01)—1. 35#EXLON

EYLON=ENTGRL (BEXLOND, O, )

EXLON=RSAS#_IMIT(~ &4, EXLON, . 84)

*

ELON=LONEZTE ~BXLON-SFEBELON#RELONT

*

GLONIDO=12Z #(ELON-LILONL)

DLONTI=EMNTGRL (DLONLDL O, ) VELEV/STE INFPUT
LILOMI=LIMIT(=-2 24, UL_.ONL, 4. 24)

+#*

XLONTID=ALONCL, 1) #XLONT+ALIN(Z, 1) #XLONZ+ALONCZ, 1) #XLONZ+ALON (S, 1) #XLLONS
XLONID=XLONIDHELON (L, 1) #0L0ONT+ELONCZ, 1) #0UDONZ+ELONCE, 1) #ULONT
XLONZD=ALONC(S, 1) #XLONLI+ALON (A, 1) #XLONZ+ALON(7, 1) #XLONZ+ALON (=, 1) #XLONS
XLONZD=XLONZO+ELON(S, 1) #0LONI+ELONCS, 1) #ULONZ+ELON A, 1) #ULONE
XLONZD=ALON (>, 1) #XLONL+ALOINCLO, 1) #XLONZ+ALONCL L, 1) #XLONZ+ALONCLZ, 1) #XLON
XLONZO=XLONIO+ELONC7, 1) #ULONT+ELON (2, 1) #ULONZHELONC?, 1) #ULONE
XLONAD=ALONC1Z, 1) #XLONI+ALON (14, 1) #XLONZ+HALON (LS, 1) #XLON2+ALON (1 &, 1) # X0
XLONAD=XLONAD+ELONC 1O, 1) #ULONT+ELONCTL, 1) ONZ+BLONCLZ, 1) #UL0ONZ

k-3

XLONI=ENTGRL (XLONID: XLONTIO)

XLONZ=ENTGRL (XLONZD,. XLONZO)

XLONZ=ENTGRL CXLONZD, XUONZO)

XLONG=ENTGRL (XLONGD, XLON4O)

*

SIS OCONT INMUE

IFCIFLAGZ ED Q) GO TO 27&

#*

3t 36 3 3 35 5 2 4 3 46 30 38 38 38 36 35 36 36 3 3

* LATERAL =SIMULATION

3% 36 32 36 B 3 3t 3 36 3E9E S 4 3 I I

*

EVLATI=XELAT (1) #XLATI+XFLAT(Z2) #XLATZ+XELAT () #XLAT2+XELAT (4) #XLAT4S
BELATZ=XFLAT(S) #XLATI+XELAT () #XLATZ+XKLAT(7) #XLATZ+XELAT(S) #XLATAS

3*
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ULAT Z=0. PONG TNRUT :
3

FP1O0O=17410 #XLATZ-132 #F10L-17410, #F1
F1O=ENTGRL (FLIDD. O )

F1=ENTGRL(FLID, O )
3*

FZD=4 07+ (F10+1. Z
FZ=ENTGRL(FZD, O )
FZ=F2AS#LIMIT(- &

SHP1) - 774%#F2

S, P2, ASD)

£

LAT=TE=0. ' LAT=TE

LATSTE=LIMIT(-4. ,LATZTE. 4. )

%

EFLAT=LATZTE~-F2-SFBLAT#*EELATIL

R-3

ULATIO=29 #(EFLAT-ULATL)

ULATI=ENTGRLQMLATID, O ) POALRNASTE INFUT }
ULATI=LIMIT(=4 &8, ULATL, 4. 42) ;
% :

RIDD=17410. #XLATZ-1322 #R1D-17410 #R}1
RI1D=ENTGRL(R1DD, O. )
RI=EMTSRL(R1O, O )

#
RZ0=23 % (R1-R2) 3
RZ=ENTGRL (RZD, 0. ) 5
#*

Fzb=1 7IeRI0O- 22#RE
FIZ=ENTCORO(RZD, O

#*

R4O=23% Zoer( Z4#ULATI-RS)
RA4=ENTGSRL (R40, O. )

%
AY=—1 #XLAT10+Z Z2#XLATZD-11 #XLATZ0O4+22 Z2#XLAT4S
#*

AYIDND=213 #AY-1% 45#AY1ID-144 #AY1
AY1O=EMTGRL(AY 10D, O )
AY1=ENTSGRL(AY1D. O D

#

AYZ0= 122 (AYID+E *AY1) -3 %AV
AY2Z=ENTGRL (AYZD, 0. )

#

ERLAT=R4-RZ-AYZ
ERUAT=RZAZ4LIMIT (-~ 7, BRLAT.  7)

® :
FUDFED=0 tORUDFED j
FUDFED=LIMIT (=2 , RUDFED, 2 ) ;
-3
ERLAT=RUDFED+ERLAT-SFELAT#RHLATZ
3#*
LLATZD=S7 #(ERLAT-ULATY)
ULAT Z=ENTGRL (LILATILL O ) C RUDR/STE INFUT
-125- :
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ULATZ=LIMIT (=2 7, XLATZ, 2 7)

*

XLATID=ALAT (1, 1) #XLATI+ALAT (Z, 1) #*XLATZ+ALAT (2, 1) #XLATI+ALAT (4, 1) #XLATA
XLATI1D=XLATIDO+EBLAT (1, 1) #ULATI+BLAT(Z, 1) #ULATZ+ELAT (2, 1) #ULATZ
XLATZD=ALAT (S, 1) #XLAT1I+ALAT (&L, 1) #XLATZH+ALAT (7, 1) #XLATI+ALAT (2, 1) #XLAT4
XLATZD=XLATZO+ELAT (4, 1) # L ATI+ELAT (S, 1) #ULATZHELAT (4, 1) #LULATZ

XLATZD=ALAT (7, 1) #XLAT1+ALAT(10, 1) #XLATZH+ALAT (11, 1) #XLATZ+ALAT (12, 1) #XLAT f

XLATZO=XLATIZO+ELAT(7, 1) #ULATI+ELAT (&, 1) #ULATZ+ELAT (2, 1) #LLAT2

XLATAD=ALAT (13, 1) #XLATI+ALAT (14, 1) #XLATZ+ALAT (1S, 1) #XLAT2+ALAT (14, 1) #XLA~
XLATAD=XLATAD+ELAT (10, 1) #ULATI+ELAT (11, 1) #ULATZ+ELAT (12, 1) #IILATS

3¢

XLATI=ENTGRL(XLATID, XLAT1OD)

XLATZ=ENTGRL ( XLATZO, XLATZO)

XLATZ=ENTGRL ( XLAT2D, XLAT:20)

XLAT4=ENTGRL (XLATALD, XLATA40)

¢

972 CONTINUE

3¢

IF (T.NE. 1.) G0 TO 10032

3 3% 35 3

IF(NF1. NE. 1)FRINT, "T=1"

NF1=1

1003 IF (T.NE. 2 ) GO To 1004

IF(NFZ NE. 1)PRINT, "T=2"

NFZ=1

1004 IF (T.NE. 2 ) GO T2 1009

IF(NFZ MNE. 1)FRINT, "T=3"

NF3=1

100% IF (T.NE. 4. ) GO To 1012

IF(NF4. NE. 1)FRINT, “T=4" i
NF 4=1 {
1012 IF (T. NE. TMAX) GO T 1015 :
IF(NFS. NE. 1)FRINT, "T=TMAX"

NFS=1

1015 CONTINUE

IF(KERR . NE. O) G0 TO 2

ITZ=ITZ+1

IFCITZ LE. ITMAX) GO To S

HRZ=0

3¢ 1% DLTRIUT REGION 43 LINEZ 1200-1500
#*

IFCIFLAGL NE. 1)G0 Tib 1245

3¢

CALL OUTFUT (XLONMT, "UOX=-VEL) ")
CALL GRTRUTCXLONZ, "WZ-VEL) ")
CALL NUTFDT CXLONTZ, "TRETA'Y)

#*

IFCIFLAGZ BED 1G0T 1245 i
#*

CALL QUTPUT (XLONS, "O(DFIT) ")

#
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1245 CONTINUE

*

IF (IFLAG2 NE. 1) G0 1o 13267 ;
* !
CALL CLTEUT (XLATL, "V(Y=VEL) ") !
* i
IFCIFLAGE. EQ 1) G0 TO 1263 ?
® |
CALL OUTELT (XLATZ, “F(DROLL) ") !
+#

1763 CONTINUE 1
CALL CUTEUT (XLATE, "RODYAW) *)

CALL CUTFUT(XLATS, “FHI™) 1
L3

1267 CONT INUE

-3

-3

3

-3

L3

-3

#*t

k-3

k-3

3 33t 3¢

Ad2=002+7
IF(ICZ ER O)YSO TO A&

ICZ=0
ITMAX=NITZ
OIFCT LY. (TMAX+. 00001))En TO A2

IF(TERLOT . NE. O)GED T 7
WRITE(ZOUT, 12)

127 FORMAT(" WANT T3 INCREASE TMAX™)
REALICZOWIT, 14) IPR

14 FORMAT (V)

3 IFCIFT  NE "YES") GO0 TO 7
WRITE(ZOUT, 1.3)

12 FORMAT (" TMAX=")
REAGDCZIT. 14) THMAX

G0 T A

& RTZ=KTZ+1

T=kTZ

T=T#LELT+TO

B T4

S WRITECZOUT, 10)

10 FORMAT(SX, " INTEGRATION ASSIGNMENT ERROR™)
STOF

7 I=Z27=2

P TERMINAL REGION  #34

*
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#*

*

#*

33

IFC(TERLOT B OYCALL RANGE
IFCTERPLOT EQ ©) CALL FLOTZ
IFCTERLOT ONE. 0) CALL TEERPRLT
ST
END
FUNZTION ENTGRL (X, YO
COMMON OUT, XVZ (&, 402), ICNT, NVAR, T, TO, TMAX, DELT, HOELT, IS, NIC, IT, NIT. ITHA
LIACIOO), YI(100), YZ(100), X1(100), XZ(100), N, EF, NSZAMPL, KT
N=N+1
IFCIC ER O) GO0 T 20
IFCIT NE. 1) GO TO 10
IFCIACNY. NE O) G0 TO S0
IA(NY=1
S0 OTO 1S
10 IF(IA(NY. ER Q) GO TO S50
SOYIN=YO
SO TO 40
20 IF(IACN). B2 Q) G0 TO S0
IFCIT.NE. 1) 530 TD 20
#* FREOICTOR
YIN=YZ(N)
XIfM=X2Z(M)
YI(NY=YIN
X1T(N)Y=X1IN
YZN=YIN+XIN#DELT
% CORRECTOR
20 YZN=Y1I(NDY+ (X1 (M)+X)#HDOELT
40 YZ(N)=YIN
XZ(M)=X
ENTGRL=YZN
RETLIRN
S0 FERR=1
RETLIRN
END
FLUINCTION STEF(T1)
COMMON OUIT, XVZ (&, 402), TONT, NVAR, T
Y=1.
IFCT. LT. T1) Y=0O
ZTEF=Y
RETLRN
EMD
FUNCTION FPULSE(TL. T2)
COMMON QT XVZ 05402, TONT. MVAR. T

Y=
IFCT GE T1 ANDL T.LE T2Z) Y=1
FLIL-E=Y
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RETURN

ENL

FUNCTION SEARE(TL. TZ, T2)

COMMON QT XVZ (A 402), TCNT, NVAR, T, TO, TMAX, DELT, HLELT
Y=0

TH=AMIDCT-T1, T2)

[F/THM _GE. O _ANLL ™™ . LE TZ) Y = 1

SUARESY

RETIURN

END

FIUINCTION FRETORCX, A, B, 2, I

COMMON /FRZT/Z SZ, 2

IFQZ ER ZERDD) GO TO 1

SZ=X-0+*Z /0

Z=ENTGRL(=ZZ, Q. )

FRoTOR=(A#mZ+ExZ2) /C

RETLIRN

1 FRINT Z

Z FORMAT(SX, "FIRST ORDER TRANSFER FLUNCTION OUT OF CORDER')
STOF

END

FLINCTION SONDOROX, AR
COMMON sSONDy o222, 2
IF¢Dy E ZERDD) GO T L
S2I=X—(E#SZ+F#7) /D
I =ENTARLL(22Z, 0 )
Z=EMTORL (2.0 )
SUNITNIR=(ARSZI+ERSZI+IZ) /D

RETLRN

1 FRINT 2

2 FORMAT(SX, "SECOND ORDER TRANSFER FUNCTION QUT OF ORDER")

= TOF

EMD

SHBEROATINE QUTRUT (X, AL)

CHARAIZTER Al, A(ZS)Y, HEAD#ZO

COMMON OUT, XVZ (A, 402), TONT . NVAR, T. TO, TMAX, DELT, HDELT, T2 NI, IT, NIT. I TMA
IACLOO), Y1I(100), YZ(L100)Y, X1 (100), ¥YZ(100), N, EF, NSAMFL, KT

COMMON SDUTEZ2A1Y, ) A TS 22 AMXZOZS)Y, AMNZ (25), HEAD, NFLOT, TEFLOT, FFLANE
COMMION /OUTRLS V2SR, FAZE, ES, T2AV, TN

*

IFCT NE. TOOGD TO 10

beo= 0

IF (.1t 5T 0O) G0 To 40

II=11+1

ACTTIHY=A1

1=27=1

NVAR = MINCIT. 4, NFLIIT)

1500 T 40

1O IF(tF ME. O)Y W Ty 40

IF (= Ee 0O) 130 T A0

ROV ST B b |

C.nESF)
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IF(E=  GE. NZAMFL) EZ = O
10 FF=kF+1

IF(kZ _NE  0) RETLRN

TIAV = T

VFF)Y = X

RETLIRN

#  FRINT LAZT TIME FERICD 3
SO TIONTINLUE

ICNT=TINT+1

o 120 I=1, NVAR

120 XVZ(I, ICNT)Y) = V(I) 1
IF(TERLOT . NE. O)GD ToO 20

IFCICN | ER Q) WRITE(OQUT, 200)

IFCICN CED O) FRINT., HEAD

IFCICN LT, S1) G0 Ta 70

ICN = O

WRITE (CIT, 2150

WRITE (QUT, 200)

70 CONTINUE

ET1I=MINCS, I1)

IFGAE DB 2DYWRITE(DUT, #10) (ACI), I=1,KT1)

IFCIT  GT. SOWRITEOUT. 205)

WRITE (QUT, 2Z0O)YTCNT, TZAV. (V1) , I=1,ET1)

ICN=ICN+1 J
IF(IT  LE. S) SO To 100

1
L=

ICN = TCN + 1

ZOETI=ETY + 1

ETZ=MIN(KET1+4,11)

IFGLY  ER ZYWRITEIUT, 220)Y(ACT), ISETL, ET2)
WRITECQIUT. 240) (VL) I=KT1, KTZ)

TCON=TIZN+1

KT = T2

IFCII  GT. ETZ) GO TO 20

100 J.1=4

AL RANGE ]
S0 TO 20 @
2O FORMAT(LHY, v 27 2770)

<O FORMATOLH )

F10 FORMAT (/1L X, "TIME", 2X, S(2ZX, A2 ZX))
<15 FURMAT (7277

i

w20 FORMATCIH » 121X, G120 S)
20 FORMAT (7. 12X, 502X, A, Z2X))
“wqd0 FORMAT(IH 15X, SG512 5
END

SUEROUTINE FLOTZ

+#
+*
3¢
#
*

N= NUMEER OF FOINTZ
NVAR= NUMEER 0OF FLOTS=
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V= NMVAR X N MATRIX;, EACH COlLUMN CORRESFONDS TD A VECTOR
COMFOEED OF POINTES TO RE FLOTTED

MAX NVAR = &
MAX N = 400 WITHOLY CHANSING DIMENSIONS

X B % 8ok % ok & % %

COMMON QLT . V&, 402), N, NVAR

COMMON /ZQUTRZ/7TT, A0, AZ, ISZZ2, AMXZ(ZS), AMNZ (25, HEAD, NPLOT, TEFLOT, FRLANE
DIMENZION SF (7)), IS(7)Y. H(7), 1C(7)

CHARACTER EBLANE, DOT, STR, MINZ. HEAD#20

CHARACTER X(2), LINE(120), AZ(Z25)

BELANE =" *

DOv="1"

STR="+"

MINS="-"

X(1)="+"

X ( Z ) =u*u

Do oweew 1=1,7,2 i
2w X(I)=X(1)

.""'—"E: I=.Zr E:: 2

L X(1)=X(2)

) 1 I=1.NVAR
H(I)=0
SF(I)=0 0
I=(I)=1
IC(r)=1

- I

D & I=1.NMYAR
VI 1Y=V(T, 1)+l E-4
o A =1, M
IF(VOT. D) Y24
IC(I1)=2
IFCABS(VCI, D) —-HC(I M) A &, 5
H{I)=ARZ(V (I, .1))
ZONT INUE

D W

*® ok %

GENERATE ZCALE FACTORS

%

[ 7 I=1, NVAR
A=L0 A INVAR#TC(T))
SECD) =AZ(H(T)+ 1#H(]))

S131-
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A=( 20 #(TC(I)-1)+40 #(1-1)) /NVAR
mx 7 Jd=1.N
7 VL, DY =5F eI 0 +A

WRITE HEADING

w koW oA %

WRITE (DT, S00)NVAR
IF(NVAR~-4)YZ. &, %
Nz =1
NiEv=1
NF=NVAR
G TO 10
Nz=2
Nii=1
NF=4
10 Mt 11 k=1, N3
WRITE(QUT, S0O1) (AZ(I), I=NZ, NF)
WRITEGHIT,. SOZ)Y(SF (L), I=N2, NF)
Nii='5
11 NF=NVAR
WRITEC(QUT. S0O5)
FRINT, READ
WRITE (DT, SO

O

*
g-3
® MAKE AXI=
#
#
LLNTH = &1
b =0
12 I=1,LLNTH
12z LINE(I)=MINS
WRITE(DUT, S04)¢, (LINECI), I=1, LLNTH)
#
%
+ ELANE THE LINE
%
#*

[ 12 I=1, LLNTH
12 LIMNE(TD)=FELANK

FLOT THE VARIARLES

IR

oy 1% J=1, N
LINECL1)Y=00T
e 14 I=1, NVAR
W= CaD 2T AMVAR 41
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JE=OE 20 R CI0CT) = 1)) FNVAFR
L=V, D+ S
LINE (JE) =D0T
LINE (. Y=00T
14 LINECI)=X (1)
WRITE(DQUT, 504) 4, (LINECE) ., F=1, LLNTH)
Oy 15 k=1, LLNTH

15 LINE () =ELANEK
#*
#*
RETIIRM
#
#
®
#

SO0 FORMAT( 7/77/75X, "2YSTEM PLOT IN"/SX, T2, 53X, "VARIARLE=" /)
a0l FORMAT(SX, "VARIAEBLES: ", 59X, 4 (A%, £X))
S0 FORMAT(ZX. YZCALE FACTORS™, 4514 5))
SO FORMAT (/7 7210X AC1OX, “1Y))
S04 FORMAT( 1X, 14, X 121A1)
SO FORMAT(/7)
END
FUNCTION DELAY (L, TLAG)
THARACTER A(ZS), HEADHZO
COMMON 2T, XVZ (A 402) TONT, NVAR, T, TO, TMAX, DELT, HDELT, IC, NI,
LIT . NIT, ITMAX, EERR, IAC100), Y1 (100), Y4(100), X14(100), X4(100), N, EF,
SNZAMFL, BT
COMMON 2OUTRZs O TIL0L A TSZZ, AMXCZS), AMNCZS) , HEAQDL, NFLOT, TEFLOT, FRLANE
COMMON ZDUTERL S VOZES) . TR, EASE, X, T2AV, TON
COMMON Z7HOLD, TADCNT. ITOA, JCNT, INCNT, HLDO(S00)
IFCTADINT. GE. 1) i3 T 102
IATIINT=1
ITA=1
JONT=0
IOCNT=0
102 IF(T. GT. TLAG) GO T 1073
DELAY=HLD(ITHA)
HLLDC ITA)Y =i
JTIINT=IONT+ 1
1 Ty 104
102 IFCACNT. GE. 1) SO T 104
ITrp=1
JINT=1
S TO 107
104 IFCITRA LT TGONT)Y GO T 107
ACNT =0
107 DELAY=HLD(IT2A)
H_DOTTOR) =1

104 ITOA=ITOA+1 i 4
RETIIRM
END
&
g
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FLINC TTON DIGTAL (L)
COMMON 0T, XVZ (8, 40Z), TONT. NVAR, T, TO. THAX, DELT, HDEL Y, IC, NIC, IT, NIT, 1THA
LIACIOOY . YIFZ{100), Y4FRZ (10O XIFZ(100). X4FZ (100), N, EF, NZAMFL, VT
COMMIN/DIGITAZIDIGL, ZACAT, ZROA), TEAM, ZF, NONT
COMMON/ EXTRAZ NTERM, LAY, YA

#
*

IF I GL 5T O) 50 Ta 100
TnioL=1
NUNT =0
NTERM=&
Ol 1O I=1, NTERM
eIy = 0

10 Y(I) = 0O

1t

E-3

# AL T LELT T BE IMTEGRAL MULTIFLE OF TzAM
¢

IFCDELT 53T, TSAMZ100 ) GO T SO
FF=1.

20 RR=T=AM/FF/7DELT

Al=RR

IF((RR-FLOAT (L)) LT 001 G0 TO 70
FR=FF+1.

IF(FF LE. =) GO TO 20

FF=1

20 XDEL=TSAM/ 20 /FPF

IFexpeEL LT DELTY G0 T A0
FF=FF+1
il Y0 20
S0 XDEL=T=AM/ 10,
A0 NZAMF L =NZAMFL#DELT A XDEL
. DELY=XDEL
4 31OTO 100
7 DELT=0DELT/FF
M=ZAMFL =NZAMPL #FF
100 CONTINLE
#
¥ HERE FOR NORMAL OFERATION
»
[FOARS(ET2OELT - NONT#TZAM) ST 1 E=& ) 30 T 200
IF(1T Ecl TTMAX) NINT=NONT+1
LICi)y = 111
YX = O
2 110 I=1, NTERM
1o ¥X=YYX + Ze#ZACTHY#(])
My 120 I=2, NTERM
120 ¥YX=YX - ZE(IY&RY (D)
Y1y = YX/IE(Y)
[FCIT LT, ITMAX) 00 TO 200
0o 130 IT=NTERM, 2. -1
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¢1)y = ¢I-1)

120 Y(OT)Y = Y(I-1)

¢

200 DIGTAL = Y(1)

RETLIRN
END

SUEBROUTIME RANGE

CHARACTER ACZS) . HEAD#®ZO
COMMON QUT, XVZ (&, 402), TONT

COMMON /COUTRZ/7 TI, Jb A TS5, AMX(ZS), AMNCZS) , HEAD. NFLOT, TERLOT, FFLANE
COMMON /70UTRLZ V25, IR, KAZE, K5, TSAV, TGN

#
IFCICNT 3T, 1) GO T ZO

oy 10 I=1, 25

AMX(I) = -1 E+&4

10 AMNC(I) = 1. E&

20 G0 TO (20,200, I

O [ SO I=t,11

AMX(I) = AMAX1I(AMX(I), V(1))

20 AMNCIY = AMINI(AMNCI), V(I))

70 RETURN

#

20 WRITEQIUT, 200)

L 100 I=1.11

100 WRITE(IUT. 21001, ACI), AMX(I), AMNCT)
S0 T0 70

200 FORMAT(1HO, " MAX AND MIN VALLES")
@10 FORMATCIH T2, 32X, A3, " MAX =", G125, % MIN =",G12 9)
END

REAL FUNCTION LIMIT(UL, X, LtZ)

LIMIT = X

IF(X 05T, 12) LIMIT=LZ

IF(X LT. 1) LIMIT=11

RETLIRM

END

SUBRROUTIME TEEFLT

THIZ SURROUTINE PREFARS A FILE FOR PLOTTING
ON THE TEETRONICS GRAFHIC TERMINALS
YO MUET OFEN A FILE IN YOUR CATALDG

R

CHARAZTER A(ZS), HEAD#ZO
COMMON QUT, X (&, 402), TONT, MVAR, T, TO. TMAX, DELT, HOEL T, IS, NIZ, IT. NT 7.0
LIACLO0), YIFZ(100), Y4FZ(100), XIFZ(100), X4FZ(100), N, KF, NSAMFL, KT
COMMON sl TRZs T, A TS, AXCZS), AZ(2Z5), HEADL, NFLOT, TEFLOT, FFLANE
3

#

IF(FRPLANE  NE. O)DO T 70
o =0 I=1, NVAR

b=
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T=T0

DD 20 =1, TONT

WRITECZ S00)T, X(I,.4)

K=k + 1

T = kE#NZAMPL

T = T#DELT + TO

20 TINTINUE

WRITE(Z, 510)

SO IONTINUE

RETLIRN

70 D =20 =1, ICNT

20 WRITE(Z, SO0YX (1,1, X(z, 1)
WRITE(Z, 510)

RETLRN

S00 FORMAT(ELZ 4, E12 4)

D10 FORMAT(" 1. EZ27 , 1. EZ27 %)
END

REAL FLINCTION FTRAIN(TL1)
COMMON 20T, XVZ (&, 402), TENT, NVAR, T, T3, TMAX, DELT
SAVE F, J

DATA /D7

FTRAIN=O

=0

F=F#*T1

IF(T . GT. F)Jd=d+1

IF(AES(T-F) LT O S#DELTYFTRAIN=1/DELT
RETLIRN

END

e~ R e
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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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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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FROGEAMMER . R Y. MWALTER:Z

TITLE:. RHERD :

FUNCTION, INITIALTIZATION OF AV-2E
HYEBRID SIMULATION FARAMETERS

[ T v B R

[

FEAL LIONSTE
REAL LATESTK

DIMENSION AALONCLE, €00 BELONCS. 453, AALAT (L1, 4. BBLRT (&, 42
DIMENZION FILOMOLe. Lo BLONCLE L3, ALATCLE, 13, BLRTCLE, 1> i
DIMENSTOM SHELOMCE D SELAT G2

DIMEMSION YS(E, L0 vE04. 10

DIMENSION FILELCZ), FILEZCZ), FILEZ(2). FILE4C(E

DIMEMSION FILESC2 . FILESG(Z . FILET (2

DIMENSION FOTSCLL2)

o

COMMON MELOM. SNLAT
COMMOaN SBELELSVEAF. FOAF. RCARP. PHICHP. RYCORF
COMMOoN SBEL SHF

LICAF WCAP. THRCAP . QCAF
COMMOMN ARELEZSCDASCAR, DREFCAP. DESCAR. DTCAR

DATA FILELCL ) FILELCE D AHLIIN
DATA FILEZCLy. FILESCEXS/ BLAON 7.7
AORLAT
AOBLAT L

)

DATA FILESZC(LY, FILEIC:
DATA FILEGCLy, FILE4C
DATA FILES(L, FILET(

L b b b 0 LR A
2 e i i Tl R i
Lo A B eI O

CRTA FILESCL ., FILESCE v KLIONL .- X
CRTH FILET (L), FILETCEN A KLONZ . ;
C
COSET COMSTHAMTS
DN
Chbi HIMITOIE
CACL 280l TEL
LHLL ZLM0ct, 220
CAHLL STC00og, [
N

M ITE 3,21 0
M I TIZod, 1Ey

Eiminy o Lo EHALDG Sk1OLE
FORMAT CLe, "W YWECTOR CALCULATED
FORMAT Ol %2 VMECTOR CRLCULATEDR
FORMET L FLLES OFENSD
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bt 1 IS S

g FUmimy ol  F
[C0F =55

R CONT IHUE
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"

PFRGTOUT. ME. Lo Go T

MREIVECS, » FOT20) s JET
MY THUE

)
b=

Ve Dy o

ALETod Ly 216N TEST

IF CRLATOR L GT. @ x G

CHRLL DERFOLL JES
DT . i R 2
L e CALL SsEadl. TES
1Ll ST THUE

CALL SAMOCL. TESD

BF1TE 3. Lo
WRITE (3, S
MEITE 4. L=
FORMEAET CLm, "POT SETTING

g

ool
<

EEGIH SIMULAT IO
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CHLL ZrEChrdy s

SETTING T LAMGE

e
L
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APPENDIX K
DIGITAL STATE FEEDBACK CONTROLLER SUBROUTINE
("SFBCON")

This program impiements 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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CONT THUE

AND CONYERT ANBLOG ZTATE:
ChLL
CHLL
CHLL
LHELL
CHELL
CHLL
CRLL
CHLL

CRACE
CRAL:
FFHIS

el IO TELD
IR TEES
oL IR LED Y
L IRHD L TE3 D
Lo T TES
o DL TEE
o ITHAL TET
S TR LRSS

i vHI =

lyVHl

LATEZRAL FEEDEACE ZIGHNAL (SCALEDR S

]

FLAT (L i+ W YORP+NELAT (2 X4 TPHPCARF DS DASCHP
LtombELRl s Sy RERICAP

IDHH 1
I0H ltﬂ—*
IDHSszDHS
IDRFP= LeCskLAT S 4 [VeVORF+SKLAT (S & IP+FCAF » ~LFFCAP
IORP=T0ERP+ A4 CuFLAT (T 4R AP IR+ MELAT (S0 # IFHI+FPHICAF &

ik

|n iy

LOMGITUDINAL CONTROL INFUT CIURLED

BT i*(\fLHNtL'*IH+HIHI**lLHH(EB*IH#HCHF)HDESCHP
?-I[t:+ LECHELONCT YR ITHAETHACAP+ R LONTE 2 L0+ 0CAEP

ILHN\ZJoonULHFV
ILT%"kLUN‘T

WLON S D TS HCAF Y D TOAE

PEITHR A THRCEFP+XELONCI ce T Oe /P s D TCAP

v sy bt
AR I W oy |
-—-—4mm

i

FlR ZHRTLURAT DON

SO0 T 0 LEnna

- [0S = LI
FoaT 190

O =1 B
TOE S =1 e

T T=1 80

GT 'Uuuut

-156-

WLAT C4 0« IFHI+#FPHICAF 3

DAZCA

SRR LH

TEZOR

i

o




i
el
ity

Fllrpoe Lol THL Yo FNFALOG COMNYE RS O

[
I
f

LTOHZ (R TDRs. TES
TLOH
LI0CE= L, TDEF. JELQ:Y
TLEH
LTCRS(Z. [0ES, IELLY
TLLH
LTORSCZ, T0LT. IELE
TLDA

VT

L)

T LTITITT T
s sl e
nl el i el el

G To 4

FETUREN
END

TUTRUATINE FIMULT ORL s ML L L, B
DIENSION RONS LY AN MY BOFLL
LIMESNS TGN SOz, 2

[ 1.y I=2. N
L0 101 J=1.0
1

it

W lld 1.
L 1

T

AT DL
TR N P O

LM
R

L Sra =l i
S S B O

ST NLE
fZTUEN

EMD

KU SRR IR TR O R S RIS AL AP S




s . —

APPENDIX L

AV-3B OUTPUT 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 - 6, ¢
Radians per sec - @, P, R
Feet per sec - U, W, V

The results are divided into six sections:
I. V = 30; No stability augmentation; no 1.C.'s.
Shows open loop syster response to specified control
inputs. Simulation fidelity can be assessed by comparison

with Calspan results, Appendix M.

I1-1v
9 = 18° = .26R
Vo © 10 kt - 16.9 fps
ry = 5%/sec - .09 R/s
= '0_
8, = 15 .26R

Initial condition response for sections II through IV
is meant to be representative of the onset of the coupled
intake momentum drag pehnomena.

IT. LATERAL RESPONSE; V = 0, 30, 50, 80

Compares performance of present SAS and state feedback

controller at various velocities.




v

Il

Vi,

APPENGL S

(Continued)

LONGITUDINAL RESPONSL; V = 0, 3G, R0, S0

Same as 11, except longitudinal case.

LATERAL AND LONGITUDINAL, VvV = 30

Compares performance of the various stability
auamentat von options,

LONGITUDTRAY 5 V0 305 INPUT PLTULH ANGLE

Shows response of SHE-controlled cystem o o
159, 209, 259, and 31°.

LATERAL ;v D% STy TR INSLT IR v
Shows response of ‘Fi-controlled svsren toy 0 10
20. 30 and 40 kts. in precence of an initial tunk

angle and vaw rate (V= 30)
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APPENDIX M
CALSPAN TIME RESPONSES

(EXTRACTED FROM TM NO. 98)

This appendix contains Calspan results to control inputs
Comparison of the two enables assess-

used in Appendix L, Part I.
ment of simulation fidelity to be made.
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