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FOREWORD

In compliance with the direction of Headquarters, Air Research and
Development Command, a Symposium on Self Adaptive Flight Control
Systems was aeld at Wright Air Development Center on 12-'4 January 1959.

The preparations for this symposium were handled jointly by the
Control Requirements Section of the Control Synthesis Branch, Flight Control
Laboratory and the office of the Deputy Chief of Staff for Plans and Operations. .
The efforts of the following persons, members of the symposium committee,
helped to make the event a success: Mr. A. J. Cannon, Mr. A. S. Drysdale, .
Mr. C. E. Sondergelt, Mr. L. A. Ferguson, Mr. R. E. Hendrickson, Capt R. V.
Simon, M/Sgt W. A. Wood, and M/Sgt H. T. Blaine. The proceedings of the
symposium were transcribed by Mr. P. Lund.

The selection of papers and speakers for the symposium was accomplished
by Capt R. R. Rath. Assistance in the editing of the proceedings of this
symposium was given by Mr. L. A. Ferguson. Miss Annie R. Richardson
prepared a large part of the final typed manuscript.

The success of the symposium and the value of these proceedings are
both due entirely to the efforts of the contributors of the papers. Their
cooperation is gratefully acknowledged.

Lt P. C. Gregory
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ABSTRACT

This report gives an account of the presentations at the Symposium

on Sell Adaptive Flight Control Systems held at Wright Air Development

Center on 13-14 January 1959. Papers presented described the " state of the

art" of adaptive control systems. Various self adaptive control philosophies

and the mechanization and flight test of these philosophies are presented.

Future plans and programs for self adaptive systems are discussed.

Individual conclusions reached indicate that present flight control systems

in operational vehicles could have a self adaptive capability.

PUBLICATION REVIEW

The publication of this report does not constitute approval by the

Air Force of the findings or conclusions contained herein. It is published

only for the exchange and stimulation of ideas.

FOR THE COMMANDER:

F. B. CARLSON
Colonel, USAF
Chief, Flight Control Laboratory
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INTRODUCTION

During the past several years there has been a growing realization that
development programs for tailoring flight control systems to operational air-
craft are not producing the optimum flight control systems. This condition
exists largely because of the greater extremes of conditions through which the
aircraft are operating. These varying conditions cause changes in the aircraft
characteristics which require changes in the control system parameters if the
response of the aircraft-control systems combination is to remain a constant.
At present the required changes in the control system are made in a predeter-
mined fashion based upon instantaneous air data measurements. Thus, there is
no guarantee of true relationship between these changes in parameters and the
aircraft stability.

Changing the control parameters in this manner is often referred to as an
open-loop adjustment accomplished by a process of omphaloskepsis. Several
important points about these open loop adjustments shoud b mphasized.
First, accurate and detailei information about the aircraft characteristics is
required for the entire flight regime. Second, the capability must exist for
measuring air data for all flight conditions. Third, the calculation of the
required adjustments is a long process and must be confirmed by flight test
data, and fourth, subsequent changes in airplane configuration often require
more autopilot testing and adjustment.

Because of the above-mentioned factors, the Air Research and Development
Command (ARDC) initiated a program to determine methods of adjusting auto-
matic flight control systems in a closed-loop fashion requiring no air data
measurements, using some sort of aircraft stability criteria. This program
reached a point where it was felt that in the best interests of the Air Force the
information now known should be presented to industry to encourage applications.
Therefore, a symposium was held with the immediate objectives of:

(1) Acquainting Industry with the progress thus far realized in
adaptive systems.

(2) Exchanging technical information between all who have done work
or have ideas in this field.

(3) Stimulating the thinking of military and industrial personnel with
work in fields in which adaptive controls are applicable.

This report is a composite of the papers presented. Because of the
speakers' time limitations, they were permitted to publish a more comprehen-
sive p*per in these transactions than that which was presented. However, in
most cases the paper herein is very similar to the oral presentation.

WADC TR 59-49
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Throughout the symposium, there was considerable confusion regarding
the definition of an adaptive, self adaptive, or self optimizing system.
Speakers used the three terms interchangeably and presented conflicting
views regard.,tg them. It is felt that the confusion could be best cleared up
by recourse to semantics. All too often, engineers working in a new field
assign a unique meaning to a stock English word for technical purposes. This
practice leads to much confusion when others try to understand the new field.

In the present case, consultation of the Webster Dictionary reveals that
the term adaptive means tending to or showing adaption" . Adaption, in turn,
is defined as " adjustment to environmental conditions" . Thus, an adaptive
system would be one which has the capability of adjusting in some manner to
changing environmental conditions.

The key to this definition lies in the requirement for adjustment. Thus,
ff a system's parameters are not adjusted or changed in some manner the
system is not adaptive. Under this definition present flight control systems
with an air data programmed gain change would be adaptive.

"Webster" defines the prefix self as " the agent that of itself acts in a
manner implied by the word with which it is joined" . Thus, a system that
changed its own parameters to adapt to a changing environment would be a
self-adaptive system.

An optimalizing or optimizing system would be one which operates at
the best or most favorable condition. A self-optimizing system should be one
which adjusts its own parameters to achieve an optimum condition and could
be considered as a particular self-adaptive system.

As Dr. Aseltine points out later in this volume, there is a three-step - -

process consisting of measurement, evaluation, and then adjustment required
for adaption. In order for a system to be self-adaptive, it must perform
these three steps itself.

A self-adaptive system will be defined as one which has the capability
of changing its parameters through an internal process of measurement,
evaluation, and adjustment to adapt to a changing environment, either external
or internal to the vehicle under control.

If the above definitions are accepted, then, for example, a conventional
linear system with fixed feedback values cannot be considered self-adaptive
or adaptive, even though it may provide satisfactory response over a wide
range of operating conditions. However, a system designed by the use of
non-linear techniques will be an adaptive system but not a self-adaptive
system because no parameter is changed when the environment changes.

WADC TR 59-49 2
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The author would like to express his appreciation to Mr. M. F. Marx,
General Electric Company, who stimulated this definition through remarks
made at a discussion following the symposium.

The open forum discussions are included in their entirety based upon a
transcript taken by the symposium recorder.

"The speakers' introdactions and other comments dealing with the
operation of the symposium have been omitted for the sake of brevity.

WADC TR 59-49 3
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THE SELF ADAPTIVE FLIGHT CONTROL SYSTEMS
SYMPOSIUM

PROGRAM

WADC AUDITORIUM

TUESDAY MORNING, 13 JANUARY 1959

SESSION I

Capt R. R. Rath, Chairman
Flight Control Laboratory
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WEvLCOME

Colonel W. R. Grohs, Vice Commander
Wrighit Air Development Center

Wright-Patterson Air Force Base, Ohio

Good morning, gentlemen. I would like to extend to each one of you
a very sincere welcome to the Wright Air Development Center. The Center
has the honor of assisting the Air Research and Development Command in
presenting this symposium. I am sorry that General Wray was not able to
be here to greet you this morning, but he is on one of his very rare trips to
the West Coast. As you know, this symposium deals with Adaptive Flight
Contro! Systems. I know that those of you who have looked over the agenda
recognize that this will be a very informative and interesting meeting. Within
our somewhat limited confines here, we have attempted to assure that this
symposium will be held under conditions which will permit your maximum
absorption of the material being presented. The most modern and advanced
air and space vehicles or weapons systems become useless if their control
systems fail to do their jobs. The severe environment that future vehicles
-must operate in will require that these vehicles have control systems that

*. are superior to present operational systems.

We are meeting here today and tomorrow to present to you people
our ideas regarding the " state of the art" and the techniques associated with
flight control which have the capability of providing the required characteris-
tics. It is hoped that upon leaving here you will utilize these techniques to
provide the military with the control systems that are necessary for our
advanced vehicles.

At this time, I would like to introduce to you, General L. I. Davis,
Deputy Commander for Research, Air Research and Development Command.

WADC TR 59-49 5
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INTRODUCTION

Major General L. I. Davis
Deputy Commander for Research

Air Research and Development Command

It is a pleasure to be here today, especially because I see so many
people in the audience. I am very surprised to see such a large turnout. I
hope that most of you are here for the same re;,son that I am, and that is to
learn something of the background of this effort in adaptive control systems.
In my former tour in the Headquarters of the Air Research and Development
Command, I put a lot of emphasis on automatic controls, control systems of
various sorts. In coming back to the Headquarters again in August, I requested
some information about the progress of the research in adaptive control
systems, and perhaps this group this morning, whc are going to meet here
tomorrow also, will be able to educate Davis.

My interest, of course, stems from the very fundamental relationships ."
that exist in all oar military weapon systems. I like to use the analogy of the
three-legged milking stool with the seat representing the warhead; one leg
representing aerodynamics; another leg, propulsion systems; and the third
leg representhig guidance and control. Without any of those three legs you
don' t have an effective military weapon.

You all know, of course, of the tremendous amount of emphasis placed on
aerodynamics, the billions of dollars that are invested in wind tunnels, space
flight rockets, and things of that sort. You also know of the billions of dollars
that are involved in cur propulsion systems, both in research and development,
and in industry as well as in the service. It is my feeling that we don' t have 2
a corresponding amount of effort on this other leg of the stool reprc 3enting
guidance and control and including the adaptive control systems.

I did not see the last launching of the Atlas, the one that went into orbit,
but I havre been very impressed by the great degree of stability shown by our
ballistic missiles in the initial part of their flight path. It is amazing to note
the performance of the automatic controls, but this is just the first part of the
flight, the part of the flight you might say, which is still under pilot control.
The later portions are the more precise portions. Those dealing with putting
something into orbit, or perhaps controlling it more precisely upon re-entry
will require a much greater degree of sophistication and accuracy. I bring
up this subject of the Atlas flight because in this instance, you are using a
radio control system to guide it in trajectory. Although I was not there, it
was reported by those people who did see the flight that one of the reasons it
did not go into higher orbit waL that the control system was rather sloppy.
An appreciable amount of energy was used in the gyrations along the path.

WADC TR 59-49 6



This is just an example of what still needs to be done in all our
control systems. So far as adaptive controls are concerned, when you consider
the wide range of acceleration, the rapid change of mass, and the wide range
of atmospheric density upon re-entry, you see that a missile is a system that
is pretty hard to prepare on the ground for all the necessary adjustments
before the flight. It has to be self adjusting, or should be.

Another reason why we are very interested in this adaptive control
system is philosophy. I think that before we get too involved in serious
matters, I ought to mention a little story that Jimmy Doolittle brought back
from Europe. It deals with a famous old circus over there, well known through-
out Europe. One of its best acts was a tiger-taming adt. This had been a good
act for many years, but as all things happen sooner or iAter the old tiger died
and they got a new young tiger that was very fierce and had sharp teeth. At --
the next showing, the young man stepped into the cage with his pistol, chair,
and whip. When the young tiger saw him, be jumped across the cage and
knocked the chair down, took a slap at the p!Ptol and almost removed the
tamer' s clothes. The young tiger tamer backed uut of the cage. This was very
serious because it was a famous old circus and they had a great traaition. The
show must go on and they had another performance in about two hours. So the '
manager called all the troopers together and asked for volunteers. There was
a silence and finally a little girl in a Bikini bathing suit, who was in a tight rope
act, volunteered. She was raised in the circus, born in a trunk and all that
sort of thing. After some consideration they decided to let her go on. At the
three ol clock matinee performance she stepped in the cage with a chair,
pistol, and whip. They opened the other gate and in dashed this fierce tiger.
She cracked the whip and he just sat there. She cracked the whip again and he
went down on his stomach and crawled across the cage. He licked the girl on
the toe, then he licked her calf, then her thigh, and he finally ended up with his
head or her busom purring gently and the crowd went crazy hollering " Bravo"t
and so forth. The manager turned to the young tiger tamer and said, "Why
can' t you do that?" The tiger tamer said," You get that damned tiger out
of there and 1 11 show you!"

IC5.
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AIR RESEARCH AND DEVELOPMENT COMMAND ..
PLANS AND PROGIRAMS"

Lt P. C. Gregory
Flight Control Laboratory

Wright Air Development Center

With such a distinguished group as this, it might seem inconsequential
to try to establish the problem of why we are here, and what we are doing.
However, certainly there are a few people here who are not familiar with
self adaptive controls. Most of you know that with the advent a few years ago
of hypersonic and supersonic aircraft, the Air Force was faced with a control
problem. This problem was two-fold; one, it was taking a great deal of time
to develop a flight control system; and two, the systems in existence were not
capable of fulfilling future Air Force requirements. These systems lacked the
ability to control the aircraft satisfactorily under all operating conditions.
Because of the non-linear aerodynamic link between the control surfaces and
the stability of the aircraft, the flight control systems had the capability of
working only where we could predict they would be operating. Obviously, if ..- ,
we always know what this link is we can program it into our control system
and work with it, but if we don' t know what it is or if our control system
undergoes unexpected changes during flight then we experience control
difficulties.

Approximately three years ago, the Air Force became interested in
oving the effects of this non-linear link from the flight control system by

th- use of self adaptive techniques. I will not at this time attempt to describe
to you our past programs. That Is largely the purpose of this symposium.
I will, however, mention two programs that are being initiated. A contract
has been signed with Lear, Incorporated to mechanize and flight test a version
of the MIT system which will be presented here this morning. This will be a
three-axis system installed in an F-101A and will be flight tested sometime
this summer. This system includes control stick steering, G-limiting, and
an angle of attack warning system. Another contract will be signed soon for
the installation of a three-axis self adaptive system in an X-15 test vehicle. .._
Flight test should start during the summer of 1961.

The Air Force approach to the problem of self adaptive controls has
been to try to determine techniques that would work, to prove the feasibility
of these techniques through simulation and study, and then flight test systems
designed by these techniques to achieve a degree of confidence in them. We
have Y-any plans for the future of our systems. I think there is one general
statement that we can make about most of our systems ?.nd that is, they work,
but why do they work? In the future we intend to try to establish the basic
fundamentals of why our systems work and how we can analyze them better.

WADC 'rR 59-49 8
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We intend to try to categorize our techniques, break them down into different
philosophies and different methods of solution. We also intend to continue
with our flight test program. We have several techniques that have not been
flight tested and we have other ta:hniques under development. Several of our
present techniques that are approaching operational capability have been
developed from existing flight control systems. There are undoubtedly a
great many other ways by which present systems could be modified so that
they would have a self adaptive capability; however, the Air Force feels that
more would be gained by using the basic fundamental physics of the problem
to develop new self adaptive control systems. Our future plans reflect this
thinking. We intend to devote more of our program to the development of the
basic fundamentals.

We intend to try to apply our present techniques in new ways. We have
several" in the house" efforts working on control problems that are of
interest to the Air Force. Our policy regarding these " in the house" efforts
is that we will attempt to establish the basic fundamentals regarding the
problem and to define the problem in such a manner that a procurement can be
written. Then other commercial research groups are contacted to do most of
the work and finish the problem. We do not attempt to find a complete solution
through the "house" efforts. Son - of the areas in which we have been working
are aeroelasticity, its effects on self adaptive control systems, the integration
of aerodynamic and reaction controls, with the implication of space vehicle
re-entry and exit; the possibility of the re-entry of a vehicle maintaining
constant tempei zture at some point, a truly universal autopilot, and severalk
other imaginary or visionary concepts.

Along with Wright Air Development Center, another Air Force group
that has been working on self adaptive controls is the Air Force Office of
Scientific Research. They have sponsored several projects, one of which is
being done by the University of California, Los Angeles and will be reported on
later. UCLA has been doing basic research regarding self adaptive control
systems theory. AFOSR has a contract with Stanford, where Mrs. Flugge-
Lotz is conducting an extension of her previous work. She is studying means
of reducing non-linear transients in switching contacts. Rennselar Polytechnic
Institute is studying the non-linear effects of on-off control devises in the
presence of viscous damping. Bell Aircraft has a program underway to study
the effects of structural damping on flutter. Westinghouse is studying the
control requirements imposed by orbital transfer under perturbations
experienced in space flight.

The purpose of the Air Force Office of Scientific Research is to
establish the basic fundamentals regarding origins or sources of non-linear
effects in self adaptive flic'ht control systems, determine the parametric
relationships regarding these non-linear effects, and develop procedures or
techniques which will solve these relationships.

WADC TR 59-49 9
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It should perhaps be emphasized at this point that there is no conflict
between the Office of Scientific Research and the WADC effort. They are
starting from basic fundamentals and working toward a development aspect.
We started on the development end because of the necessity of proving that
these systems would work and we are now working to establish basic theories.

Another related area in which we hope to sponsor some work is
component development. As you will note from the following papers, most of
our systems have a gain changing device. Presently this is done mechanically
or electro-mechanically. We would like to see this replaced by a solid state
gain changing device. This should increase both the reliability &and the rate of
adjustment. We would also like to see more work being done on special action
devices such as hot gas servos and pulse-modulated servos. Another area in
which we feel significant improvement could be made is in the design of
devices to measure higher order derivatives such as acceleration and perhapsjerk.

With the aid of our contractors, and with the aid of a number of people
from industry, Wright Air Development Center has been attempting to monitor
the " state of the art" of self adaptive control systems. This has been very
successful to date, due to the cooperation of this group. However, the program
has expanded to the point now where there are people working on self adaptive
ideas who have not been in touch with us. So I would like at this time to make
an appeal to those of you who are working in this area to let us know what you
are doing when you make any significant advances. This information will,
of course, be treated as you desire. Most of the organizations with which we
have been in contact do not regard any of their developments as proprietary in
nature; however, If you feel that your development is proprietary we will regard
it as such. If we are in contact with your organization, we will then be able to
say that someone is working in this area, and we can refer interested parties
to you. This procedure has the obviou.3 advantage of rapid dissemination of
information to avoid duplication of results and speed the application of new ..-

ideas.

I would like to make one other point in closing. We in ARDC feel that
the self adaptive control system is here to stay. It is the future means of

whole field of application to missiles yet to investigate. We would like to apply

these techniques to missile control. There are other areas where we know they
will be helpful. We would like to impress upon you, during these two days,
the abilities of self adaptive control systems. We think we have established -. _
some operating techniques and now we are hopeful that you will apply them.
Thank you.

WADC TR 59-49 10
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"U.S. ARMY SIGNAL RESEARCH AND DEVELOPMENT LABORATORY
FLIGHT CONTROL PROGRAMS - PAST, PRESENT, AND FUTURE

By 1t J. P. Gilmore
Project Engineer, Avionics Division

U. S. Army Signal Research and Development Laboratory
"Fort Monmouth, New Jersey

"The U. S. Army Signal Corps is responsible for the research and
development of electronic flight aids for Army Aviation. In connection with
this activity the Signal Research and Development Laboratory has been actively
engaged in providing engineering support in the field of automatic flight control
systems for Army aircraft.

The initial needs for flight control equipment for immediate army
applications were urgent; the Laboratory, therefore, evaluated a number of
existent military and commercial autopilots for army fixed and rotaxy wing
aircraft. Thus, several interim army flight control systems were generated.
These systems ranged from a modified F-5 fixed wing autopilot to a U. S. Navy
helicopter stabilization system. As new tactical concepts developed, the scope
of Army aviation missions expanded, and the need for larger quantities and U.

varied types of more advanced flight control systems became evident. The
Signal Research and Development Laboratory recognized these needs and
considered the problems that would be associated with the procurement, supply,
and maintenance of these equipments. Thus, in early 1956, a study was begun
to determine the feasibility of the development of a universally adaptable type
of autopilot.

The objectives of this study were to determine the feasibility of the
development of a set of modular components which when combined in various

.- configurations would provide a variety of types of flight control systems. These
systems would be readily adaptable to present and foreseeable Army fixed and
rotary wing aircraft. Fixed wing and helicopter autopilot requirement study
programs were initiated. The studies evolved a set of normalized autopilot
system parameters for helicopters and fixed wing aircraft. Technical require-
ments were then generated for the development of an adaptable set of light-
weight autopilot components. This concept which was nicknamed the " Universal
Autopilot" received final task approval In 1957 and early 1958, the design of the
"Universal Autopilot" by the Sperry Phoenix Company under the cognizance of
the U. S. Army Signal Research and Development Laboratory was begun.
This system as such is not a self adaptive autopilot since it possesses no
gain changing features; it achieves adaptability through its mechanization
(i.e., the method of combining the modular parts). The equipment is adapted
to each aircraft' s flight characteristics by means of plug-in calibration cards.
It is obvious that this type of system does not obviate the need for aircraft
aerodynamic information. However, this equipment is intended for use in

WADC TR 59-49 11
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relatively low performance fixed and rotary wing aircraft. These aircraft do
not exhibit extensive aerodynamic changes in flight and therefore flight control
systems with elaborate gain scheduling provisions are not required.

Figure 1 depicts each of the basic components of the " Universal Auto-
pilot". Note V , absence of a centralized amplifier computer. The number of
components shown in this figure are those which are required to form either a
complete 5-axis helicopter dispLacement system with control stick steering or
a 3-axis fixed wing displacement system. The legend denotes those units which
are common to both types of system (HF), and those which are required only for
the fixed wing (F), or rotary wing systems (H). Note the relatively low weights
which are projected for these systems.

The control panel provides the necessary autopilot engagement switches
and attitude synchronizers. The navigational coupler provides all the necessaryIt
circuitry to enable the coupling of various navigational systems (I.S, VOR,
doppler navigator, etc) to the autopilot. The components under the sensor
column of Figure 1 (i.e. vertical gyro, force link, accelerometer, etc) provide
aircraft attitude, altitude, and pilot stick force sensing functions that are
required to effect the various control modes. The power unit is a self contained
servo-loop. It provides all those computing, amplifying, and prime mover
functions which are required for a single flight control axis.

Thus, it can be seen that a variety of control systems can be readily
mechanized by the combination of the appropriate number of sensors and power
units (i.e. a single axis damper to a five axis helicopter displacement autopilot).
Figure 2 illustrates a typical application of this equipment as a 3-axis displace-
ment system in an aircraft.

A unique mechanization technique enables the use of the power unit
(illustrated in the fixed wing system form) as a differential series actuator for
helicopter applications. This is achieved by removing the power unit' s capstan
and interconnecting a flexible shaft to the differential linkage (illustrated in
Figure 1). The differential linkage is installed in series with the existing
helicopter push rods forward of the helicopter hydraulic power boost. It is
essentially an irreversible screw jack mechanism which transforms the rotary
motion of the power units to linear motion. Thus by means of this technique the
autopilot signals are mixed differentially with all pilot cyclic stick inputs and
are not reflected back to the pilot' s stick.

The equipment described is intended for application in the present Army
fixed and rotary wing aircraft, and foreseeable low performance Army vehicles.
It is still in the equipment design and fabrication stages of development and may
be subject to some minor modifications. It is recognized that this system cannot
cope with the problems associated with higher performance aircraft which
require high power irreversible hydraulic servos, and gain scheduling provisions.
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The desirability of achieving self adaptivity of the equipment to each
aircraft without reqiiring the necessity of developing gain scheduling computers
dependent upon extensive aerodynamic information is an obvious objective.
Thus, the need arises for the development of a sound adaptive technique. It is
envisioned that the universality concept can be extended by the development of a
"modular adaptive controller and associated specialized sensors. If we imagine
that Figure 2 represents a hypothetical VTOL installation (assume control stick
steering is incorporated and the maneuver controller is deleted), it is obvious
that the adaptive controller would be inserted downstream of the couplers,
sensors, and control panel. It would provide all the necessary automatic adapting
w which would be necessary for this type of aircraft. The use of this controller in
all aircraft applications in place of the calibration cards now being used would
simplify flight calibration and logistic supply problems. However, this considera-
tion must be weighed by equipment reliability considerations and equipment cost,
weight, and size.

Tho Signal Research and Development Laboratory is preparing a technical
"* requirement for the development of such a controller. It is anticipated that

development of the adaptive controller will be initiated in the near future.
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THE SYSTEMS DYNAMICS RESEARCH AIRPLANE

E. C. Foudriat and S. A. Sjoberg
National Aeronautics and Space Administration

Langley Air Force Base, Virginia

It is the purpose of the next two talks to acquaint you with a flight -
research airplane, which is now being equipped, and which will be used for
flight research on airborne systems and for simulation studies of advanced
airplanes. The airplane with its equipment is well suited to the study of
adaptive control techniques and it is planned that one of the first uses of this
vehicle will be in this field. In this talk the various pieces of equipment that go
to make up this research airplane will be described and then the next talk will
go into the research capabilities.

The first slide is a schematic which indicates the main pieces of equip-
ment to be installed in an F-101 airplane. It 11 not attempt to go through this
flow diagram. The main pieces of equipment are general purpose analog and -

digital computers, electrical input flight control systems - indicated by the
series servo, a stable platform included with the sensors and instrumentation,
a pilot' s display - which indicates computed rather than actual flight conditions,
and an air data computer which is not indicated on this slide.

The equipment that makes this vehicle unique and wbich provides good
versatility for systems and airplane dynamics studies is the on-board computers.

The usual procedure in conducting flight research or airborne systems
is to design equipment to study a specific problem. This specific problem
approach is time consuming and usually results in hardware that is not
applicable to other studies without considerable modification. Using the airborne
analog computer, airborne systems can be simulated and thus good versatility
for in-flight systems studies is obtained. Let' s now get into some details on
this airborne analog unit.

DESCRIPTION OF EQUIPMENT
Analog Computer

The analog computer which is now under development by the
Autonetics Division of North American Aviation is a transistorized differential
analyzer. To give you an idea of the computer capacity a list of the computing
components is shown on the next slide. As you can see from the slide, the
computer has a reasonably good capacity, including 100 operational amplifiers
and a significant amount of non-linear equipment. Besides being transistorized,
the computer has been miniaturized so as to meet the space limitations.
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The miniaturization has caused the basic accuracy of this airborne unit
to be reduced from that of general purpose ground based computers. The
inherent accuracy of most of the individual components is about 0.1 percent.

The next slide lists some other pertinent features of the analog computer
equipment.

Significant non-linear function generation can be accomplished since
20 tapped pots with 19 taps per pot and 4 diode function generators are available.
In addition 10 diode bridge limiters and 24 free diodes are available for switch-
ing, limiting, and other types of function generation.

As in the ground based computer, the inputs to and outputs of the
computer components are brought to a patching system so problems can be
changed easily.

Two types of systems are available for generation of time varying
parameters. A punch tape timer system for discrete problem changes and a
magnetic tape playback system for continuous changes. In addition the magnetic .
tape makes possible the insertion of noise voltages into the problem by taping
the noise signal on the ground and playing it back in the air.

A multi-recording system is also available. The majority of the record-
ing will be done on a 50 channel oscillograph. In addition 7 chaimels of magnetic
tape recordings are available. In order to determine problem malfunctions in
flight, an events recorder shows when and where any amplifier overload
occurred. The computer will weigh about 900 pounds, including recording and
pilot display equipment, and occupies a volume of about 21 cubic feet.

While on the subject of analog computers, it should be mentioned that a
ground based computer will be used to simulate the F-101 airplane on the
ground. This will make possible the studying and checking out of test problems
on the ground prior to the actual flight tests. Thus the flight test time can beused most efficiently.

Digital Computer

Next, let' s go into the digital computer. The digital computer, -A
being built by the Burroughs Corporation, is a completely independent computing
system. However, it has features which allow it to be integrated with the analog
computer system providing a combination which affords flexibility, high
accuracy and rapid calculations.

A block diagram of the digital computer is shown on the next slide. The
system consists of a magnetic drum for storage of programs and constants, a
random access memory, a three register arithmetic unit, input and output
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systems which provide analog-to-digital and digital-to-analog conversion and
a problem control unit.

The magnetic drum is used to store the computer programs, constants
used in the computation, and initial conditions.

"The arithmetic unit consists of three registers. Within these are
performed the arithmetic operations. Addition and subtraction require about
25 microseconds to complete. Multiplication and division take about 75 micro-
seconds. These times are about twice those of an IBM 704.

The random access memory is a ferrite core unit with 128 word storage.
The input-output system is one of the unique features of the computer. There
are available 32 input and 10 output channels. Both the analog-to-digital and
digical-to-analog conversions can be completed in 75 microseconds. The
digital computer program is formulated in the ground and loaded into the drum
by a punch tape system through the control unit. The programming procedure
is quite straightforward.

It is the combination of the digital and analog computers which give
good flexibility and no-drift high accuracy computing capabilities to the system.
It is expected that the analog will do the rapid summation, integration and
solution of the basic differential equations since these type processes are quite <'
slow on a digital machine. However, the digital machine can do the long tcrm
high accuracy calculations such as coordinate transformations and space
position calculations. The combination of analog and digital computers should
provide an excellent airborne computation and simulation system.

Electrical Input Flight Control System

Next, let' s go into some of the details of the electrical input
flight control system to be used in this research airplane. The control systems
have been developed by the Sperry Gyroscope Company and the next slide
lists some of the control system characteristics. The stabilizer, rudder, and
the two aileron channles are electro-hydraulic in operation and are installed
in series with the conventional controls through summing links. The input
signals can come from the computers, the sensors or the pilot' s side controller Z.
stick. Full authority has been designed into the system but the authority can be
limited by ground adjustable stops.

As to the dynamic performance, the specifications call for the phase
lag between input %..d output to be less than 3 degrees at one cycle per second
and less than 45 . -, 'ees at 10 cycles per second. The amplitude ratio at any
frequency is specilied tc be less than 1.3 times the static amplitude ratio.

The dynamic performance of the electrical input control systems is
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.. high as compared to the power actuators so they will not be a limiting factor.

For safety considerations, all of the electrical input control systems
are dualed. The dualed systems operate from the same input signal. If for any
reason the dualed servos do not operate together within preset limits the
electrical input servos are shut off and the pilot assumes control through the
conventional control systems. In addition to the dualed electrical input control
systems, limit sensors are used to prevent structural overloading of the airplane.

A side located control stick is used by the pilot for generating control
signals, and a torque servo is used to provide feel forces to the pilot' s side
"controller. The torque servo accepts electrical signals from the various
sensors or computers and its output is a force proportional to the sum of the
input signals.

Stable Platform

Another important piece of equipment is the stable platform and its 1
computer. It has also been built by the Sperry Gyroscope Company. The plat-
form is of the 4 gimbal type and the inertial angle and velocity data it provides

* will be used in target simulation and navigation studies.

Sensor System and Flight Instrumentation

A complete set of sensors and flight instrumentation is installed to
measure the linear apd angular motions of the aircraft, the motions of the

. control surfaces, and the flight conditions. An air data computer developed by
Bendix provides analog signals representing Mach number, true airspeed,
altitude and dynamic pressure.

Pilot' s Display

A portion of the instrument panel in the F-101 airplane has been made
- available for a pilot' s display of test problems. It consists of various

indicating instruments which depend on the program being run. These instru-
rments will receive their information from the computers and will indicate .
computed flight conditions. In addition a 4 input channel oscilloscope is
available for target and other displays.

RESEARCH CAPABILITIES

"Now that the equipment has been described, I would like to tell you about
' the research capabilities of the vehicle. To do this, I will outline some of

the research areas of interest today, where the research vehicle will be used.
Then, to give you a better idea of how the equipment will be employed, I will
outline how we might simulate a seLt-adaptive controller in conjunction with an
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advanced aircraft design.

The first slide lists some of the research areas of interest where this
research vehicle has capabilities. The areas are divided into two categories;
the first having to do with the studies of systems and system techniques and the
second with the simulation of advanced aircraft and re-entry vehicles.

Under the first category is control systems. The most important develop-
ment here has been self-adaptive control techniques. The research airplane is
well suited to the study of adaptive control principles.

As examples, the relay amplifiers includ.d with the analog equipment

can be used in the study of non-linear switching technioues like those proposed
by Mrs. Flugge-Lotz and by the Minneapolis-lioneyweil Regulator Company.

The technique proposed by the Sperry Gyroscope Company employs a
mechanism which senses damping ratio changes of the high frequency control
system poles and modifies the system accordingly. These changes could be
sensed using a digital amplitude comparitor logic system which would compare r --

the amplitude peaks in the time interval after excitation.

A third system, the most difflcult ior the airborne simulator to handle,
is a technique using cross correlation which has been proposed by Aeronutronics
Systems, Inc. One method of instrumenting this technique uses a random flip-
flop to produce binary whito noise and a time delay on the inpi , signal to obtain
a comparison between ipput shifted in time and the output. This shilt register
may be accomplished in the digital computer by sampling the input and using a
digital program to shift this :sampled input. The delayed signals may be
reproduced by using the dl !~i-to-analog converter. With the equipment avail-
able, 10 such delaved sigpals could be reproduced since there are 10 digital-to-
analg converter channels. It is possible to simulate other proposed adaptive
techniques as well and also there are other methods for simulating the tech-
niques outlined above. What I have tried to do by citing these examples is to
give You an idea of the research vehicle' s versatility with the on board computing
equipment.

The research vehicle has capabilities for studies of systems other than
self-adaptive controllers. The stable platform-digital computer combination
provides the essentials of a high per' rmance navigation system and also
provides the axis reference for targeL simulation. Thus studies can be conducted
cnr, digital autopilot and navigation systems, automatic weapons delivery
including fire control systems, and automatic on-board landing systems. The
target simulation in some cases allows for studies in speed ranges grx'ater than
that of the F-101 airplane because the target is not actual but is represented by
simulation.
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In the category on the right hand side of the slide, studies of advanced
aircraft such as the B-70 or F-108 can be done in actual flight. Because of
the on-board computers continuous flight operations can be accomplished
where Mach number and altitude are changing. This is in contrast to the
variable stability airplane where essentially only one flight condition at a
time can be investigated.

For the last item in this category, a part of the re-entry of vehicles
such as the X-15 or Dynasoar could be simulated. For example, during a
portion of the re-entry a sustained normal acceleration greater than one g
builds up. This could be simulated by having the airplane perform wind-up
turns. At the same time the airplane would be made to have the same short j
period dynamir•e as associated with the re-entering vehicle. Thus, the
dynamics research vehicle would represent the re-entry by simulating the
most important forces and motions of the re-entering vehicle.

The problem could be handled in the following way. The analog and
digital computers would be used to solve the re-entry vehicle equations of
motion. The pilot' s side stick and rudder pedal motions would serve as
Inputs to the computers and the pilot' s instrument panel would display condi-
tions about the re-entry vehicle. This is similar to the way in which a ground
simulation of the problem would be conducted. In flight, however, the computed
output quantities would be used as command inputs to the F-101 electrical
input system and the airplane sensors would furnish feedback and stabilization
signals.

To give you a better idea of how this equipment is used in a simulation
study, a program will be outlined. The problem is the simulation of a self- .
adaptive controller on an advanced aircraft. The next slide shows a block •-'"
diagram of how this could be accomplished.

The problem may be divided into two parts, the simulation of the
advanced airplane and the simulation of the adaptive controller. The first
part can be accomplished in a manner shown on the right hand side of the
slide, using a technique sinlar to that used in variable stability studies.
ThIat is, the feedback quantities are used to modify the stability characteris-
tics of the F-101 so that they match those of the airplane being studied. For
example, in the longitudinal case the angle of attack and pitch rate signals are
fed -b4ck t.hrough the control surface to modify the stability derivatives C.

and C respectively, so that the desired short period dynamics i.e. fi equency
q _

and damping are obtained. With the computer equipment aboard, information
about the desired stability characteristics would be programmed as a function
of altitude and Mach number. By furnishing Mach number and altitude through
the air data computer the F-101 could be made to fly like some other airplane
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over a wide range of flight conditions. Thus thc right hand side of the slide,
that is the series servos, sensors, air data computer and variable stability
simulator, represents the dynamics of the aircraft being studied.

The other portion of the slide shows a representation of the simulation
of the adaptive control technique under study and the input commands as shown
by the block marked " pilot' s input". Any of several techniques including
those mentioned previously could be simulated in a study program. The sensed
signals for feedback to the adaptive controller can be taken directly from the
airplane sensors in most cases.

Thus flight problems related to adaptive controllers and pilot opinions
about them can be obtained directly without resorting to hardware build up of
each system.

In conclusion, the dynamics research vehicle should be a useful facility
for system and airplane simulation studies. Because of its versatility it
should be usable for many research programs. It should help to reduce system
lead time since it provides the ability to flight test the proposed technique
before the system equipment has been built. As to the status of the vehicle,
all major pieces of equipment except the analog computer are to be delivered
for installation within the next few months. The analog computer Is scheduled
for July 1 delivery. It is expected that the vehicle will be operational abouc the
end of the year.

ID'--2
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ADAPTIVE CONTROL SYSTEM PROGRAM

William C. Triplett
National Aeronautics and Space Administration

Ames Research Center
Moffett Field, California

At the Ames Research Center we have been conducting a theoretical
study of adaptive control systems. This study has emphasized basic concepts
and methods of analysis. One system which showed considerable promise is
the type which uses the principle of high forward loop gain in connection with
an on-off controller to obtain a response that is relatively insensitive to
variations in aircraft parameters. In the strict sense of the word this r
system is not truly adaptive; however, it does have two distinct advantages -

it is simple in concept and can be analyzed by conventional methods. On the
other hand the action of the relay or " on-off' switch does result in a limit
cycle oscillation which may be objectionable in some applications.

During this program, linear methods of analysis based on the root locus
concept were used. Also a simple means of predicting the frequency and
amplitude of the limit cycle oscillation was developed. Mr. McLean will
discuss this program in his paper and also will show the results of an
example application involving a normal acceleration system in a hypothetical
air-to-air missile.

Our future plans are best illustrated by this slide. The chart shows, at
"the top, the theoretical work which is essentially complete and which will be
discussed by Mr. McLean. The next two boxes show two parallel extensions I
of this basic study now in progress. These involve appilcadons to convention-
al aircraft and also to re-entry vehicles.

First with regard to the conventional airplane application - the airplane
chosen is the F-102 and preliminary simulation studies are now underway.
This airplane was chosen because of its high performance AFCS which can
be adapted for this program with minimum number of changes to hardware or
instrumentation. Since the essential modifications involve only circuitry,
flight tests of this system can be started with a minimum amount of develop-
ment. It is planned to apply this adaptive principle to both the pitch and roll
channels. In the pitch channel a normal acceleration command system will
be used for the initial tests. This mode of control is normally employed in =...

the F-102 for the automatic attack mode and is also the type of system
previously studied in the missile example.

It is hoped that flight tests will not only demonstrate the feasibility of
this particular adaptive system approach but will also provide a positive 7
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check on the effects of the limit-cycle or chatter frequency. In this regard
there are several questions to be answered. First, can the chatter frequency
and amplitude be predicted adequately; what are tolerable limits on chatter
amplitude; and is there objectionable coupling with airplane structural modes?
Furthermore, these tests should give some idea of how well the adaptive
system can cope with rapid changes in aerodynamic parameters such as
encountered through the transonic region and in low-speed, high angle of
attack flight.

The first part of the flight program involves automatic control with
command Inputs supplied by knob adjustment. The next step, as presently
planned, would involve direct pilot control by means of a side-arm or informa-
tion stick controller. These tests would be mainly pilot opinion studies, and
again one of the main areas of interest would be the effects of chatter.

Now turning to the right side of the chart we have a project involving the
control of re-entry type vehicles. At present a study is being made to define
the control requirements of such vehicles which will traverse the entire
flight regime from orbital speed and altitude to landing. This regime will
involve reaction controls for attitude control at high altitudes, aerodynamic
control at low altitude, and perhaps a mixed mode of operation during an
intermediate portion of the flight. This program involves simulation studies
of a representative configuration with conventional and also with adaptive type
autopilots in order to determine the relative merits of the two concepts.

Later, more complete studies will be made of systems which are controlled
directly by the human pilot. For these tests a two-degree-of-freedom motion
simulator will be used to assess the effects of aircraft rolling and pitching
motions on the pilot' s ability to control the vehicle. This again will be a pilot
opinion type of study.
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ADAPTIVE AUTOPILOT STUDIES
AT AMES RESEARCH CENTER

THEORETICAL STUDY-
HIGH GAIN SYSTEM USING

ON-OFF CONTROLLER

_-STUDIES IN PROGRESS
1- APPLICATION TO

APPLICATION TO RE-ENTRY VEHICLE - "
CONVENTIONAL (0) CONVENTIONAL

AIRPLANE (F1102) AUTOPILOT
(b) ADAPTIVE AUTOPILOT

CONTEMPLATED TESTS

FIG LTESTS IN I SIMULATION STUDIES
S I02 AIRPLANE I (a) AUTOMATIC CONTROL

(0) AUTOMATIC CONTROL I I (b) PILOTED CONTROL USINGI
TCONTROL J L MOTION SIMULATOR

Fig 1
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ON AN ADAPTIVE AUTOPILOT USING A NONLINEAR
FEEDBACK CONTROL SYSTEM

John D. McLean and Stanley F. Schmidt
National Aeronautics and Space Administration

Ames Research Center
Moffett Field, California

As Mr. Triplett has mentioned, we at Ames Research Center have been
studybig adaptive autopilots to try to understand the fundamental principles by
which they can be derived and determine methods for analysis of their behavior.
In this paper I will present the results of our studies to date. I shall first show
how conventional theories which are documented in many texts on servomecha-
nisms can be used to design a system. These theories show that an on-off
feedback control system can give the desired characteristics except that a
chatter frequency must exist in the system. The theory will then be applied to
a normal acceleration type autopilot and methods will be presented for predict-
ing the chatter frequencies and amplitudes. Some results and problem areas
with possible solutions will then be presented.

The theory by which one can make an adaptive autopilot is best understood
with reference to the block diagram shown on the first slide. The aircraft is
represented by G(s) which has variable characteristics, N(s) is a network or
filter, H(s) is a feedback transfer function produced either by instruments or
a network, and K is a gain constant. The ideal invariant transfer function which
we would like the system to have, that is our model, is represented by M(s).
The arrangement in the upper diagram is based on the concept of applying the
same input to the aircraft system and the model and using the error between
desired and actual outputs as a corrective feedback signal. We have not con-
cerned ourselves with what the characteristics of the model should be but rather
with how to make the system behave in the desired fashion. The principles
involved can best be understood by transforming the system to the single loop

• equivalent in the lower diagram. Now we have a typical closed loop autopilotu
system preceded by a network. If H( s) is invariant with flight conditions, it is
clear that in order to produce a transfer function from R to C which is indepen- ,

*. dent of changes in G(s), the closed loop portion of the system must also be
independent of G(s). Therefore, the problem of designing an adaptive autopilot
is reduced to one of making the closed loop system response invariant over the

*i flight envelope. Since this is the case, it is simpler to turn our attention
strictly to the closed loop portion, and the next slide is more suitable for this
purpose.

There are two possible approaches to keeping the transfer function of this
closed loop system invariant with changes in G(s). One possibility is to devise
means for measuring the characteristics of G(s). These measurements can then .
be used to adjust the network in a fashion that will compensate for changes in

4
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G(s). The other approach depends upon the fact that closed loop systems
inherently tend to be insensitive to changes in the forward loop parameters.
The reason for this insensitivity can be shown vy considering the closed loop
transfer function below the diagram. As K becomes very large the transferN function approaches the reciprocal of H(s) and hence becomes invariant. The
high gain alone is not sufficient to insure a desirable system because the
system must also be stable. It will now be shown how linear methods of .1.analysis can be used to insure stability.

We have chosen as our example system the normal acceleration autopilot
shown in the next slide. The transfer fur:tion representing the aircraft has
a natural frequency w, a damping ratio Sa' and an aerodynamic gain K
This representation is reasonably valid for tail controlled aircraft. The
transfer functions of the measuring instruments used to obtain the feedback
have a second order denonrinator of natural frequency w. and damping ratio1

*iand a second order numerator of natural frequency w and damping ratio
0

ýo" The limiter accounts for the rate limit of the servo which is assumed to

be a pure integration. This integration is desirable to provide the system
with a steady state gain of unity. The system is not practically realizable
because the higher order dynamics of the servo have been neglected, but it
is sufficiently complex for the development of theory which will apply to the
realizable case.

Now let us consider the problem from the standpoint of stability as we
try to make the gain high. We will use the root locus for this purpose. The
pole at the origin represents the servo and the high frequency complex poles
are those of the instruments. The zeros are formed by the numerator of the
instrumentation transfer function. The aircraft poles are subject to motion
dependent on flight conditions and might be anywhere within the shaded area.
Irrespective of the location of the aircraft poles within the shaded area, the
roots will move toward the zeros as the gain is increased. It can be seen

• "that the problem associated with the high gain is the fact that loci from the
instrumentation poles will cross the imaginary axis, Linear analysis
indicates the system will become unstable if the gain is made high.

If the crossover gain is high enough so that the aircraft poles are near
the zeros for all flight conditions the problem is reduced to one of keeping
the gain of the system at the desired level. One scheme of insuring this is
to measure the damping of the high order mode and adjust the gain K to keep
this damping constant. A second alternative, which we have chosen to use,
takes advantage of the lin'iting in the system. We simply make the gain K
very high and due to the limiting action the system oscillates with a limit
cycle or chatter of frequency w at an amplitude determined by the frequency

c
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response of the linear elements following the limiter. You will recognize
that this Is the principle used .I the pitch rate control system developed at
Minneapolis-Honeywell. The methods presented in this paper for estimating
chatter frequency and amplitude are just as applicable to such a pitch rate
autopilot as to the normal acceleration example discussed here.

The fact that limiting will restrict the oscillation to a limit cycle can be
predicted by treating the limiter or on-off controller as a gain which is
dependent on input signal leveL This concept is useful in determining quali-
tative performance since it allows one to use linear methods cf analysis. For
this analysis we need not regard these roots as being fixed but rather they
move back along the root loci dependent upoa the amount of limiting. For
example, if a large step were applied to the system, it can be seen that satura-
tion would immediately occur and the response of the system would be
governed by the open loop poles.

For this system, then, the output will have an approximately linear
relationship to low frequency inputs and there will be a chatter superimposed
on this low frequency response. If the chatter can be made small enough, this
approach would seemingly produce &n adaptive autopilot.

Next, I will show a meansof pr-edicting the chatter frequency by an
approximate method which is less '.ime consuming than conventional linear
techniques. In most practical syst'ems w will be much larger than either

c
the natural frequency of the aircraft or that of the zeros. A pole zero plot of
such a system is shown in the next slide. Note that the phase shifts produced
at w by the zeros and aircraft poles are nearly equal and we may assume

c
for purposes of determining cu that these poles and zeros cancel each other.

c
Thus, in the practical system the chatter frequency is determined primarily by
the dynamic characteristics of the servo and instruments. Also we can see
that the higher the chatter frequency, hence the more desirable the system,
the more valid this approximation becomes.

If the zeros and aircraft poles are eliminated there remain a pole at the
origin and several higher orde- poles. The pole at the origin produces a
phase shift of 90' at every point on the imaginary axis so that at Wc the

V.. c
combined phase shifts of the higher order poles is also 900. We can use
geometric relations to find the tangent of this combined phase angle and then
* can be found by equating the denominator to zero. For the sixth order

c
example shown, this means that if vectors irom the twJo complex instrument
poles and the one real pole are drawn to w , then the sum of the angles of

C
these vectors with the real axis must equal 90'. The double angle tangent
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formula can be used to find the tangent of the combined phase angle. The
results of several such calculations are shown in the table. The w' s and
the ' s, and P1 represent dynamics of the instruments or higher frequency

characteristics of the servo. The seventh order case results in a quadratic
equation in t- , but we know that 900 phase shift occurs at the lower

C
frequency (2700 being the higher one). Realistic values of •, and z in
this case give a maximum uj of about 0.6 . Considering only an.

even number of higher order poles it can be shown that u; will always be a .C

multiple of the geometric mean of their frequencies and, of course, it must
be lower than the lowest frequency present. Once the chatter frequency is
known the amplitude can be quite readily predicted by describing function
techniques which will be shown later.

These methods of prediction were applied to the fifth order normal
acceleration system taken as an example earlier and the results were checked
by analog computer simulation. The aerodynamics used were those of a
hypothetical missile chosen to be representative of high performance air-to-
air missiles. The variations in parameters over the flight envelope were
about 7 to I in natural frequency, 80 to 1 in aerodynamic gain and the damping
ratio varied from 0 to 0.3. Three flight conditions were chosen, the two
extremes of the flight envelope and an intermediate case. The gain constant
was incorporated into the limiter and a very high open loop gain was obtained
by removing the feedback from the limited computer amplifier. Different
chatter frequencies were produced by changing the instrumentation denomina-
tor.

The frequency predicted by the approximate method is plotted as a
function of the exact frequency computed by the root locus method on the
next slide. Note that with these approximate formulas we can get a reasonably
close estimate of the exact chatter frequency. For the example chosen the
predicted frequency was always lower than the exact one.

The chatter amplitude was predicted using the frequencies measured on
the computer. The method of prediction and the comparison of predicted
amplitude.-s -with the measured amplitudes are shown on the next slide. The
prediction method is to consider the output of the limiter as a square wave
of amplitude equal to the limit level. The input to the aircraft and servo
can be approximated by the fundamental component of this square wave which
is a sine wave of amplitude 4/?r times the limit level. The chatter ampli-
tude Cc is simply this amplitude times the magnitude of G(j c).

C C

Since the amplitude prediction is more accurate than the frequency predic-
tion the best design procedure would appear to be first to determine the
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chatter frequency which would give a tolerable amplitude and then design for
that frequency. It should be noted here that actual hardware will have phase

.* shifts due to nonlinearities that cannot be readily accounted for in this
analysis. Therefore, it would be advisable to make the design chatter frequen-
cy somewhat higher than one which would give an acceptable amplitude.

and We have a means for predicting chatter frequency and amplitude rapidly
and the question now arises as to whether the low frequency characteristics
of the practical system will be as desired. For the answer to this question
we again turn to the analog computer and the results are presented in the
next slide. The system used is the one taken as an example earlier except that
instrument damping is greater than critical, and the instruiment frequency was
chosen to give a fairly low chatter frequency. The root loci are shown below
the corresponding step responses and these responses are for the two
extremes of the flight envelope. The one on the left is for an aircraft natural
frequency of 3.6 radians/sec, a gain of 0.11 and zero damping. The instrument
frequency is about 16 times that of the aircraft and results in the chatter
frequency being high compared to the aircraft natural frequency. Thus, the
chatter amplitude is well filtered and the step response corresponds quite
closely to the zero positions, that is, to the desired response. T'he response
on the right is for an aircraft natural frequency of 25 radians/sec, a gain of
8.8 and 0.3 damping ratio. The instrument frequency here is only a little
more than twice that of the aircraft and the chatter frequency is less than three
times the aircraft frequency. This low ratio of chatter frequency to aircraft
frequency coupled with the high gain of the aircraft results in a very high
chatter amplitude. In addition, one can see that instead of following the -

desired response, shown by the dashed line, the step response is very heavily
damped. This means that the roots are quite far back on the loci with the
dominant one probably near the origin. There are then two important
questions to be answered. These are: First, for those examples where the
chatter frequency cannot be made high compared to the aircraft frequency,
what can be done to reduce the amplitude to an acceptable value? Second,
what technique could be used to predict the actual pole locations for small
signal inputs in the presence of chatter?

Considering the question of how to reduce the chatter amplitude, two
methods are shown on the next slide. The upper system measures the
chatter amplitude by means of a high pass network, rectifier, and filter. The
output of the filter adjusts the limit leve), through a dead zone. If the chatter
amplitude exceeds the threshold of the dead zone, the limit level is reduced.
This results in a proportional decrease in chatter amplitude. The lower
system consists of a lead network before the limiter and a network with the
reciprocal transfer function following the limiter. The chatter frequency is
not altered since the phase shifts of these networks cancel. Since the
amplitude at the output of the limiter is constant, attenuation is provided by
the lag network. The step responses for the high chatter amplitude case

WADC TR 59-49 37
A

*. . . . . . . . . .. . . . . . . U - - * S * *~. S *~ * - - - . *.-~ . -



from the previous slide are shown to the right of each system and the desired
* response is again shown in dashed lines. Both systems are effective in

reducing the amplitude and no attempt has been made to determine which is
better.

The second question, that is, why the step response is~ so he'rily damped,
*is best answered with referen,:!e to the next slie .. As was flefitlOn-,3 a high

gain limiter, or on-off controller, acts for sinusoida' ,ilgnals as a variable
gain which is dependent on the ratio of the :xipi. niagniltude to '.:ae l~in It level.

*The graph on the left is a normalized cur,-ý liustrati&z, hia iiie gie'ii) varies as
a function of the ratio of input amplitude to limit The so~id c.'rve is for

*a single low frequency input to the limitei. Pjotn ýince the gaiu--i essen-
tially in~finite for very low inputs the curve g( 8 t%, "Ilty. h., is Pho', 1n 1
Tsien' s "Engineering Cybernetics" that the ..'.Xl~ioa of k hkh~ frequency
slnuscidal dither signal causes the low freque-.ky axver4e c'1rU~ct--rLsic to
behave as indicated by the dotted line. The aPwracter'tc of -'nli -.. at~ed V!
axe determined by the dither amplitude which .- r z, 'Xrapb . 0.1 t-he hlma

* ~level. Thus, the addition of d-iter to a limiter gives, fir l.rnw fry-ý--er : inputs,
an equivalent gain reduction which can be coanputed Jf xhe dithei. amplitude is
known. For our example, the dither was assumed c.3e t~e chatter frequency

* where the amplitude at the input to the limiter could be computed u -ng linear
* techniques. By using the equivalent low gain. obtained to find the pole positions
* on the root loci the low frequency characteristic r.' the step response could be

predicted. The results of this prediction are shown in the step response on the
right and very good correspondence can be noted.

In summary, I would like to review thie following points. First, It has been
shown that one way of designing an adaptive autopilot is by the principle of..
using high gain. There are many ways of insuring the gain be high, and we
exploited only one of these ways, the us(. of a high gain limiter. Second, we
have shown that for a high gain saturatEd control system suitable for adaptive
autopilot application, a limit cycle or cl.atter must exist. Techniques have
been shown for analyzing such a system by which one can predict the chatter

*frequency, chatter amplitude, and the low frequency response in the presence of
chatter. Third, the application chosen was for a normal acceleration type auto-
pilot; however, there is no reason why the same type system, that is a high gain
saturated control system, could not be used in any of the other modes. And
last, the chatter frequency has been shown to be dependent primarily on instru-ment and servo characteristics. In order for this system to function satisfac-
torily, the chatter frequency must be quite high compared to the aircraft
natural frequency. The example shows it is desirable to have the ratio of

* instrument to aircraft frequency in excess of 10 in order that the chatter fre-
* ~quency be high. This suggests th~at if conventional servos and instruments are

to be used, a reduction in static margin of the aircraft which reduces
* natural frequency would be helpful.
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FIFTH ORDER SYSTEM FOR TWO FLIGHT CONDITIONS
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SUPERVISORY CONTROL SYSTEM I
by

Robert L. Cosgriff and Robert B. Lackey
Antenna Laboratory

Department of Electrical Zngineering
The Ohio State University

Columbus 10, Ohio

INTRODUCTION

Today there are several types of adaptive control systems, systems
which change as the environment of the system changes. These self
adjusting systems can be divided into several categories and each category
has its particular applications, its advantages and disadvantages. The various
types of adaptive control systems can be classified in terms of versatility,
complexity and speed of response. The major types of adaptive controls are
listed and their characteristics tabulated in the table which follows. The
degree of complexity is indicated by numbers from one to ten with unity
indicating a simple system and 10 a complex system. Versatility is also
indicated by numbers from zero to tenwith zero indicating no versatility. The
time necessary for the system to adapt once a change in environment is made
is indicated as nI- where "t- is the average time constant of the controlled
system. These tabulated values are not absolute in nature but merely give an
indication of system properties.

Type l(a) system is by far the most versatile and in time it will adjust
the system to a true optimum condition even if instability arises during the
adjustment. Type l(b) systems are similar to type l(a) although not so
versatile because of multiple criteria. Instability may result because of
conflicting criteria.

Type 2 systems are all characterized by having a test input signal.
However, the speed of response and complexity vary greatly. Type 2(c)
systems will be described in a later section. Type 3 systems are the least
versatile but are the simplest in con:;truction. This type of system must be
very carefully designed.

The remainder of this paper will be devoted to type 2(c) systems, one
of several systems investigated in some detail at the Ohio State University
Antenna Laboratory. (See references 1, 2, 3, 4, and 5 for results of other
investigations.)

* •i

GENERAL DESCRIPTION OF SUPERVISORY CONTROL SYSTEM

If values of a limited number of parameters of a linear or quasi-linear

* For other types of supervisory control systems see reference 5.
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system are to be controlled, a supervisory control system can be devised which b'-:dl

measures and then adjusts the parameters of interest. The simplest method
that can be used to accomplish this purpose consists of inserting a sinusoidal
test signal into the system being adjusted and then sensing the output signal
from this system. By proper use of phase sensitive detectors the parameter of
interest can usually be detected. By comparing this parameter with a standard
reference an error signal can be produced which will actuate a control motor
which in turn will adjust or correct the parameter of interest. Conceptually,
this type of supervisory control system differs from the conventional control
system only in that a parameter of the controlled system, rather than a variable
is adjusted.

EXAMPLE OF SUPERVISORY CONTROL SYSTEM

In this section a simple example of a supervisory control system is
considered and test results given. See Fig. 1. Here the block labeled G(p)
is considered a hypothetical aircraft where 6" is elevator deflection and i is
the rate of change of the angle between the velocity vector and an inertial
reference. The parameters A, f and k are all dependent upon the environment
and velocity of the aircraft; however insofar as this paper is concerned only f
will be controlled and A and k will be assumed to be constant. ( The fact that
these assumptions are made should not be construed as meaning that the varia-
bles A and k cannot be controlled by means of techniques described but rather
that they are made to simplify the description of techniques that can be employed.)
If the servo has a much faster response than the air frame the auxiliary feedback
path which is to be adjusted and represented by kp will cause the effective trans-
fer function relating x and i to be modified from --

AGs

p + fp +k x

to

•. = AG
- X

-p'+ (f +kGsA) p+ k

Here G is the static gain of the servo.

Adding the test signal tG. the input of the servo system will cause " to
have a sinusoidal signal component of the form

AG- C
a" "• cos (wot +-(k w•)a + Wl (fW + ka GA)J 1.
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which will have a quadrature component given by

AGsC (f+kGsA) wosinmwot

(k -woz) + (f + kGsA)2 w 0
2 .

If w 2 is equal to k, this latter expression simplifies to
0

AGs C sin wot.

(f + k GsA) w

This particular component of * can be separated from • by means of a phase
sensitive detector shown in Fig. 1. Subtracting the output of this detector from
the reference signal yields an error signal which actuates the motor and
thereby adjusts k. At the steady state condition

AG C

(f + kGsA) wo

The foregoing system hap been simulated by means of an analogue
computer and the response is indicated in Fig. 2. Rapid changes were made

* in f adjusting it from one constant value to another -and the variable f - k GsA
plotted. Note that f + k GsA returns to a constant value in about one period of
the test signal, namely in time td given by

td 2 -'
wo

GENERAL CONSIDERATIONS

In design of high speed supervisory control systems of the type
described, many practical considerations must be taken into account. First, if
the output of the detector is amplified and directly excites the control motor
spurious unstable modes may be encountered in that k will have a periodic com-
ponent and the overall -.ystem reduces to a linear system with time varying
coefficients. Such systems can have unexpected unstable modes of operation.

The choice of w is of importance for two reasons. First, the upper
limit for the sp.Ž-d of reý;pove is generally proportional to w0 . Thus for high
:speed opeŽration w0 mu:, e ')t'

Second, if w is chosen near the resonant frequency 'f, noise, both
0*

- internal and aerodynamic, may cause k to have a noise component largec than.
d desired. For this reason it is generally desiratble for w I.: be soinewhz.t lIrger

"' th n -�-t . . .
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If all three parametera, A, f and k are to be controlled at least two test
signals must be employed. In general the number of test signals required is
equal to one half the number of variables to be adjusted.

Finally, one is interested in the complexity of the equipment required
- for the supervisory control unit. Generally this equipment is far less complex
S. than is expected particularly if other components, normally installed can be used

-. for sensory purposes.
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Dr. C. S. Draper, Chairman
Massachusetts Institute of Technology
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OPENING REMARKS BY CAPT. R. R. RATH

During the break, it was pointed out to me that there has been a bit of
an oversight. It seems that up to now there has been no definition of what
an adaptive control system is. That may not have been an oversight. This is
a highly controversial issue. I think I might be safe in giving a definition
because we are not going to allow any questions or discussion at this time.
I like the definition that we at the Flight Control Laboratory have been follow-
ing as a guide when discussing an adaptive system. We consider a system
adaptive when it maintains a desired performance throughout the entire flight
regime of a vehicle in a closed loop fashion with no air data scheduling of
control parameters and with a minimum of advance information about the
vehicle characteristics. This covers a broad area, but if a system does this,
it operates the way we want it to and, therefore, we feel that we can consider
it to be adaptive. This subject will be open for discussion during the open
forum. The chairman of the second session will be Doctor C. S. Draper, who
needs no further introduction.

.4
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Dr. C. S. Draper
Head, Department of Aeronautics
Head, Instrumentation Laboratories

Massachusetts Institute of Technology

It is an honor and a pleasure for me to be given the privilege of
sitting up here all by myself on the platform and supposedly being the chair-
man of this session from which we are going to have so much dynamic
information. I suspect that this was done so that I would not talk too much and
I am going to try to restrain myself. As I sit here looking at all the attendees,
I find that I have known a large part of this group for many years. I am sort
of forced to think about new techniques, not in adaptive control systems, but
in the methods of getting things done. We start out and get thinking people
in on the job before it is really well defined. I can' t compete with General
Davis' stories, but I would like to illustrate my point by a little story that Ithink is very pertinent.

The story deals with a contractor that had a beautiful wife and a son
about five or six years old. The contractor told his son that he was about to
have a little sister or a little brother, and the little sister or brother would be
along sometime after the first of the year. The boy said, " Gee, wouldn' t it be
nice if we had it here for Christmas ?" His father told him, "Well, I m afraid
this is a little hard to do. I don' t think we can do this" . So the son said:
"Well, if you are building a building and want to do it a little faster you put

about a hundred more men on the job, why don' t you do the same thing here ?"

Actually, we are now doing research and development by this procedure.
It used to be that a few people, or a few organizations, worked on a new
development until the idea was pretty well jelled. When something significant
came out a lot of other people then went on to make the equipment or do
whatever was required. Now we don' t wait for the impetus to be born, we
actually get people in on the deal when the conception is nothing more than a
probability. As far as I know this is a new technique in the history of the
world. I don' t believe we ever did it much in this country, the Germans
didn' t do it very much, and whether the Russians do it or not I don! t know.
It would be interesting to find out.

I am going to take a few minutes here and try to make a few definitions
that perhaps will give a little meaning to the overall picture before we get
involved in mathematics. Later on you can argue with me if you want to, but
I would like to define flight control as the process of maintaining the vehicle
involved within a range of attitudes and motions that provide safe operation,
and permit the effective utilization of guidance. Guidance is the process o f
indicating deviations of the actual vehicle path from the desired path and
generating a correction command signal for the flight control system. In
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other words, guidance stems from subjectory type of things. We are
interested primarily in what the center of gravity is doing and not concerned
about the attitude of the vehicle. The flight control system merely enables
you to realize the guidance correction that the guidance system hfis found to be
necessary.

To sketch in the background of this thing, as I see it, flight control is
a very, very old art. It goes all the way back to the days of the gliders. Both
flight control and guidance in those gliders were provided by the human that
was being lifted along with the vehicle. The man looking out sensed the devia-
tion from the path that he wanted and he translated those deviations in the
motions of his own body so that he provided both guidance and flight control.
The eyes were the sensing media and the pilot' s body was an effective medium
for realizing flight control. This system got into a lot of trouble because they § -

thought the way to control the glider was to make it very stable and, in effect,
have the samp conditions that you have in a ship. The ship sort of rides on
the waves ana you turn a rudder to steer it. The trouble, of course, with these
stable vehicles were that they were so stable that the human being couldn' t do
what he wanted to do. This didn! t produce very high class flights, and led to
catastrophic results before they got into bad air conditions.

The Wright Brothers have been given credit for a lot of things and most
of these are things that I think they didn' t do. What they did do was to provide
a machine which, in itself, was unstable, but when you put the man in it to
provide the sensing, the judgment for developing guidance commands, and the
ability to translate those commands into motions for control purposes, the
combination resulted in satisfactory flight stability. By making the vehicle
itself unstable, but controllable, and putting the man in the loop the Wright
brothers came out with an overall result that was a pretty good flying machine
for those days. As a matter of fact, the pattern that they had established is
the one that is very largely used today.

The replacement of the man and his sensing by an instrument started
in 1918 with the gyroscopic turning gear and continued with the Guggenheim
competition. The Guggenheim developments led Doolittle and Brown to the ..-.

blind flying business where more of man' s senses were replaced by gyros;
however, the man continued to generate gifidance and do a considerable part
of the flight control. Autopilots that have replaced more of man' s functions
came along in the early 30' s. I remember seeing the Sperry Gyroscope
Company' s first autopilot. They made three of them and, if I remember
correctly, they had a terrible time selling them. Nobody was interested in
them. Whiley Post took one of them and he flew around the world and you know
what happened after that.

Developments have followed in this field for a matter of twenty years
or so until we have the ail maneuver autopilot today. Flight control systems
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of today are a far cry from those first few autopilots. Now the flight control ii
systems are adapted to receive guidance commands either from radio or
radar, or from inertial systems carried within the vehicles. The system that
provides guidance is not identical with the system that provides flight control.

I would like to make a couple of remarks regarding adaptive control
systems and I would like to define what I call optimalizing control systems.
Optimalizing control systems are exactiy what the word says. I use the word

"optimal" instead of " optimize" because optimize in the dictionary refers to

a humant type that is always looking too far in the optimistic direction. These
systems replace the human function of refining performance as it has been
used in many, many systems. For example, if you are conducting a test and
you want to find out what fuel mixture ratio gives you the best power, you fix
the mixture ratio and you look at the scale beam on the dynamometer. You
then change the mixture control and if the scale beam goes up you change it a
little bit more in the same direction. Some time you will come to a point
where changing the mixture ratio in the same direction causes the dynamometer
beam to go down. In this case you reverse the direction of your mixture
control adjustment. You do the same thing if you are trying to get the maximum
economy out of flying an airplane. You check how many gallons you have used
Sper hour with a certain mixture ratio and then you try again. This is the basic
philosophy of the optimalizing systems and it seems to me that they are
adaptive systems. A paper " optimalizing control" was written by Dr. Lee
L. Lanning and myself in 1950. It was presented at an ASME meeting in San
Francisco in 1950 and resulted in an ASME transaction paper in 1951.

The idea of an adaptive system was first used in anti-aircraft fire
control systems in 1939, based on the idea that if you had a target at long range
you automatically adjusted the parameters of your system so that it gave you
a smooth refined solution. If the range became shorter then you made the
system faster but the solution became less accurate. When you started out to
get a solution in the aircraft fire control business you deliberately changed
the parameters of the system so that you would get a fast solution in the
shortest possible time. If the target started to maneuver, you in effect took a
reading of the answer that came out and adjusted the parameters of the system
in such a fashion that you end up with the best results. As I see it, this is the
YuhilosoDhv used to measure the performance. For the given setting of the
target you are going to try to optimalize you keep track of what happens in
performance, and you make a change, and you see whether the results are
better or worse than you had. If they are better, you do one thing and if they
are worse, you do another. You are, in fact, using a samplng closed route
method of adjusting the system.

This is not exactly what Captain Rath has said, but I think it has the
same general idei. I have already talked too much and I thank you gentlemen
for your attention.
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
PRESENTATION

Mr. H. Philip Whitaker

An adaptive system is one that adapts itself to a changing environment,
a changing character of input signals, or a changing system or component
characteristic in such a manner that a desired performance will be maintained.

The development research program that has been completed by the M.I.T.
Instrumentation Laboratory has investigated the characteristics of one class of
adaptive control systems and their application to aircraft, missile, and space-
craft control systems. In later presentations, Dr. Li will consider the overall
classification of the various kinds of adaptive systems. The type of system
which I would like to discuss at this time is that which Dr. Li would call a
dynamic performance adaptive system with closed-loop adjustment of system
prameters. Such a system controls the dynamic performance of a control
system with respect to a reference system, or specification, by adjustment of
the system parameters either through a closed-loop process of nulling a per-
formance index or through a self-optimalizing* process of seeking an optimum
operating point. This type of system eliminates the uncertainties and design
compromises that accompany the commonly used, open-loop, gain programs
and the need for accurate estimation of the airplane performance functions
prior to system design. .

We have further suggested the name " model-reference adaptive system" .

for the type of system under consideration. A model-reference system is
-. characterized by the fact that the dynamic specifications for a desired system

output are embodied in a unit which is called the model-reference for the
system, and which forms part of the equipment installation. The command
signal input to the control system is also fed to the model. The difference
between the output signal of the model and the corresponding output quantity of
the system is then the response error. The design objective of the adaptive
portion of this type of system is to minimize this response error under all
operational conditions of the system.

*Definition of Optimum Response - It is obvious that criteria are needed
for specifying an" optimum" response. In this regard the following definitions
are proposed.

Optimum control of the aircraft is said to result if the control system
provides close control of the transient and steady-state responses of the
aircraft so as to utilize the capabilities of the aircraft most effectively in
fulfilling the specifications of its flight mission. These specifications of
course vary with the type of aircraft and are different for separate portions
of the flight mission of any one aircraft (for cxamplc, the landing and the
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terminal interception phases). They may or may not require the maximum
capabilities of the aircraft, but in almost all cases they will specify such
characteristics as response time, damping, dynamic and static errors, and
control of interference effects. This definition of optimum lays greatest
emphasis upon meeting the mission specifications of the vehicle.

Figure I is a functional block diagram of a model-reference system. .
The characteristic feature of the model-reference type of system is the model,
'which is the physical embodiment of the design specifications of the system.
A change in the model is exactly equivalent to a change in the system specifi- -_

cations. The firsý. consideration, then, is to decide upon the system specifica-
tions, which of course must be compatible with the performance capabilities
of the aircraft. When this is done, the model performance will also be
compatible with the aircraft capabilities. Further, if different specifications
exist for each mode of system operation, these differences can be incorporated
into the model. The output of the model is the desired response of the system
and is physically available as a reference signal. The command input to the
system is also sent as an input to the model, and thus all of the information
required for making the system adapt is obtained from the normal operational
inputs to the system. If the performance function of the system were exactly
the same as that of the model, the outputs of the system would be identical to
those of the model, The system would thus meet its performance specifica-
tions, and its response would meet our definition of optimum. In general, theperformance fwictlons will not be identical, and the difference between the
system response and the model response can then be a measure of response
error which can in turn be used to generate error functions which are measur-
able criteria of system performance. These error functions (or quantities)
eters of the control loops or the characteristics of the input signal so that the

desired response of the flight control system will result. 4
Note also that the adaptive control equipment is making adjustments to

a control system whose feedback control loops are closed independently of the
adaptive controls rather than being closed through the adaptive equipment. .
If the latter equipment fails, the control system still remains as a closed-
loop system.

The adaptive control features can be added to any existing control
system without major alteration of the control signal paths. In a multi-loop
system the adaptive features can often readjust the remaining parameters to
result in satisfactory flight characteristics even though complete failure of
the adaptive controls for one parameter occurs. (We discovered this when it
happened to us in flight.) -

For these reasons it appeared that greater flexibility could be obtained
with a model-reference system. When this was considered together with the
relative ease with which the required equipment could be built and installed
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in the aircraft currently bailed to the Instrumentation Laboratory, it was
decided to investigate this type of adaptive system.

To evaluate the techniques developed during this program, they were
applied to an all-maneuvering flight control system developed earlier at
M.I.T. and flight tested in an F-94A airplane. They are not restricted to use
only with this system, however. In the complete system, seven parameters
were varied. Three of these were in the pitch sub-system, one In the rudder
coordination sub-system, and three in the yaw sub-system. Only limited
flight test time was available for the program, and as a result it was not
possible to flight test the complete system at one time. On two flights it was
possible, however, to have six of the seven parameters controlled automatically
by the adaptive system.

There is insufficient time available this morning to cover the details of
the entire system. They are presented in the final report of this program, and
this report is available here today. To illustrate the design procedures, let
us consider the yaw sub-system in detail, and if time permits briefly outline
the main features of the pitch and rudder coordination sub-systems. All of the
slides to be presented are taken from figures found in the final report, and you
can study them in more detail by referring to the report later.

The design procedure consists of the following steps:

I. Design of a model to meet the system psecifications

2. Selection of the control system loop configuration

3. Determination of which parameters should be varied and how
they affect the system response

4. Determination of error criteria which will adjust the param-
eters

5. And finally, analysis and simulation to determine the conver-
gence times and dynamic operating performance of the system. -'-

Since no mission specifications had been set up for the system of this . 7

development program, an arbitrary dynamic performance specification was
chosen. This was expressed as the requirement that the system generate an
aircraft yaw angular velocity in response to a command input, and that for a
step function input a response time of approximately 3 seconds with no over-
shoot would result. The loop configuration in this case was chosen to be that
of figure 2.

This figure presents a functional block diagram of the adaptive yaw
system. This is an or ientational control system which stabilizes the aircraft
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* to the yaw reference orientation established by the yaw integrating gyro. This
*: yaw system produces yaw angular velocity with respect to inertial space propor-,
* tional to a yaw command signal input. The yaw angular velocity is generated by

rolling the aircraft to establish a roll angle while minimizing aerodynamic side-
slip. Two degrees of freedom are thus involved, and the yaw system is accord-
"ingly more complicated than the pitch system. It has been found that the rudder
coordination system required to control sideslip can be analyzed separately from :.
"the outer loops which control roll angle and yaw angular velocity. The rudder
coordination system was also adaptive and is described in the report. In the
discussion that follows, it will be assumed that the rudder system is operating
correctly, and if time permits we will return to it later.

For the present application, the dominant modes of the system can be
represented by a third order performance function exhibiting one real pole and
a pair of complex conjugate poles. Therefore, a third order model-reference 7

* was chosen, and in order to meet the system specifications the real pole
exhibited a characteristic time of 1.4 seconds, and the second order poles were
characterized by an undamped natural frequency equal to 1.65 radians/seccrnd
and a damping ratio of 0.8.

An additional design feature which increases the flexibility available to
the designer was also investigated during this program. It was recognized that
meeting the same system specifications at low dynamic pressure flight condi-
tions would require a very high open-loop sensitivity for the yaw orientational
control loop. Such gains may be undesirable from fail-safe considerations.
Further, since parallel control servos were used in the test airplane, past

"* experience had indicated that the high loop sensitivities would result in control
stick deflections due to random turbulence to which the pilots would object.
If the loop sensitivity were arbitrarily limited at some maximum value, however,
.the error criterion used to control that sensitivity could no longer be satisfied
at those flight conditions that require higher values. The remaining control

* loops would readjust to produce the best system possible under the circumstances,
but the system would cease to operate about its optimum point, and all the error

. quantity signal levels could be expected to increase.

There are several solutions to this problem. The one that was investi-
gated here was chosen for its apparent reasonableness and simplicity. It was -7
recognized that one might indeed desire a different system specification at the
lower dynamic pressure conditions. In particular it may be desirable to have a
slower responding system when the aircraft is near its stalling speed. This can
be accomplished very simply by making the first order term in the model
performance function vary once the limited value of the orientation loop is
reached. In operation, whenever high sensitivities were called for, the model
slowed down until the maximum available sensitivity was sufficient to permit
tne error criterion to be satisfied. In this sense, the model itself was adaptivL,
and the sampling criteria which were derived from the model were also b'-

_: adaptive.
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With the performance specifications established in the design of the
model, there remained the task of selecting error criteria and assigning the
various loop _:u ametei ontrols to minimize them. In our approach to date,
various functions of the response error have served to define error quantities.
The criteria of performance are the specified optimum values of the error
"quantities usually taken to be either minimum or null'values. In general, the

. error quantities are examined over some interval of time called the sampling
"time. In this approach, the sampling time has been controlled by the input and
output signals of the system model. The sampling begins with the initiation of a
normal operating input to the system and is terminated at a time that is
controlled by the magnitude of the output of the model in relation to the input.
This enables one to tie the length of the sampling interval to such quantities
as the rise time or the solution time of the dynam'z model.

There are three parameters which can be varied to control the dynamic
response of the system. These are the open-loop sensitivities of the three
control loops. For convenience the three parameters choL en express these
open-loop sensitivities in terms of the ratios of the aileron displacement to the
three output quantities yaw angle, roll angle, and roll rate since these are the

Ilk measurable ground calibration quantities. The three parameters are represented
by the notation: Pyoc' the yaw orientational control loop parameter; Prs' the

*.. roll stabilization loop parameter; and Prd' the roll dampkig loop parameter.

In selecting an error quantity for the orientational loop parameter, it was
observed that this sensitivity directly affects the magnitude of the torque applied
to the airpiane in response to an input command. It is thus effective in control-

• .*: ling the initial portion of the response, or the rise time of the system. There- :, -

fore, the error quantity chosen to control Pyoc was the integral of the error '"
sampled over the rise time of the model, arbitrarily taken to be the time at
which the model output reached 70% of the input. The error criterion was that
the integral be zero.

Of the three variables, the roll stabilization parameter exerted the
greatest effect upon the system stability. An error quantity that afforded a
simple mechanization was desired, and a nulling rather than a minimizing quanti-
ty was prefe,.red to reduce convergence time. Thus the error rcriterion for this
parameter specified that the integral of the error sampled ovei tbe response
time of the model was to be zero.

The integral of the absolute value of the error was chosen as the error 7 .-•., quantity for the roll rate damping loop, and the design criter ton was tiat this ,.-

integral be a minimum. Even when the error criteria for the previous two loops
• had been satisfied, oscillations could result due to insufficient damnping. The

absolute value operation adds an increment to the error quantity for each half
cycle of an oscillation, and thus the integral becomes large when oscillation.:; are n..
present.
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"The next step in the design procedure is the analysis and simulation of
"the system to determine its static and dynamic performance characteristics.

Figure 3 presents some of the general feature3 of useful error quantities.
S Before examining these error quantities it is appropriate to consider some
general features of the properties of useful error quantities discussed in Chapter
2. I one first considers the case of two variable parameters, the extension to
more variables is straightforward. If the parameters are P1 and P 2 and the
corresponding error quantities are (EQ)1 and ( EQ) 2 , one can plot families of

. curves of (EQ)1 versus P2 for constant values of P1. A typical presentation for a

nulling criterion wouldz e similar to that of Figure 3a. In the vicinity of any
operating point deftne- by the set (P P the change in (EQ) can be written

_ ~) (EQ)
d(EQ) - , dP1 (EQ)1  dPI- I dP2 (I) • i

where the derivatives are evaluated at the point Pl' P 2 . The second partial can

be evaluated by cross-plotting the data for the desired value of P Similarly, we
could evaluate the change in (EQ)2 as

(EQ)2 (EQ)
d(EQ) UP + dP (2)

2 2P 2P""

If one then selects a value of P.,, the value of P which (EQ)1 would select is given

by the intersection point on the (EQ)1  0 0 axis, and these can be plotted as in

Figure 3b. If the process is repeated for the second error quantity data, another
curve is obtained as in Figure 3c. If the two curves intersect at only one point,
both error criteria are satisfied only for the values of P and P2 corresponding
to the point of intersection. 1 2

Ideally, the second terms on the right-hand sides of Equations (1) and (2)
would be zero, in which case the error quantities would be functions only of their
associated parameters. If this were true the corresponding data for Figure 3a
would show only one curve rather than a family of curves, and the Figure 3c would
appear as shown in Figure 3d. On the other hand the error quantities become
useless if there is no intersection in the range of usable values of P1 and P 2 as
in Figure 3e.

As you will remember the error quantities used to set P and P r
yoc rs
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.were two different samples of the integral of the error. The data corresponding
"to part c of figure 3 is shown in figure 4.

The error quantity selected for the roll damping loop was the integral
of the absolute value of the error, and the type of minimum this quantity
exhibits is shown in figure 5 for the case for which (EQ) = (EQ) = 0. j

As might be surmised the use of three error criteria result in some

redundant action. Actually the final operating point is defined by the minimum
of the integral of the absolute value of the error and could probably be attained
through some method of time sharing the error quantity among the three param-
eters. The other two criteria, however, perform the very important function
of greatly reducing the convergence time of the system as will be shown
subsequently.

One can obtain a geometrical representation of the optimalizing action
. of the system by looking at a three-dimensional space defined by three
Sorthogonal axes the coordinates of which are the values of P P and the

yoc' rs'
error quantity for the third parameter. All possible combinations of these
three quantities define a surface resembling a bowl-like shell, the bottom of
which is the minimum value of the integral of the absolute value of the error.
There is a similar shell for each value of the roll damping loop parameter as
shown in figure 6.

The intersections of the shell and planes parallel to the P - P
yoc rs

plane define contours of constant value of the integral as shown in figure 7.
Two dashed lines are plotted on the figure. One of these corresponds to points
at which the error criterion for P is satisfied, and the other for points at

yoc
which the error quantity for Prs is satisfied. These curves actually are

projections of two curves on the surface of the shell. These two curves
intersect at the minimum value of (EQ)rd due to the previous choice for Prd

To show the effect upon the system damping, the poles of the dominant
second order mode were obtained for the data of figure 7. These are shown
in figure 8. It is desirable that convergence take place in such a manner that
regions of instability are avoided. Figure 9 shows that if any two of the error
criteria can be satisfied, the system will be stable.

A movie was shown showing the simulation of the system on a high-
speed, suppressed, time-scale analogue computer. The type of test that was
simulated was one in which the system parameters had been deliberately set
at initial values far from their optimum settings. The response of the system
was shown as the parameters were changed by the adaptive process.
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Flight test results of the system are presented in figures 10, 11, 12, and
13. These show the results of flight tests in which the initial conditions chosen
for the loop parameters represent errors that are far greater than those which
would be encountered in practice. In particular, figure 11 shows that the system
will recover from an unstable initial condition using only one sample of error
information.

In summary, we have presented the results of an adaptive control
system research program which has investigated the characteristics of the
model-reference type of adaptive system. Briefly, these characteristics are
as follows:

1. The system provides closed-loop control of the system parameters
"so that a specified dynamic performance will result.

2. The system specifications are embodied in a model-reference which
forms a p.:rtion of the equipment installation.

3. The design techniques can be applied to any existing system without
major alteration of the system configuration.

4. All information required for performing the adaptive operations is
* obtained from the model and system responses under normal operating inputs.

5. Sampling is controlled entirely by the interrelationship between the
input and output of the model.

6. Convergence times of the order of 10 seconds of sampling time for
- large errors in parameter initial co,'iditions has been experienced in flight

tests. The use of nulling criteria for some of the parameters greatly reduces
convergence time.

We do not claim that the full potentiality of these systems has been
* reached. Rather, we think a door has been opened, and what lies beyond

warrants a further research effort.

Finally, it should be acknowledged that the impetus for the model-
reference system evolved from some of the early work performed by Capt

. R. R. Rath of Wright Air Development Center who deserves much of the credit
for keeping interest in the entire area of adaptive control systems alive.

S594.
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Dr. C. S. Draper
Head, Department of Aeronautics
Head, Instrumentation Laboratories

Massachusetts Institute of Technology

In order to add a little something either as confusion or clarification
to this symposium, I will take a few minutes, while there are still people
coming in, to try to illustrate what I think of adaptive controls and optimaliziig
controls, so far as definitions are concerned.

The question has been raised, why should you work with a thing that you
call an adaptive control, and what do we mean by optimalizing control and is
there any difference? I can give a couple of examples that are merely illustra-
tive but perhaps will illustrate one or two of the concepts involved. Now the
idea that became an optimalizing control was really an adaptive control in the
beginning. This was a contro' -at changed the parameters on a system opera-
ting under conditions that oula 1iot be predicted. The simple situation was
that of an anti-aircraft system. Hitting the target would always be easy if the
pilot was cooperative and continued to fly a smooth course. Then there was no
need of changing the parameters of the system. However, if he did not cooperate,
and I am sure he never intended to cooperate, but started on a group of basic
maneuvers in which the rate of change of range and angular velocity both began
to show considerable change, the adaptive system was then made to shift the
parameters of the fire control system to make it faster in order to keep up with
this unpredictable performance that the target was putting on. You couldn' t W.

hope to hit him but you could hope to stay up with him in such a fashion that if
you smeared around your shots where he was, he would be in considerable
danger if he made any mistakes. This was a method of adapting a control from
the feedback not fro .r. the output. The rate of change of the inputs were used to
change the condition rather than the parameters of the system; the optimalizing
of the system on the other hand definitely was intended to utilize some type of
an operating arrangement that did have an inflexion point in the performance
curve. For example, the case of fuel mixture ratio. In that instance the system
could have been predicted and you could have put in a programming control.
If you didn' t know what the program was, then changing the mixture ratio and
seeing what happened, and comparing that with what had happened before you
made the change, would allow -ou to optimalize the system. In this case you
could have done it with programming, but in order to do it with programming
you would have to determine the chai acteristics of the system. The whole
philosophy was merely that of using the system itself as a measuring device
for telling you what the performance was under a given condition and determin-
irng how that performance changed when you changed one of its parameters.
These are a few ideas that are a little different. I think they will add a little
more confusion perhaps to an already confused situation.
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Adaptive Flight Control System

Mr. S. S. Osder, Sperry Gyroscope Company

INTRODUCTION

This paper presents a summary of research and development accom-
plished on a program to evaluate the feasibility of an adaptive automatic
flight control system under Contract AF 33(616)-5075. The work was
performed from May 1957 to May 1958, for the United States Air Force,
Wright Air Development Center, Wright-Patterson Air Force Base, Ohio by
the Aeronautical Equipment Division of the Sperry Gyroscope Company,
Division of Sperry Rand Corporation, Great Neck, New York. The system
investigated employs so-called optimum response models in the control
system forward loop and uses linear and non-linear techniques to force the
controlled vehicle to execute maneuvers with minimum error from the
response dictated by the model. The stability problems associated with
these high gain control techniques are alleviat-,d by means of a Performance
Computer which continuously detects stability boundaries and adjusts automa-
tic flight control system gains to within a desired margin of these boundaries.
The required adjustments are determined by extracting the essential informa-
tion from the vehicle-autopilot closed loop impulse response. Periodic low
amplitude excitation impulses below the human pilot' s detectable threshold
are applied to the system with the Performance Computer establishing the
required adjustments on the basis of monitored response. Adaptive stabiliza-
tion and maneuvering configurations for a variety of vehicles were obtained
in analog computer studies which included actual physical equipment mock-
ups. The Performance Computer was also used to provide automatic cross-
over between reaction jet and aerodynamic controls during exit and re-entry
maneuvers. A complete description of the Sperry adaptive flight control
system program for the Air Force is reported in the following documents
prepared for WADC on Contract AF 33(616) -5075.

1. First Interim Technical Report - Feasibility Study-Automatic Optimizing
Stabilization System, S. S. Osder; Sperry Report No. 3265-3683, September
1957.

2. Second Interim Technical Report - Feasibility Study-Automatic
r Optimizing Stabilization System, S. S. Osder, I. N. Hutchinson; Sperry

Report No. 3265-3702, November i957.
6''

3. Third Interim Technical Report - Feasibility Study-Automatic
Optimizing Stabilization System, S. S. Osder, I. N. Hutchinson; Sperry
Report No. 3265-3733, February 1958 (Confidential)

4. Final Technical Report - Feasibility Study-Automatic Optimizing
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Stabilization System, S. S. Osder, I. N. Hutchinson; Part I and II
Contract No. AF 33(616)-5075, Sperry Report No. 3265-3746, WADC z
TR 58-243, ASTIA Document No. AD 155576, June 1958.

DISCUSSION

The system investigated employs three basic adaptive techniques aimed
at providing optimum performance throughout the complete range of rapidly
varying flight conditions. These techniques may be classified as:i1

1. Passive adaptation by virtue of linear feedbacks around an
optimum response model.

2. Alteration of controller structure as a function of measured
performance by means of non-linear modification of system
input signals.

3. Measurement of the critical part of the closed loop impulse
response and adjustment of controller parameters as a func-
tion of this measurement.

Before describing the manner in which these techniques are employed, it
would be valuable to elaborate somewhat on the philosophy behind the classi-

*~ ficatlons.

a. Passive Adaptation by Linear Feedback - Consider first the
passive adaptation which is an inherent property of every system with negative
feedback. This is easily demonstrated by the control system block diagram
illustrated by figure 1. The dynamic element being controlled, H A , may be
an airplane transfer fun.ction which relates the aircraft' s attitude with the
input moments repre trJtid by Xd and Xc. The moment Xd is an external

disturbance such as iray be caused by a gust induced variation In lift. If the
control loop represented by the controller H is not close%!, the aircraft' s

response to the disturbance will be given by

X!d Open A1
Loop .-.

where HA is defined by the combination of aerodynamic and inertial forces
acting o;. the aircraft.

Now, if we close the locp containing the controller HI, the output response
to the same disturbance, Xd becomes .

pd
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Closed HA (2)I A Cloed1 +H HAdLoop 1.] A•

" ~if HH I.U ,,.""

__Closed (3)
X d Loop Hi

which is the result to be expected in any application of negative feedback.
But, the implications of equation (3) are very intriguing when adaptive per-I formance is being sought. This equation states that the controlled aircraft' s

- response to the disturbance will be independent of the aircraft. Thus the
aircraft can fly through any altitude and Mach number regime, or even

-. transform itself from a heavy low speed transport to a hypersonic vehicle,
"but the response will remain constant, determined only by the controller
transfer function. This is obviously as adaptive as a control system can get,

*• and no complex array of computing equipment is required. However, as
-. practical designers of automatic flight control systems will readily testify,

so remarkable a controller as the H of equation (3) cannot in general be

Sachieved with physically realizable equipment. Practical limitations are
- imposed by the finite attainable servo bandwidths and the effects of control

system non-linearities. Nevertheless, in many instances, it is possible to
"attain a fairly good approximation of the desired H1 . This compromise

value of HI can be employed to greatest advantage when the autopilot design
". incorporates an optimum response model and the so-called conditional

feedback technique. In effect, this technique permits us to use information
- contained in the input signal to maximum advantage in minimizing dynamic

errors from the desired response.

b. Optimum Response Model - The optimum response model technique
can be used to make the system' s response to c )mmands independent of the
system' s response to disturbances. Figure 2 i.- a block diagram which
illustrates a flight control loop with conditional feedback around an optimum
response model. The essential difference between figures 1 and 2 is the
"utilization of a model which will shape the command to represent desired
performance. This is compared to actual performance, resulting in generation .

-- of an error, 6 which is further operated on by the conditional feedback block.

,. The arrangement of a block diagram to show a conditional feedback
" loop based on a performance model is an illustrat 'on of a manipulation of

system block diagrams, aimed at showing adaptation capability of
virtue oi linear feedback. It is emphasized that the use of the model concept
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does not by itself represent any fundamental advance in servomechanism art.
It is, in reality, no more than a rearrangement of the conventional servo-
mechanism block diagram. To Illustrate, the diagram of figure 2 can be
easily redrawn into its single loop equivalent as indicated in figure 3. All
that has happened is that a pre-filter D1 + g (s] has been inserted into the
command path.

Representing the system block diagram to incorporate an
optimum response model emp)hasizes a very important design concept which
points the way toward the attainment of an adaptive capability. This concept
involves a design which permits the separation of command ';nd disturbance
response. Such a separation permits the over damping of the aircraft auto-
pilot closed loop disturbance response without compromising the response
to commands. This principle can be demonstrated by the following simplified
illustration. Consider first the representation of the cuntrol block diagram
incorporating a model as shown on figure 2. The conditional feedback in this
figure is the error signal which repi esents the difference between the actual
and the desired response to the command, Gi. This block diagram can of
course be redrawn to show the model as a pre-filter on the command as
illustrated in figure 3.

Equation 3 described the response to a disturbance, Xd, showing

that it approaches dependence upon only the controller transfer function, H
However, from figure 3 it is seen that the response to the command O1 is
defined by

= g'(s) H,(s) HA(s) (4)

1 + H, (s) HA(s)

Again if H1 (s) HA(s)> 1

E) gI(s) (5)

which states that the response to the command Qi is defined only by the
pre-filter (or model) transfer function. The first step, therefore, toward
designing an automatic flight control system which displays an inherent
adaptive capability is to define the optimum response model. This turns out
to be a rather simple task since the optimum response model for an attitude
command is a first order lag while the optimum response model for an atti-
tude rate command such as a pilot' s stick force input is an integrator
preceded by a first order filter.
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c. Non-Linear Modification of Controller Structure - The next
problem which must be overcome in our quest for adaptive performance
relates to our ability to maintqin H1 (s) HA (s) greater than 1.0 so that equation
(5) can be obtained from equation (4). Studies of aircraft dynamic variations

ý16 encountered throughout a typical flight regime indicate that in some instances
a single set of autopilot gains can provide nearly constant airplane-autopilot
dynamics over a complete subsonic and supersonic range of flight conditions.
However, in most cases a single set of gains represents too severe a compro-
mise in. performance so that the objective of keeping H1 (s) HA (s) greater than

1.0 for most of the flight regime cannot be met. The critical factor in the
aircraft dynamic change which necessitates a reduced autopilot aircraft
combination gain is the approach of the aircraft natural frequency to the band-
width of the control system (including sensors and actuators). The adaptive
system described in this paper will automatically detect the requirement that
"autopilot gain must be reduced at these critical flight conditions. However,
the " non-linear" modification of controller structure effectively compensates
for the reduced linear system gains by making the system respond as though
its gains were several times higher than the linear gain parameters would

- imply. Thus, the use of a non-linear controller permits the criterion of
HI (s) HA (s)> 1.0 to be maintained even when linear stability considerations
force the gain of H1 (s) to be lowered below the minimum value required for a

linear adaptive configuration.
a• 

. '-.

d. Impulse Response Measurement- It remains, then, to discuss
the method by which the autopilot gain is raised or lowered to reflect the
maximum gain restrictions imposed by the controller bandwidth limitations at
the various flight conditions. The technique employed is based on the extrac-
tion of required gain adjustment data from the aircraft -autopilot closed loop
impulse response. Many methods for obtaining the impulse response of an
unknown dynamic element have appeared in the recent servo-mechanisms
literature. These methods, however, involve fairly complex equipment since
they employ such techniques as sampling and storage of a transient' s past
history and correlation function computations. Complexity of this nature would
be unavoidable if we attempted in-flight measurement of a completely unknown
dynamic element. This, however, is not true in the case of an airplane trans-
fer function. Since we know toe basic form of the aircraft' s equation of
motion, we also know the general form of the transfer function HA (s)
discussed previously. That is, we can always approach the problem with some
qualitative knowledge of the poles and zeros of HA (s) even when we possess

no information relating to the specific coefficients of the aircraftt s equations
of motion. From this vantage point of knowledge rather than ignorance of the
controlled element, we can extract the required specific details without
resorting to complex computations. In the following disucssion it will be
shown that a relatively simple measurement can provide the necessary inputs
to the gain adjusting circuitry. Moreover, it will be shown that this
WADC TR 59-49 85
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mmasurement always remains independent of the automatic flight control loop
in that the required equipment may be inserted or removed without disturbing
the basic autopilot. Thus, the gain adjusting system which is referred to
hereafter as the Performance Computer need be incorporated only in those
applications where the first two adaptive techniques cannot adequately cope
with the variations in vehicle dynamics.

c. Performance Computer - Before describing the operation of the
Performance Computer, it is important to review the nature of the stability
problem which this computer must control. This can be determined with the '.

help of figure 4 which is applicable to the pitch control system. The system
stability can be determined from the open loop transfer function H H H
Consider H to be a simple rate plus displacement autopilot given by the

1
following transfer function.

HI(S) H (s K)

where K is the static gain in degrees of surface per degree of attitude error,
KR is the ratio of rate to displacement gain and H represents the dynamics

of the servo actuator transfer function. HA(s), the rigid airplane transfer

function may be described for the case of pitch control as
+ IKA(6)

A(s) -A

where KA is the airplane gain, a quantity dependent upon a large number of

aerodynamic factors, but in the short periud control frequencies it is primari-
ly determined by surface effectiveness, longitudinal moment of inertia and
static stability. It is important to note that KA has the identical effect as

autopilot gain K on the open loop transfer function H H H In 'he ideal case,

the variation of K with flight condition is completely defined so that an open
* A

loop gain schedule can be used to change the autopilot gain and thereby permit
the combination KKA to produce the desired closed loop characteristics. The

problem of the adaptive autopilot involves situations in which we cannot predict
KA.

"The poles of equation (6) are defined by iA and fA the phugoid
natural frequency and damping ratio, and ws and Sa the airplane short
period natural frequency and damping ratio. The zeros 4), and wL are
associated with two of the airplane response time constants. The flight path
angle initial response time constant to a pitch angle change is defined by

.. , and co, defines the time constant of the flight path angle as it decays to

* WADC TR 59-49 86
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its steady state value after the initial response. Figure 5 shows the complete
root locus of figure 4 with Hs neglected. Note that there is no stability problem

indicated by figure 5 since the open loop poles traverse no region of poor
stability as they move toward the open loop zeros. This root locus is another
way of illustrating how the autopilot can completely dominate the dynamics of
the closed loop response since it demonstrates how the autopilot zero at

- 1 becomes the dominant pole of the closed loop system as the autopilot

gain approaches infinity. Actually, a realistic gain of K = 2 to 3 is often
sufficient to move the airplane short period pole 98% of the distance on the S
plane to the terminating zero. Now let us consider the effect on this root locus
when we include the servo dynamics, H . Consider first, second and third order
servo dynamics defined by:

3. 3rd order servo
1. 1st order servo H 1

S" "

H 1+
2. 2nd order servo H I (- 1)S-..

St S..'

The form of the root loci when these three servos are included is
shown in figures 6, 7, and 8. In all three cases, a new high frequency problem
area is introduced, for in the previous ideal case represented by figure 5, an
increase in gain always moved roots toward a higher damping region. The
gain K at which these new servo loci cross the imaginary axis corresponds to
the gain margin of the stabilization system. Figure 9 shows a family of curves
for the loci of second order servo roots with different servo system natural
frequencies. These curves demonstrate the well known technique of increasing
the system gain margin by expanding the servo bandwidth, for the value of gain
required to cross the imaginary axis increases with the servo natural frequency.

The important point being made in figures 6, 7 and 8 is that the only
type of instability which can appear in an overdamped pitch stabilization system
is a high frequency instability related to the control system bandwidth. It is
noted that the dynamic lags identified with the actuator transfer function H

5
could just as well be considered part of any other dynamic lag introduced in the
open loop H1H HA. This would apply to the gyroscopic sensors or the autopilot

computing networks. The primary concept involved in the stabilization system
under study 4n this program is the automatic detection and restraint to within
stable boundaries of these " high frequency" roots. A monitoring system which
can hold these roots within an acceptable margin from the right hail plane will
automatically set the system gain at the maximum attainable value.

It is important to emphasize that the" high frequency" roots are the
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only limitations to system gain margin. Gain margin is defined as that value
of K which will cause a cross-over of the " high frequency" roots into the
right half plane. This reasoning is applicable to types of pitch stabilization
configurations other than those illustrated by the root loci of figures 6, 7, and
8. For example, it applies to systems such as those which employ second
derivative pitch data and integrating servos as in figure 10. Moreover, a
similar analysis can demonstrate that this same principle is applicable to air-
craft roll and yaw attitude control systems. It is noted, however, that the
attitude control systems must employ displacement references and must
command aircraft moments in those axes about which the attitude displacement
errors appear if we wish to use the high frequency instability as a performance
criterion. Thus, roll attitude errors must be corrected by commanding yawing
induced rolling moments and heading errors corrected by commanding yawing
moments. In control configurations which act as dampers only (rate autopilots)
the high frequency instability discussed above will appear but other types of
oscillations may develop before the high frequency roots pose a stability
problem. For example, a yaw damper has an optimum gain, and any increase
in gain above this value can lead to a decrease in lateral stability at periods
several times greater than the" stick fixed" dutch roll period.

Figure 11 is a block diagram illustrating the technique employed for
bounding the critical high frequency roots within a range of acceptable damping
ratios. The control systcm is excited by a combination of the attitude control
signal and the small amplitude narrow pulsce inserted at the servo actuator
input. Because of the orientation of the poles and zeros of the aircraft-attitude
control system combination, only the oscillatory mode associated with the
high frequency servo roots will be excited by a small amplitude impulse. It is
noted that if we wished to measure the complete impulse response of the closed . -

loop airplane-autopilot combination, we could measure the airplane response
rather than the actuator response. However, if we wished to detect the influence
of all the poles and zeros inherent in the equation of the airplane-autopilot
closed loop transfer function, we would have to use an excitation impulse many

. times larger than the one required to excite only the criticai high frequency
pole pair.

The system illustrated in figure 11 measures the response E to a
I E

pulse 5 and shapes this response to a series of fixed amplitude pulses. The
number of Utese output pulses is a measure of the number of reversals of

SE in response to the excitation impulse and therefore is proportional to
E

the damping ratio of the " high frequency" roots. The logic circuitry esta-
blishes the criteria for autopilot gain changes as a function of an excess in
output pulses during a given sampling period. The sampling period and the
excitation pulse shape and amplitude are established in the excitation and
sequence control. The logic circuits establish the boundaries of acceptable
damping ratios of the critical " high frequency"' roots. The combination of
the Sequence Control, logic circuitry, pulse shaper and counter are referred
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"- to as the Performance Computer.

The performance computer' s function is to automatically seek the
p maximum attainable gain within the specified stability limits. By operating the

autopilot at its maximum permissible level we always operate with a stabiliza-
tion configuration which gives the closest approximation to the attainment of
complete adaptation as defined by equations 3 and 5. The performance compu-
ter generates the periodic pulses which are used to probe the aircraft' s .. -
environment. In general, the rate of pulsing can be made a crude function of
the rate of change of the aerodynamic environment. The pulse rate was slowed
down when conditions were static, and automatically accelerated when the aero-
dynamic static and dynamic pressures changed. In the case of missiles or re-
entry research vehicles this sophisticatimn need not be used. Actually, no
additional circuitry is required in the excitation and sequence control for this
variable pulse rate function since the basic timing flip-flop is designed to
increase frequency as a function of a voltage (ac or dc) which represents the
rate of change of the flight environment.

Figure 12, then, is a comprehensive block diagram of the adaptive
configuration which was evaluated in extensive simulator studies which
utilized actual hardware such as servo amplifiers, hydraulic actuators and a
breadboard Performance Computer.

f. Performance Computer Implementation - The circuitry required to
implement the performance computer function was -relatively simple and non-
critical. In the breadboard system build on Air Force Contract AF 33(616)-
5075, the logic circuits employed electro-mechanical relays to control the
speed and direction of the gain adjusting motor. These relays represented a
complexity and weight penalty which can easily be eliminated with semiconductor
switching devices. The relays were used in the breadboard system because they
provided a valuable flexibility which permitted changes to the logic system with
"a minimum of circuit modifications.

"A logic diagram of the performance computer is shown on figure 13.
The system operates by insertihg impulses into the automatic pilot at con-
trolled intervals and monitoring the control surface response. Any oscillatory
motions of the actuator output will be converted into a train of pulses and
counted in a decade counter. In the breadboard version, a magnetron beam
switching tube was used as the counter. Part of a conventional decade
counter constructed of three flip-flops can provide improved reliability for
this function and thus may be used in place of the beam switching tube. It is
noted that the simplest type of binary element is required for this counting
function so that the more elaborate circuitry associated with high speed,
transistorized flip-flops need not be used.

The number of counts detected at the decade counter will depend upon
the number of surface reversals which exceed the threshold sensitivity of the
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Schmitt Trigger and therefore, will be a measure of the critical root damping
ratios. The beam switching tube counter shown on figure 13 was used to
operate relays which dictate the direction and speed of the automatic pilot gain
control motor. The circuitry was arranged to give a slow decrease in gain for
a count of three, a medium speed decrease in gain for a count of four and a fast

• .decrease for a count of five. A slow increase in gain occurs the second time a
* count of less than two is obtained. This logic is included in order to prevent

a gain increase when a higher count is expected. When a count of two is
obtained, the performance computer' s criterion for correct autopilot gain is
satisfied and no change occurs. It is again noted that the relays could be
eliminated by emnployLag a direct read-out from the counter circuit to actuate
transistor gates which would vary the speed and direction of the gain control
imotor.

Figure 14 is a block diagram of the sequence and excitation control
portion of the logic diagram presented in figure 13. The period of the astable
multivibrator is controllable in the range 3 to 30 seconds by a low power 400
cycle control voltage. Each cycle of this astable binary circuit causes one
3 second pulse to be generated in the monostable binary. A test impulse i.,
formed and sent to the automatic pilot at the beginning of this three second
pulse and the counter and motor gates are opened to permit detection and
correction of non-optimum gain. The counter and motor gates are closed at
the end of the three second pulse to prevent gain changes due to random distur-
bances, and the counter is reset to zero to prepare for the next test period.
This sequence control arrangement could be improved by the inclusion of an
additional monostable binary to close the counter gate sooner than the motor

* gate. Since the critical frequency will generally be higher than three cycles
*. per second, the critical root damping ratio can be determined in a half second

and this modification would minimize the possibility of false high counts due to
extraneous noise.

The excitation and sequence control circuits could be common for all
aircraft axes. The counter and gain control logic circuit must be repeated for
the pitch and roll axes. The entire performance computer function for pitch
and lateral control can be packaged in a volume of 40 to 50 cubic inches and is
presently envisioned a. a plug-in module of a complete AFCS.

g. Typical System Performance in Supersonic Aircraft - Before
showing results which demonstrate system performance obtained with the above
configuration, some mention should be made of techniques other than the
excitation impulse as a means of deriving the required information about the
closed loop impulse response. At the start of the program, it was suspected
that atmospheric turbulence -might provide an .dequate excitation to the system
without requiring the addition of an impulse. This did not prove to be feasible
because the random nature of this type of disturbance could not provide
consistent signals to the Performance Computer. It was found that when the
gust disturbances did not cause an adequate surface response for a few
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sampling intervals, the stability boundaries were temporarily exceeded and
divergent high frequency oscillations began to develop. These oscillations
were eventually bounded and damped, but unlike the performance obtained
with the periodic impulse, the instability actually reached the point of diver-
gence. Figure 15 is a computer record which illustrates the erratic perform-
ance obtained with excitation derived from atmospheric turbulence only.

A typical demonstration of the system' s capability is illustrated by the
recording on figure 16. Here a supersonic airplane which experiences a
severe change in dynamics is decelerated and accelerated at constant altitude
so that the range from Mach=l.6 to Mach=0.4 is covered. The aircraft' s pitch
natural frequency varies from about 13 radians per second at the high speed
condition to about 2 radians per second at Mach 0.4. In figure 16, the impulse
period is seen to vary from 21 seconds to 3 seconds as the deceleration
increases. During the deceleration, the Performance Computer tracks the
maximum permissible gain through a range of 1.0 to 3.5 and maintains the
critical root damping ratio within acceptable bounds. At the start of the
acceleration phase of the maneuver, the critical root damping ratio falls
temporarily below desirable levels due to non-optimum gain control motor
speeds. This difficulty could easily be alleviated with the use of a gain control
motor having Lmproved speed charactcr'istics. It is seen, however, that the
performance computer recovers rapidly and develops the allowable maximum
gain throughout the rest of the maneuver.

In the following recordings which illustrate maneuvering performance
with an F-104A airplane, the characteristics of the non-linear control in the
adaptive autopilot forward loop were dictated by specific parameters of the 7

hydraulic actuator used. For example, this actuator' s authority limits of ±5
degrees prevented an even more effective utilization of the non-linear gain
controls since the actuator was effectively employed as a dual mode controller;
that is proportional control fcr small errors and " b.ng-bang" control for-
large errors. For the authority limits available, no further improvement could
be obtained by raising the gain uf the non-linear channel, although in general,
a considerable increase in gain above the value used could be attained before
an amplitude sensitive limit cycle would occur. It is noted that several methods
of non-linear error gain control were investigated before the configuration
eventually used was selected. All combinations of variable gains and gain
switching of the rate and displacement signal as a function of the absolute
value of the error and error rate were investigated. Fortunately, the technique
which gave the best results was also the simplest to implement. This tech-
nique varies the displacement gain only, and the gain increase is a simple
function of the absolute value of the displacement error. Its effect is that of
superimposing a " bang-bang" controller on a linear proportional control
system. For the parameters used, an attitude error of greater than about 1.0
degree would command maximum surface deflection so that the aircraft is
constrained to follow a commanded reference with extreme tightness even when
stability consideration force a reduction in linear system gains. Figure 17 is a -
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plot of the surface deflection versus pitch error for the linear and non-linear
system at Mach 0.6, 0.95 and 1.6. flight conditions of the F-104A. Note that
the linear system gains at these different flight conditions are those which were
automatically set by the Performance Computer. It is apparent from this
figure that the non-linear system is extremely effective in minimizing the
actual difference between the control action at the different flight conditions.
Its effect is to minimize the possibility of ineffective control because of reduced
autopilot gain at flight condition HII. It is noted that in that particular case, the
autopilot gain was reduced by the Performance Computer not because the air-
craft surface effectiveness increased but primarily because the limited control
system bandwidth could not cope as effectively with the increased aircraft
natural frequency.

Figures 18, 19, 20, 21, and 22 are typical analog computer recordings
illustrating pitch rate maneuver performance. It is noted that in these record-
ings, command error rates are not employed so that the effectiveness of the
non-linear error gain controls can be seen more clearly. The aircraft is an
F-104A at 25,000 feet and various Mach numbers. In each case, the input is a
step pitch rate command. Figure 18 shows the response when the non-linear
cnnt.olh are not used. The command is equivalent to 2.0 incremental " g"
steady state when airspeed changes are neglected. The second maneuver on
this figure differs from the first in that g-limits of ± 1.0 gt s are set by the
g-limiter. It is noted that the g-limiter gains exceed those which would be
feasible if linear signal techniques are employed and the response is sharper
than can be obtained with passive cut-off methods. In this implementation,
a signal proportional to the excess in g1 s is applied to the pitch control system " .
only when the g-limit has been exceeded. Since extremely high gains on the
g-error signal are employed, the immediate effect is a large correction in the
direction to lower the pitch rate to that value corresponding to the limit gt s.

It is seen from figure 18 that when the non-linear pitch error gains are
not used, the instantaneous pitch error reaches as high as 3.0 degrees and there
is a slight overshoot in the g-limit. On figure 19 the nun-linear gain control is
employed and the maximum instantaneous pitch error is limited to one degree.
Also, the g-limiting is sharper. Note that the excitation impulse is always
present although on figures 18 and 19 its effect cannot be seen ki the pitch rate
response.

Figure 20 shows the same maneuver as in figure 19 but with mild atmos-
pheric turbulence present. It is seen that the effect of the turbulence would
easily be enough to mask any manifestations of the excitation impulse as fax
as a human pilot would be concerned. Figures 21 and 22 are similar maneu-
vers at Mach 0,60 at.-1 1.6 where the autopilot gain has been set by tht perform-
ance computer to about twic.; and one half the value it set for the previous
flight condition. In figure., 21 and 22 the effects of turbulence are also illustra-
ted. These recordings show that in mild turbulence any trace of the excitation
impulse is completely masked by the gust disturbances. Also, note that the
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performance computer is able to discriminate between the surface activity
due to the turbulence and the activity resulting from the excitation impulse.
Extensive tests on the effects of turbulence on the performance computer have
shown that turbulence will cause the performance computer to lower the auto-
pilot gain only about 1.0 to 2.0 DB. To an extent, this slightly lower gain may
actually be a desirable characteristic.

h. Application to Space Vehicle Exit and Re-Entry Control Problem
A logical extension of the maximum gain seeking automatic control system is
the application to high s)eed vehicles which perform both inside and outside
of the atmosphere. This can be appreciated if we recall that the true automatic
pilot gain is a combination of the system gain and surface effectiveness. In
order to maintain effective attitude control, the system gain must increase as
the surface effectiveness decreases. As the vehicle departs from the atmos-
phere, the surface effectiveness decreases to zero and the required aerodyna-
mic automatic pilot system gain approaches infinitN Since the maximum gain
seeking function of the Performance Computer will automatically try to corn-
pensate for the loss in surface effectiveness, automatic switching to reaction-
jet attitude control can be obtained when the aerodynamic automatic pilot
system gain reaches some specified high value. The following is a description
of some of the results obtained when the Performance Computer was used to
provide cross-over of aerodynamic and reaction-jet controls during exit and
re-entry maneuvers of a hypothetical ballistic-glide vehicle.

The trajectory simulated on the analog computing equipment involved

an initial drop at 38,000 feet at Mach 0.5, an acceleration for 80 •econds to
Mach 6.0 with an eventual climb to 260,000 feet, and a ballistic descent with
leveling and deceleration at about 90,000 feet. Figure 23 shows the uncon-
trolled vehicle response during this exit and re-entry maneuver. The vehicle
was excited by a short moment pulse during the exit phase. The apparent
divergence in the oscillatory amplitude as the frequency decreases is charac-
teristic of a spring-mass oscillatory system in which the spring stiffness
decreases with time.

Figure 24 shows the response to 2-degree step pitch commands during
an exit maneuver with only the aerodynamic automatic pilot operating. Note
the periodic impulses appearing at the control surface and the aerodynamic
autopilot gain decreasing in response to the initial vehicle acceleration and
then increasing as the surface effectiveness diminishes toward zero. Figure
24 shows that despite the Performance Computer' s increase in the autopilot
static gain to 10.0, an attitude command causes an uncontrolled tumbling of
the aircraft as the air density approaches zero.

Figure 25 shows the response to 2-degree step pitch commands
during an exit maneuver with only the jet reaction automatic pilot operating.
This record shows tLhat the jet reaction automatic pilot contributes little
in the way of stabilization during the first 30 seconds of the maneuver, and
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does not provide a very effective attitude control for another 20 seconds.
Figure 26 shows the vehicle attitude stabilization response during exit and
re-entry maneuvers with the combined system in operation. A reaction jet
crossover switch was located on the output shaft of the Performance Compu-
ter' s gain adjuster. This switch was set to cut-in reaction jet control when
the automatic pilot static gain was driven to a value of 6.0. The recording
on figure 26 shows that tight attitude control and good stability margins were
thereby maintained at all times during the exit and re-entry. Figure 27 shows
a re-entry which includes a rapid trim change equivalent to five degrees of
control surface deflection in four seconds. The maximum disturbance in atti-
tude is seen to be less than 0.25 degrees. The Performance Computer and
its associated excitation impulses thus act to probe an unknown environment
and establish the optimum control configuration on the basis of interaction
between the aerodynamic forces and the control system response.

SUMMARY

In summary, we have described an approach to the development of an
adaptive automatic flight control system which uses as a starting point the
inherent adaptation obtainable from a high gain control system employing
linear feedback-, around an optimum response model.

The linear system was augmented by a simple non-linear control of
the error signal to give the effect of a " bang-bang" controller superimpo<sed
on a proportional control system. This non-linear augmentation expanded the
ijihel 2nt adaptive properties of the linear configuration. The limitations of the
linear system were shown to be a function of the control system bandwidth with
the upper bounds on the linear system gain dictated always by a pair of complex >1
conjugate high frequency poles in the closed loop transfer function. A method
of bounding these critical roots within a region of acceptable damping ratios
by means of a fr.irly simple measurement of the system' s response to a
Small excitation impulse was shown to be feasible. The feasibility of this
technique was establis;hed on the basis of extensive analog computer studies
in real time simulations of various control problems employing realistic
physical equipment mock-ups. The actual hardware used included a multiple
input hydraulic actuator with associated servo amplifier circuitry and a bread-
board Performance Computer which measured the critical part of the system' s J
closed loop impulse response. The required magnitude of the periodic excita- "
tion impulses was in general below the human pilot' s detectable threshold and
it was demonstrated that it should definitely be undetectable to a pilot in any
of its manifestations if a slight amount of turbulence is present.

These technique s were applied with considerable success in the simula-
tor studies to both supersonic aircraft displaying severe dynamic changes over
a wide range of flight conditions and a rocket powered hypersonic vehicle in
planetary atmosphere exit and re-entry maneuvers. In general, it was conclu-
ded that the straightforward linear system with the optimum rc Jpn'; rc,,-
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augmented by the simple non-linear control element could provide an attitude
stabilization system displaying constant dynamics f1or some transonic and
supersonic aircraft without requiring gain scheduling. However, in the case
of vehicles which undergo extreme changes in dynamics, the Performance
Computer and its associated excitation impulses could be used to automatically
set the optimum automatic pilot gain throughout any range of flight conditions.
An especially significant application of the Performance Computer' s continuous
probing of an unknown environment was demonstrated in its use as a means
for providing the automatic crossover of aerodynamic surface and reaction "
jet controls during space vehicle exit and re-entry maneuvers.
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HONEYWELL' S HISTORY AND PHILOSOPHY
IN THE

ADAPTIVE CONTROL FIELD
(Including a description of flight tests of the first Adaptive Flight Control

System)

0. Hugo Schuck
Director of Research
Aeronautical Division

Minneapolis-Honeywell Regulator Company

HISTORY

It' s rather hard to tell when we at Honeywell first became interested
in adaptive controls. Perhaps we didn' t use the right words, but certainly
the need for adaptive controls has been recognized as being with us for a
long time. This has been especially true in two of the areas in which we are
vitally interested - flight control and process control.

By now in this symposium it isn' t necessary to describe further the need
for adaptive flight controls. In reprospect, it seems that we first consciously
articulated the need in connection with our early work in automatic approach
and landing. There, as you know, the ILS beam has a built-in convergence,
leading to a system gain that varies inversely as the distance from the air-
craft to the far end of the runway. This gain change plagued us considerably
back in 1945 and 1946. If we had the gain set high enough for decent beam
entry and following fifteen miles out, we went into a divergent oscillation as
we neared the field. Even putting in a manual gain change at the outer marker
wasn' t enough, but we did manage to work out a useful compromise.

The obvious remedy was a continuous gain reduction as we neared the
runway, a technique that we did use successfully in a relative humidity
computer. So we were delighted with the advent of the Distance Measuring
Equipment (the DME), and assumed that when SC31 recommended it for the

"* Commop System our troubles were over. But the DME was not adopted
"* quickly, and anyway, the operators were somewhat less than enthusiastic

about getting more electronic gear involved in the critical landing operation.
SSo we sharpened our servomechanism theory pencils and learned to live with

the convergence by pushing loci around on Nichols charts.

However, one aspect of this experience stayed with us and became, in
- fact, an integral part of our flight control system design philosophy. This was

the idea of scheduling control system gains as pre-determined functions of
n-easu:'able parameters. Now, of course, we' re trying to get away from such
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scheduling.

Another trouble plagued us in the automatic landing problem. The beam
converged, not with respect to a straight center line, but to a line that had
bends, wiggles and other aberrations with respect to the straight line it was
supposed to be. We learned to call these by the scientific name of " noise" -

which is a good name because its definition is " anything you wish you didn' t
have" . We found that the ILS beams at different airports around the country
had different degrees of noisiness. The CAA managed to keep the one at '_
Indianapolis pretty clean, but the one at Minneapolis - where we did a lot of
test flying - had some pretty bad bends. One, in fact, gave the uninitiated
observer the idea that the aircraft was going to land in the third hangar.

Fortunately, the ILS beams all tended to straighten out as the touchdown
point was approached. It was in this critical region that we wanted good
control. On the other hand, we didn' t want to shake up the passengers or
stress the airplane unduly. So we saw the problem as one of following clean
beams pretty closely, while smoothing out to a considerable extent the noise
in those that had a lot of bends. In other words, we posed the objective of
doing the best control job possible, considering the signal to noise ratio of the -- A
input. This implied a change in system filtering and gain as a function of the
input noise.

One approach to this problem was through the use of non-linear techniques.
The Air Force was developing an interest in non-linear mechanics, and gavc
us support for a research project to advance the non-linear mechanics art in
its application to automatic controls. One of the specified areas of application
was to beam following. After a considerable amount of analytical work, during
which we explored many of the techniques being discussed here, we settled for
a system that limited the second derivative of the localizer signal as a function
of the beam noise. An alternate mode also lowered gain in the presence of
high noise levels.

This system was built, it flew the airplane as it was supposed to, but it
was unduly complicated. So it never left the Research Department.

In the meantime, we had been in contact with the Research Department
in our Brown Instruments Division, and had found that they had their own
brand of difficulty in the chemical process control field. Hel e the problem
was not so much one of input noise, but one of changing conditions. They had
harrowing stories of working all day in a chemical plant, adjusting gains and
limits until the control system was working nicely and stably. Then the five
o clock whistle would blow, a few pressures and temperatures Aould change
with the change in shift load. and the control would go divergent. So they were
looking for an approach tnat would permit greater tolerance to t),e conditions
of operation.

WADC TR 59-49 124

S~~.........• ..........---- ......... .. .-.....-.-.-...-...-.-.. :.. -.. ..:-:.:..:.:..:: . .. .. .. .. .

".''.- .,.°°.'.'°~' "•*-"° . . • ..... °. - - ".--....... . .... .......... ...... . .



At this time we began to think more clearly in terms we now use, of self-
adaptive control. We began to visualize a control system that would produce a
desired result, even though there was input noise, and even though the conditions
in which it was working changed greatly. After we had been working on this
for a couple of years the Air Force found our approach of interest, and gave us
support for a study in which adaptive control was one of three approaches to
achieving better flight control of high-performance airplanes.

While we did try to keep our approach unbiased, our previous experience ,..,

tended to point us away from statistical transfer function techniques. We had
already become familiar with the discontinuous feedback concept pioneered by
Flugge-Lotz of Stanford University. We looked further into its implications,
and investigated its applicability to a typical flight control problem. Using an
analog computer, we tried various ways of mode switching and evolved a concept
combining a model and an intelligently switched bi-stable element. With the
results looking quite promising we decided to concentrate on a more definitive
check-out of this concept through actual flight test on an F-94C. Equipment was
built, thoroughly tested in simulation, and installed. The flight test results
were most gratifying. They confirmed the simulation results and led to several
engineering programs.

FLIGHT TESTS

Let us look at this adaptive flight control system that was proven in the
flight tests on the F-94C. Conceptually it is simple, deceptively so. As shown
in Fig. 1, the input is applied to a modiel whose dynamic performance is what
we wish the dynamic performance of the aircraft to be. The actual response of
the aircraft is compared with the response of the model, and the difference is
used as the input to the servo. If the gain of the servo is very high, the response
of the aircraft will be identical to that of the model, no matter what the elevator
effectiveness, so long as it is finite and has the right direction. Thus changes in
altitude and airspeed have no effect on the response. By building the model to
give ideal response, the aircraft is given ideal response characteristics.

Design of the model is fairly simple, provided one knows what kind of
response is wanted. Regular network theory can be used. The big problem
comes in connection with the need to make the gain of the servo very high.
This is essential to making the ihmer loop sufficiently tight that the response of
the aircraft is essentially that of the model. An ordinary linear servo system
will not do. It simply cannot be given sufficiently high gain and still be stable.
So we go in for non-linearity, the most extreme form of non-linearity, in
fact - the bang-bang type. Full available power is applied one way, or the other,
depending on the direction of a switching order.

Now it is well known that a simple bang-bang system is oscillatory. And
we don' t want an oscillatory aircraft. But the bang-bang principle does have
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the attractive advantage over any other system of providing full available
power to correct even small discrepancies between aircraft response and
model response. So we look for ways to tame it down, keeping its high-gain
characteristics while reducing its oscillatory activity. This is accomplished
through use of a number of techniques in combination, as can better be
described in connection with a more detailed diagram.

In Fig. 2 we see the same model, whose output M is the desired pitch
M

rate. Feedback is provided by a~pitch rate gyro. It measures the actual
pitch rate G of the aircraft, which is represented as a second-order system.
Experience has shown that this representation is adequate to describe the
short-period motion of the conventional rigid aircraft to elevator deflection.
The, the natural frequency a, the time constant T, and,h thein nattio frqunc

aaa
the elevator effectiveness Mst are all known functions of the aircraft stability
derivatives.

The input to the aircraft is elevator deflection e which is produced by
e

a conventional servo and actuator shown in the block to the left of the aircraft
block. It has the usual integration and second-order dynamics of such systems.
In the case of the Lockheed F-94C aircraft, the natural frequency is 37 radians
per second and the damping ratio is C.7. The proportional plus integral term
in the numerator results from the use of a high-pass network in the feedback
loop internal to the servo-actuator system. Cancellation of this numerator
term is the primary purpose of the lead-lag filter shown next to the left,
Some small lead is introduced to compensate for the normal lost motion of
slop in the control gearing.

Next, to the left is the limiter, operating on the output of the relay. It
sets the magnitude of the relay' s output voltage. Some adjustment of this
magnitude seemed desirable, and this is the purpose of the gain changer in
the upper block. Its operation is described by the equations in the lower right
corner. If the system error is large-larger than B in absolute magnitude, full
output voltage is obtained from the relay. After the system error has been
reduced below B the output of the relay is decreased exponentially with time
in accordance with the second equation. Fig. 3 shows graphically this decrease
in available input to the filter.

Returning to Fig. 2, we see that instead of feeding the error signal directly
to the relay, a somewhat modified input is provided by the lead -lag network
in the switching logic block. Ideally the denominator time constant is zero;
the numerator constant is about 0.2 seconds. A further modification of the input
to the relay is made by the introduction of a high-frequency sinusoidal dither
signal. Its frequency of 2000 cycles per second is so high that it does not appear
in the output motion. An averaging process takes place, so that the '- _
output of the relay is linearized for very small signals. Use of a
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sinusoidal dither signal gives the arc-sin characteristic shown in Fig. 4.
Obviously a mechanical relay cannot follow a 2000 cycle per second dither
input. An electronic relay can, and such was used in the F-94C flight test
equipment.

Returning again to Fig. 2, we see that the pitch-rate inner loop consists
of the switching logic' s lead network, the relay with dither, a limiter control-
lable from the error magnitude by the gain changer, a lead-lag filter, the servo
and actuator, and the aircraft, with feedback provided by a pitch-rate gyro.
The dynamics of the gyro are included for completeness, but they can be
neglected. The loop gain is very high, and consequently the actual pitch rate
can be maintained acceptably close to the output of the model M.

M
For the F-94C flight test program a model was used having a natural

frequency of 3 radians per second and a damping ratio of 0.7. These values
have been established by the NACA and Cornell Aeronautical Laboratories as
acceptable for manned aircraft of the type used.

To obtain pitch attitude control the switch shown at the left in Fig. 2 is
closed. Since the inner loop transfer function is unity, the attitude control
system can be described by a third-order transfer function: second order
from the model and an integration from pitch rate to pitch attitude.

This, then, is the nature of the system we' re talking about. Before
going on to describe its mechanization for the flight test program, I want to
admit - in fact, emphasize - that it did not reach this form by a process of
pure, abstract cerebration. Each portion is there because it was found
necessary in the course of a long simulation program, and the various con-
stants were worked out before the mechanization was undertaken. It was the
apparently successful performance obtained in simulation that led to the
decision to undertake flight test verification. Furthermore, since this was a
research project and the objective of the flight tests was primarily to provide
a feasibility check of the adaptive flight control technique that had been
evolved, minimum modifications were made to the aircraft and its equipment.
Most of the equipment used was from the old Honeywell E-10 Autopilot develop-
ment program of several years before.

Fig. 5 shows the amplifier that was built for the flight tests. It incorpora-
ted the various circuits that were unique to the adaptive system. All of this
equipment was given careful hanger testing, with analog simulation of aircraft
flight dynamics, before initiating the airborne tests. It is interesting to note
that these tests showed the previous simulations of the hardware to be quite
valid.

Fig. 6 shows the flight test engineer' s test panel. In designing the flight
test program we decided to go beyond just verifying the simulation, and try to
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get some comparisons with the operation of the standard E-10 Autopilot -

both quantitative and pilot reaction. Available to the flight test engineer,
accordingly, there are on the test panel various switches and controls to allow
a considerable variety of configurations to be set up. These included changes
in some of the significant parameters of the adaptive system, such as the dither
amplitude, filter characteristics, and gain changer operation. Provision was
also made for the introduction of standardized pitch rate and pitch attitude
commands.

Let us look at a few of the results of the flight test program, as carried
out at Minneapolis in April of 1958. The first series covered operation without
the gain changer, and with limiter output set to provide a maximum elevator
deflection rate of 4.6 degrees per second. In Fig. 7 we see a typical recording.
At the top is the command input, third down are the model response and the
aircraft response. We find it convenient to record in opposite sense those
quantities that are to be directly compared.

The performaice shown is typical of the results obtained throughout most
of the flight envelope. In the steady-state condition the traces are acceptably
smooth, that is, the residual motion is quite small - on the order of what is
obtained with the usual linear control system. The model-following capability
is excellent, even at relatively high control frequencies. In other words, the
aircraft' s response does agree with the model' s response. This is true for
small-scale maneuvers; it is also true ior violent maneuvers.

Fig. 8 shows flight test results of one of a series of violent maneuvers.

This is a complete loop. During the short time taken to carry out the maneuver
the altitude changed between 10,000 and 20,000 feet and the Mach number
between 0.4 and 0.8. Note that the pitch rate is quite constant throughout the
loop, as specified by the output of the model. Even cutting out the afterburner
at the top of the loop produced only a small bump in the pitch rate record. We
see here a very significant feature of an adaptive system of this type, that it
;2an adapt quickly to rapict changes in operating conditions. There is no waiting
for a scheduling device or computer to "catch up"

In Fig. 2 a switch was shown that provided pitch attitude control. This
mode of operation was also checked in the flight testing program. The pitch
attitude feedback gain was set by use of third-order charts to give an overshoot
of 30'"i As it turned out, the pilots' thought this overshoot a bit excessive, and
we wished we had designed for a lower value. However, that was what we
specified, and that was what we got, as the recordings in Fig. 9 show. At
least, we got it at 0.6 Mach. At 0.4 Mach the initial overshoot was still about

X30', but the transient took a somewhat longer time to damp out.

This is not surprising, since the performance of the pitch-rate inner loop
was expected to deteriorate somewhat at the lower dynamic pressures. The
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object of all this work was, of course, to have the aircraft response always
agreeing with the model response, no matter what the flight conditions were.
A large part of the flight test program was, accordingly, devoted to determin-
ing just how the agreement did depend on flight condition. For small variations
the measured discrepancies were found to be quite small. However, at the
extreme ranges of the flight envelope, certain deteriorations were noted.

Fig. 10 shows results obtained at landing speeds. Under such low dynamic
pressure conditions the response is that of a system with lower damping than
that of the model. When the input is cycled rapidly there are both amplitudechanges and phase shifts.

Fig. 11 shows results obtained at high speeds. With high dynamic pressures
the model-following capability is quite good, bult the amount of residual motion

I in the steady state is only marginally acceptable.

. Fig. 12 shows a summary of the first tests co-,ering the flight envelope.
Throughout most of the operating range excellent control and stability were
obtained. However, at low dynamic pressure there is a small following
error, and at high dynamic pressure there is an objectiorable amount of resi-
dual motion.

The results described so far all show operation without the gai changex,
that is, the output of the relay was always limited at 4.6 degrees per second
elevator rate. This was the compromise valuL that hiad been worked out in
the simulation studies. Better results at low speed would be expected if the
limiting rate were higher. Flight test results confirming this are shown in
Fig. 13. At low dynamic pressures a limiting rate of 9.2 degrees per second
gives noticeably more precise following of the model. Likewise, at high
dynamic pressures a lower limiting rate of 2.3 degrees per second reduces ".
the steady-state residual motion to an entirely acceptable degree.

These flight test results confirm the simulation results, and show that a
four-to-one change in limiting elevator rate will provide fully acceptable
performance of the adaptive flight control system over the entire envelope of
the F-94C. It was for this reason that the gain changer previously mentioned
was added in the simulation studies. With properly chosen constants it
produced the desired results in simulation. Unfortunately, the aircraft' s
availability schedule did not permit adequate investigation of galn-changer
performance in the flight-test program reported here. Subsequent tests at
Wright Field by the Flight Control Laboratory showed that the gain changer
did, in fact, do what it was supposed to do in cleaning up perfcbrmance at the
edges of the flight envelope. A slightly different way of accomplishing this
function is used in the later equipment described in a companion p,-per.
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PHILOSOPHY

What I1 ve been giving is a highly summarized review of our acti:•ties
up to and through the F-94C flight tests. I haven' t tried to mention all the
disappointments and blind alleys. Some of these are described in our various
reports, others we would just as soon quietly forget. I do think, however,
that it' s worth pointing out the research role, since it is over five years
since we consciously set our hands to learning how to make a self-adaptive
automatic control system. Since that time there has been maintained, on
company funds, a consistent effort in this direction. Furthermore, it' s
worth pointing out the value of trying to help the military solve its problems,
in that the support thus made available facilitated getting an early physical
proof of the research theory.

How, then, do we view the future? We see adaptive controls as typifying
the nature of the future of automatic control. From a practical point of view
we see adaptive control advantageous primarily as a means of achieving a
desired level of equipment and performance with superior reliability. After
reliability and reliability and reliability, thei ý come weight, sizeand cost.
These are all considerations that apply strongly to airborne equipment, but
they' re also of significance in ship-borne and ground-borne equipment,
including process control and re.,vironment control.

From a theoretical point of view, adaptive controls form a particular
class in the broad field of non-linear controls. We feel we must continue to
do research work in this field, and particularly in the adaptive class. Our
current research program is so aligned, and we are hoping to expand it.
There are two prongs to our research effort. One is to extend our theoretical
understanding of the present approach in regard to higher order systems.
The other is to continue to investigate approaches other than the one we are
now using.

As a sort of side line, we have been intrigued for quite a while with the
relationship of our mechanistic controls to those highly refined controls we
find in the biological organism. A recent paper by our Charles Johnson,
delivered aL the Eleventh Annual Conference on Electrical Techniques in
Medicine and Biology, discussed this relatiornhip. Johnson showed that,
when one lines up the characteristics of the human being as a controller, and
those of the adaptive servomechanism, that has been described here, the
parallelism is inescapable.

It is easy to say that the automatic control art has much to learn from
biology, whose control art has been refined over millions of years. But it
is somewhat dangerous, we feel, to take such a statement too seriously. The
mechanisms involved are different, radically different. True, the biological
controls are non-linear, they are digital, they are adaptive. But they use
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physical elements that are not appropriate to our control devices. One cannot
hope to design a flight control system by dissecting a bumble bee, and there is
no known biological organism that is capable of space flight. Where we can
learn from biology, and perhaps support the biologists themselves, is in
terms of concepts. Conceptually, our adaptive control is parallel to that of
the organism, but the mechanisation is quite different. Our aim, then, is to
learn conceptually, and mechanizc practtcally.

That statement tends to summarize Honeywell' s philosophy in regard to
automatic control aAd particularly adaptive control. We want to learn from
every possible source, and we want to apply the knowledge we obtain to produce
improved performance in practical situations. And the primary measure of

* practicality is reliability.

I

0-7
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Figure 6. Engineer's Test Panel
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THE SELF ADAPTIVE FLIGHT CONTROL SYSTEMS
SYMPOSIUM

SESSION IV

I..
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Dr. C. S. Draper, Chairman
Massachusetts Institute of Technology
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Dr. C. S. Draper
Head, Department of Aeronautics
Head, Instrumentation Laboratories

Massachusetts Institute of Technology

I might tell one little story. Hugo has talked about mechanizing the
human being or taking the human being as a model. Seeing General Davis
sitting down here reminds me of how we determined the stability margin to put
In the Day Fighter Sight, which became the A-4 sight. This was done by the
two of us going up in various airplanes and making passes at targets on the
ground such as barns and rocks. I suppose the most important accomplishment
is that vie scared a few people almost to death, including me a couple of times.
As a reward for working for about two or three weeks we came up with the
conclusion that the stability number should be two-tenths. I don' t know what
this cost but it didn' t cost much. After big computors were turned loose on
the job for two or three years, the conclusion was that the right number should
be point two three and I will defy anybody to find a difference between these
figures in practice. This is using a real cheap piece of machinery, a human
being, to find out what you should do with these complicated systems.

5:: ,".-4
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A TECHNIQUE FOR ANALYZING AN ADAPTIVE FLIGHT
CONTROL SYSTEM CONTAINING A BI-STABLE ELEMENT

Luther T. Prince, Jr.
Minneapolis-HoneywelU Regulator Company

A highly desirable design objective for an adaptive control system is that
the system have the capability for satisfactorily controlling aircraft which
exhibit large and rapid changes in performance characteristics in certain rr.
flight envelope regions. This should be accomplished along with a significant
improvement in the reliability of the flight control system. Minneapolis-
Honeywell' s approach to the realization of this objective utilizes nonlinear
devices to obtain improvement in reliability by simplifying the basic control
loop. The use of a bi-stable controller, as previously mentioned by Mr. Schuck,
provides the means for accomplishing this as the possibility exists for combin-
ing a major portion of the system into one package. With this type of nonlinear
controller the use of any type of mechanical gain scheduling in order to achieve
the desired performance characteristics has not been necessary, and if a bi-
stable servo actuator is used the adaptive controller and servo can be combined
in one unit. a'

One of the greater difficulties associated with using nonlinear devices
appears to be the lack of useful analytical techniques which provide a better
understanding of the characteristics of such systems and insight into ways of
more effectively utilizing such concepts and improving them. As a result of
this difficultythe development of a better understanding of this type of control
system has been dependent, to a great extent, on using an imperical approach
utilizing the results of computer studies and observations made during the
actual operation of the system.

Realizing the value of mathematical analysis as a tool.for synthesizin,-.
evaluating, improving, and more thoroughly understanding various 4ypes of
control systems, an attempt has been made to utilize nonlinear analysis tech-
niques to gain a better understanding of the Honeywell adaptive concept. The
results of this effort have been very encouraging and will be subsequently
discussed.

Of the known techniques for analyzing nonlinear systems, the frequency
response method proved to be the most promising. This can be attributed to
several factors: (1) This method does not become increasingly complicated
as the order (or complexity) of the system increases as does the phase space
method, (2) the engineer is able to build on a technique commonly used in the
analysis of linear systems which readily provides a better physical feel for the
operation of the system, and (3) a simple technique for computing the closed
loop frequency response of nonlinear systems already exists.
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This technique is described in detail in Reference 1.

DISCUSSION

In order to demonstrate how this method can be used, consider the block
diagram of the basic F-94C adaptive pitch rate control shown in Figure 1.
Since the time response, 0(t), to a step input, 6 c (t), closely resembles the time

response of the model, 6M(t), when the system is operating satisfactorily, an

investigation was made to determine if the frequency response of the complete
system closely resembled the frequency response of the model over the same
range of command inputs and flight conditions. To do this, the frequency
response of the closed loop following the model is calculated and combined with
the frequency response of the model. The results of this mathematical operation
are compared with the model frequency response to determine what conditions
must exist for the two functions to be essentially identical at control frequencies.

The successful application of this technique to the analysis of nonlinear
systems is based on the validity of the following assumptions:

1. The bi-stable characteristic of the adaptive controller can be ade-
quately described mathematically by an " equivalent gain" for sinusoidal inputs,
i.e. the higher harmonics generated at the output of the nonlinear element can be
neglected.

2. The bi-stable element i- the only significant nonlinearity in the
system.

3. Some correlation does exist between the frequency response and
transient response of a control system containing a nonlinear element.

Since these assumptions do not generally hold for nonlinear systems, the
valid application of this technique must be established by the degree of agree-
ment between theoretical and experimental results. The correlation between
experimental and theoretical results for the Honeywell adaptive control system
flight tested in an F-94C is sufficiently good to justify the use of this technique
as a means for gaining insight into the basic characteristics of the system.

Before discussing the results of this investigation, a brief outline of the
approach used will be presented. Details of the basic approach can be found
in Reference 1.

In order to conduct a sinusoidal analysis of the pitch rate adaptive control
system shown in Figure 1, the bi-stable characteristic of the adaptive controller
is represented by a variable gain, k( ý ), which is defined in Equation 1.

k 2L' - (1)
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where • is the peak value of any steady state sinusoidal signal which may exist

at the input to the bi-stable element, and c< is the peak value of the output,,

which will be approximated as a sinusoid. Since the output of this device has

a constant magl*uide and the same polarity as the input, the gain, k( V), is

inversely propor nlal to the magnitude of the input, as seen in Figure 2. If

a constant amplit,. sinusoidal signal is introduced at the input to the model

during closed loop operation, another sinusoidal signal, b, of some undefined

magnitude but the same frequency, will exist at the input to the bi-stable

element. The magnitude of this signal defines the gain k( • ) for a constant • ,

as seen in Equation 1. If the input signal frequency is changed, • and thus k( fl

will have a new steady state value.

In fact, a unique value of K( ) will exist for each magnitude and frequency

of the input sinusoidal signal to the model. If the exact values of this nonlinear

gain can be established for specific values of the input signal, then the closed

loop frequency can be calculated with linear equations at each frequency by sub-

* stituting the appropriate value of K( 9). The equation used to perform the

necessary calculations is shown below and can be derived very simply from

Figure 1.

SF>, knj= LKmGm (.) KIG 1 (3w) kn( ) K2 G2 (&a)

4c1 + KIG (.w) kn( ) K2 G2 (pa)

(2)

where the subscript n denotes the particular value of k( ) that exists for a

specific value of the magnitude and frequency of the input sinusoidal signal.

Two distinct operations are necessary to calculate the closed loop frequency
response for a given input signal. First, the correct gain of the bi-stable
element must be established, and second, the gain and phase of the frequency

response function are then determined from Equation 2. These operations
must be repeated for as many points as are needed to obtain adequate informa-

tion. The resulting function will be valid for only one particular amplitude of

the input signal because the response of a nonlinear system is amplitude depen-

dent; consequently the procedure must be repeated for each different magnitude
of the input signal.

The usefulness of this technique as an engineering tool would be somewhat V'-:.

Himited if separate mathematical operations were required to obtain each point

on the many frequency response , unctions that may be needed. The basic -y

method used during this investigation utilizes a graphical technique to greatly

reduce the number of necessary calculations.

In order to demonstrate how the closed loop frequency response of the

nonlinear portion of the Honeywell adaptive control system is obtained, it is
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useful to examine a family of linearized frequency response functions of that
portion of the system following the model in the block diagram of Figure 1.
These curves are calculated using several constant values of the nonlinear ___

gain k( 1). A typical family of these curves, shown in Figure 3, was calculated
from the F-94C pitch axis configuration. (The criteria used to select the maxi-
mum gain will be discussed later).

If a sufficient number of these curves is plotted over the range of possible
values of k( i"), then points on the actual closed loop frequency response for a
specific input signal will exist somewhere in this group of curves. These points
can be located exactly by establishing the correct value of k( ) at specific
frequencies of the fixed amplitude input signal.

OPEN LOOP FREQUENCY RESPONSE

Before actually determining the frequency response of the closed loop
following the model, it is useful to open this loop and consider some of the param-
eters in the open loop frequency response exclusive of the model. The magnitude
of the open loop frequency response at the particular frequency where the open
loop phase lag is 180 degrees is a factor of major importance in determining the
closed loop response. It is useful to consider the open loop gain at this frequency

S to be composed of a constant term and a variable term. The later quantity willbe the adaptive controller gain, k( f. Open loop frequency responses of the.-
F-94C pitch rate system of Figure k are shown in Figure 4 with aql quantities

included except the bi-stable element and the model. Aerodynamic data fcr
*- flight conditions 1, 3, and 10 have been used, representing the landing condition,

sea level - Mach .86, and 22,000 ft - Mach .86 respectively. From Equation 1
it is seen that the bi-stable element gain, k( '), can assume any magnitude from
infinity to values approaching zero. In Figure 4, it can be seen that, exclusive
of k( ý), the gain margins of the system for the three flight conditions are 28,
"36, and 51 db respectively. When this loop is closed the bi-stable element gain
will establish itself at some steady state value. It can be shown that the actual
steady state gain established in the bi-stable element is exactly equal to the
magnitude of the gain margin at each flight condition.

At the frequency where the open loop phase lag is 180 degrees the
system will exhibit a stable limit cycle. Since this residual motion always
exists, if the adaptive controller characteristics are as shown in Figure 2, the
"steady state gain of the bi-stable element can never exceed the value which
"establishes this limit cycle. Consequently, the inclusion of this device provides
the system with a variable gain which will always establish itself under steady
state conditions at the maximum value that the system can have at any given

ti flight condition.

In Reference 3, Ljungwe shows that the amplitude of the limit cycle motion
is directly proportional to the product of bi-stable element output and the
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surface effectiveress, M It can further be shown that the limit cycle
amplitude decreases as the limit cycle frequency increases 11 k( )Max remains

constant.

During satisfactory operation of the adaptive system the limit cycle can be
superimposed on the response to input sinusoidal excitations so that no further -"

consideration of its existence is needed to calculate the closed loop frequency
response other than to establish the maximum value of k( W). This means that
the gain characteristics of the bi-stable element used in the F-94C can be
accurately represented as shown in Figure 5 for sinusoidal signals less than
or equal to twice the cut-off frequency of the model.

Before concluding the discussion of the open loop frequency response it
should be noted that the characteristics of the airplane have no effect on the
limit cycle frequency in a pitch rate system. This is true because the 90
degrees of phase lag introduced by the airplane at high frequencies is essential-
ly cancelled by the phase lead in the switching logic; consequently, the limit
cycle frequency does not change vith flight condition, and it is determined
primarily by the control lags in the system.

CLOSED LOOP FREQUENCY RESPONSE

As mentioned previously, a graphical technique is used to calculate the
closed loop frequency response of the nonlinear part of the Honeywell adaptive "
system. A detailed discussion of the method will be presented in a forthcoming
paper. The actual procedure is as follows:

(1) Calculate and plot families of linearized frequency responses of the
closed loop portion of the adaptive control system. These are obtained by
replacing the nonlinear gain k( K ), by a constant for each curve. One of these
should be the largest gain that can exist at each flight condition to be investi-
gated.

(2) Calculate an open loop frequency response from the transfer function

K2 G2 (S)/KmGm(S) , where K2 G 2 (S) represent the linear portion of the system

between the bi-stable element and the output of the system.

(3) Overlay the open loop frequency response obtained in step 2 on the
family of curves obtained in Step 1. The zero db lines for the two graphs are
separated by the ratio W/6 c, where o is the output of the bi-Etable element

and E) represents the magnitude of the sinusoidal input.

Typical results for Step 3 are shown in Figure 6 with the dashed lines
representing the calculation made in Step 2.
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The amplitude of the actual closed loop frequency response is determined
by following the maximum k( Y) curve until this function is intersected by the I
open loop function for a specific value o(/Oc. The response then follows the

dashed line for higher frequencies as long as this function is less than the
amplitude of the k( ) curve. Curves for three values of this ratio are

shown in Figure 6. Points on the phase curve can be found at each frequency.I
where k( )() is known. This occurs wherever there are intersections between
the open loop function and members of the family of linearized closed loop

curves. Typical results are shown in Figure 7. To obtain the total response
of the adaptive control system, the frequency response of the model is combined
with the frequency of the nonlinear system. I
RESU LTS "-"

The simulation and flight test results of the F-94C system show that the
response of the adaptive flight control system closely resembles the model I
over most of the flight envelope of the airplane. Under certain conditions,
however, the response of the airplane differs from the model. Results of the
theoretical investigation show that the frequency response of the complete
system closely resembles the frequency response of the model under the same
conditions that the transient response of the system is essentially identical to I
the transient response of the model. In Figure 8, typical re sults are shown
for 3 values of the ratio / It can be seen that very good correlation exists 4
between the theoretical and experimental results and that both are almost
identical with the model. Frequency responses of most flight conditions are
essentially identical to the ones shown in Figure 7. Frequency response
analyses of two other flight conditions are also included for which the transient
response of the system does not closely follow the model for 6 and 12 db ratios
of K/0c. Frequency response for these two flight conditions are shown in

Figures 9 and 10. It should be noted, however, that these frequency responses
do closely resemble the model if the ratio -/0 is equal to or greater than
20 db.

CORRELATION BETWEEN TRANSIENT AND FREQUENCY RESPONSE OF
THE SYSTEM

Transient responses obtained from an analog computer study are shown
in Figures 11, 12, and 13. It should be noted that the particular trend in the
transient responses for different values of the ratio "</c is also evident in thec -,

frequency responses for the same ratios. An attempt was made to calculate
the transient response directly from the frequency response of the adaptive

.. control system using the technique described in Reference 2. The results
were accurate only when the model dominated the frequency response at all
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frequencies below the natural frequency of the model. Investigations of the
correlation between frequency and transient response of non-linear systems is
continuing.

CONC LUSiONS

The use of a bi-stable element in an adaptive control system greatly
enhances the possibility of obtaining greater reliability through simplification
of the control system. Inclusion of a bi-stable element in a feedback control
system provides the system with a variable gain. device which will always
establish itself at the maximum value that the system can have at any given
flight condition. Thus it can be said that the system is sell compensating.

With this type of nonlinear device the tight loop required to minimize errors
to commands is obtained without the stability problems normally encountered in
high gain linear systems. This system exhibits two unique characteristics:
for small errors the gain is large, for large error signals the gain is low. This
means that the system will operate at maximum bandwidth for small errors
(good following of the model) and yet will operate at low bandwidth with sufficient
phase margin to provide good response to disturbance inputs such as gusts. In
addition wide variations in the airplane static stability and damping have
negligible effect on the performance of the system.

Uniform performance characteristics can be obtained for the F-94C system
over the complete flight envelope if the ratio of KM 6e is equal to or greater

4bc
than approximately 30 db, where cK is the output of the bi-stable element, M Se

is the magnitude of the elevator surface effectiveness, and 0 is the magnitude
c

of the pitch rate command. Since this ratio was not greater than 30 db for all
F-94C flight conditions some deteriorations can be expected at flight conditions
where the surface effectiveness is low.

Whenever a bi-stable element is included in a feedback loop, a limit cycle
will exist. The limit cycle magnitude is directly proportional to the product

g4M 6 . Since K was held constant in the F-94C system the limit cycle

increases in magnitude for high dynamic pressure flight conditions. In fact, the
output of the bi-stable was established on the basis of the maximum acceptable
limit cycle amplitude. Since this occurs at the highest elevator effectiveness
flight conditions, a compromise in performance exists at the flight conaitions ---

having low elevator effectiveness.

One possible imnrovement is to vary the output of the bi-stable element so
as to keep the product oM¢e constant at all flight conditions. If the limit cycle
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amplitude is kept constant by varying the output of the bi-stable element as
the surface effectiveness changes, the necessary value M Secan be obtained.

Extensive studies have shown a significant improvement in performance with
this addition to the system. The principal disadvantage of this approach is that
the surface motion required to sustain the limit cycle becomes large at flight
conditions where the surface effectiveness is low.

A more desirable modification is to keep the adaptive controller maximum
gain at the largest possible value at all flight conditions, with a very small
limit cycle at the control surface, but with an adequate value of ofMe so that

the responses to commands will follow the model. A method for accomplishing
this is being included in an adaptive 3 axis automatic flight control system
which will be flight tested in the near future. A description of this system is
to be rresented by Mr. David Mellen of Minneapolis -Honeywell.
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DISCUSSION OF THE HONEYWELL ADAPTIVE FLIGHT CONTROL SYSTEM
FOR HIGH-PERFORMANCE AIRCRAFT

D. I. Mellenr and FB. Boskovich

1. INTRODUCTION .1
Encouraged by the F-9',C flight test results and bolstered by a better

anaiytical understanding of ntmllnear control systems, we at Honeywell
initiated two new addptive control system development programs:

1. The development and flight test of a complete three-axis

adaptive flight control system for application to high-perform-
ance aircraft.

2. The development and flight test of a simplified adaptive control
system.

It is appropriate to discuss in this paper only the first of these two systems as
this will provide a comprehensive coverage of the Honeywell adaptive flight
control concepts.

Since the F-94C flight tests, much effort has been directed toward
extending the adaptive concept to all axes of control and in overcoming the
deficiencies found in the flight test of the F-94C system, As a result, a
complete adaptive flight control system has evolved and is being readied for
flight tests in a F-101A fighter aircraft.

2.0 DISCUSSION OF THE ADAPTIVE INNER LOOP

The model and the adaptive controller form the kernel of the Honeywell
adaptive flight control system. Figures 3 and 4 are block diagrams of the
pitch and lateral axes showing these units in their proper perspective to the
complete system.

Being common to all axes of the system, the model and adaptive controller
will be discussed in some detail. Consider the block diagram shown in Figure

2.1 Model

The model irn the adaptive flight control system provides the system with
the selected standard of performance. It represents what the pilot wants in
his aircraft handling characteristics. Hence, the model is an analog simulation
of an ideal aircraft. _,
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Specifically, in the pitch axis where normal acceleration is the major
adaptive loop feedback, a second order model with a damping ratio of unity
and a natural frequency of 2 radians per second is used. In the roll axis a •--.-
first ordcr lag with a time constant of 0.5 second is used.

Electxic commands to the model are obtained from a stick force transdu-
cer located on the control stick of the airplane. As the pilot applies force to
the control stick, an electrical voltage, which is proportional to the applied
force, is generated and transmitted to the model. The output of the model b

represents the desired airplane response. In other words, the output of the
model is the specific performance the pilot would like to have for the given
input.

2.2 ADAPTIVE CONTROLLER

If the aircraft response could be made to duplicate the response of the
model, then it will, of course, respond as the pilot would like it to respond.
This is precisely the job of the adaptive controller, that is, to force the air( raft
to follow closely the output of the model.

Studies conducted -t Honeywell have shown that the " following error" ca -_
be kept reasonably small if the inner loop natural frequency is at least 5 to 10)
times that of the model. Hence, the function of the adaptive controller is to
provide the compensation and gain adjustment neces--sary to meet this criteria
at all flight conditions.

. The adaptive controller which contains no rmovirg parts consists of a
, compensating network, a modified bi-stable element, an electronic integrator

"and an automatic amplitude modulator (see Figure 1). The compensating net-
work is a phase lead network which operates on the error signal to provide
anticipation and to maintain the frequency of the limit cycle relatively constant
over the flight regime of the aircraft. How this is accomplished is discussed
in the previous paper by Luther Prince.

The modified bi-stable element is essen tially a high gain linear amplifier
with limited output. The gain and limits are variable in the manner shown in
Figure 2.

The electronic integrator used to obtain a proportional plus irvitegraJ
sigital in the forward paih of ti, mnner loop.

fle automatic amplitude moduiator senses servo mntion at tbe limit
cycl- frequency only and varies the gain of the modified bi-stable element to
mnaiittahm the forward loop gain at the ihighi.st stable value for all flight condi-
tions., Hence the autematic amplitude modulator compensates fo, changes i--i
aircraft control surface etfectivene.,s.
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•. ~~Now the system operates with an error sufficiently small to stay within -"

the linear portion of the modified hi-stable element. In accomplishing this, a '
small controlled residual motion exi.ts at the frequency corresponding to the *-"
neutral stability point. The amplitude of this residual motion is kept constant

,. at the servo output by the automatic amplitude modulator. If the amplitude of
motion is larger than that designated by a bias voltage, the gain of the modified
bi-stable element is decreased, and v-ce versa.

IM. '-•

In the yaw axis there is a deviation from the above discussion as the gain
of the modified bi-stable element in yaw is adjusted by the roll automatic
amplitude modulator. Hence, no automatic amplitude modulator is included .-

in the yaw axis. No characteristic residual motion exists in the yaw axis as the
gain of the modified bi-stable element is adjusted to be less than that required
to sustain a limit cycle.

2.3 GENERAL CHARACTERISTICS

2.3.1 COMMAND AND GUST INPUTS

Since the system gain for small error signtals is maintained at that gain
required to produce a limit cycle at a frequency at least five to ten times that
of the model, the system output will follow the model very closely with the error
signal rarely becoming large enough to exceed the small linegr band of the
miodified bi-stable element.

However, if the aircraft is excited by a gust, the transient error in the
inner loop becomes quite large, and, as can be seen in Figure 2, the effective
gain of the modified bi-stable element is sharply reduced during the transient.
This is a desirable and necessary feature of the system; because it increases
the system phase margin, and hence damping, for external disturbances without
compromising system " following error" for signals fed through the model.

2.3.2 CHARACTERISTIC RESIDUAL MOTION

The size of the charact •ristic residual motion is set just large enough
to overcome the various thresholds of the system. In the case of the F-10lA,
the amplitude of the surface residaal motion will be kept under 0.1 degree at a
frequency of 6 cps. The resulting pitch and roll rate and acceleration experi-
enced by the aircraft are well under the pilots threshold. The pitch attitude
residual motion is kept under 1 mil.

31, GENERAL DISCUSSION OF BLOCK DIAGRAMS

[The objective set up for the ,-10IA system is optimum performance with

no air data scheduling of parameters.
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3.1 PTTCH AXIS

As it can be seen in Figure 3, three outer loop modes in the pitch axis
are provided in the F-10LA system. They are control stick steering, attitude
and altitude hold. Automatic glide slope and flare-out systems can be added
easily.

To eliminate the reed for scheduling in certain outer loop controls (such
as, altitude hold, Mach hold, etc.), a pitch rate inner loop is desirable; and
for certain other outer loop controls (such as, altitide hold, flight path com-
mands, control stick steering, etc.), a normal acceleration inner loop is
preferred. The F-101A system mechanization is such that it allows the effective
utilization of either a normal acceleration inner loop or a pitch rate inner loop
depending upon the mode of operation. A consequence of this is the complete
elimination of air data scheduling in all modes of operation.

In aircraft handling qualities, a pilot prefers a constant stick force per
"9 g' characteristic. For control stick steering then, normal acceleration plus
high-passed pitch rate are fed back as the primary inner loop signals. The
ratio of normal acceleration to pitch rate is adjusted to provide adequate
damping and an essentially uniform normal acceleration response throughout

* the aircraft flight regime.

For the attitude hold mode the adaptive inner loop system is essentia1ly
switched to a pitch rate system which is as earlier mentioned, the Ideal i acr
loop system for attitude control. The addition of a high-passed pitch attitude
"feedback and a negative normal acceleration signal, fed through the model,
effectivelr change the inner loop to a pitch rate system. It can be shown
mathematically that the result of adding these two feedbacks is to effectively
remove the high-pass from the pitch rate signal and to attenuate the normal
acceleration feedback in the range of model control frequencies. Hence, it is
possible to achieve uniform dynamics over the ilight range without resorting to
air data scheduling. A low gain integration through the trim synchronizer is
used tc ensure a droopless system.

For the altitude hold mode, the normal acceleration adaptive inner loop
is preferre] because both rate of change of altitude and normal acceleration
are functions of forward velocity. No pitch attitude loop is in the system winen
on altitude hold. For stability purposes this signal is replaced by altitude
"rate from an inertially augmented altitude controller which w.li provide a good
altitude rate signal. A low gain integration on the altitude displacement
signals is provided as in the pitch attitude case.

lnput command signal limiting is achieved by a diode limiter just ahead
of the model.
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In the pitch axis, the series servo and parallel servo are driven by the
output of the adaptive controller through a splitter network. The function of
the splitter network is to separate the incoming signal into a high frequency
band and a low frequency band. The high frequencies are fed to the series
servo and the low frequencies to the parallel servo. In this manner, the
characteristic residual motion and high-frequency damping is accomplished
by the series servo while the parallel servo will, for the most part, reflect
only the gross surface motions encountered during a maneuver. Selection of
the splitter network time constant is governed by the available series servo
authority and desired stick feel.

3.2 ROLL AXIS .

As shown in Figure 4, roll rate is used for the primary inner loop feed-
back and four outer loop modes are included: control stick steering, altitude
and heading hold, and heading select.

For the control stick steering mode, summing the stick force signal with
roll rate only, provides a constant stick force per degree per second roll rate
throughout the flight regime.

Roll attitude hold is provided by merely feeding a roll attitude sig~al to
the constant characteristic roll rate adaptive loop. Roll attitude is automati-
cally engaged when the roll stick force is below a certain limit.

The heading hold and heading select modes are obtained by adding a
heading feedback to the roll attitude mode. The heading hold mode is automati-
cally engaged when the bank angle is less than 7 degrees and when the stick is
centered laterally. Heading select is obtained through the heading synchronizer
by a manual input selector. A unique feature of the heading select mode is that
the gain of the heading error signal is a nonlinear function of heading error.
Thus, the heading response at high speeds is improved because the commanded
bank angle will be held at its limit value until the aircraft is nearly at the
selected heading.

As in the pitch case, a command signal limiter is provided to prevent
excessive outer loop commands....

All signals out of the adaptive controller are fed into the two series type
servo actuators located at each aileron.

3.3 YAW AXIS

The yaw adaptive control loop (Figure 4) utilizes high-passed yaw rate,
"and lateral acceleration to provide dutch roll damping and transient turn

, coordination for the yaw axis. No outer loop modes are used in the yaw axis.
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Since the rudder pedals apply direct mechanical inputs to the rudder actuator,
manual inputs may be made by the pilot. This manual input establishes a
transient command in lateral acceleration which will eventually be reduced
to zero, within the limits of the series servo authority, through the integral
action of the adaptive controller.
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A REVIEW OF OPTIMIZING/COMPUTER CONTROL

I. Lefkowitz and D. P. Eckman
Case Institute of Technology

Cleveland, Ohio

""•BSTRACT

Optimizing control has as its principal objective the maintenance of
- the optimum performance of a multi-variable system subject to both

disturbing and constraining influences. First, the system performance
criteria must be defined. Then optimum performance can be achieved by
either of two basically different methods: one, a direct approach in which
the output performance is compared with the input manipulation to determin.
the system behavior and thus provide the direction for optimizing control of

"the system; this may be done with or without a perturbation or test signal..
*. Two, a model method in which the model provides the basis for analytical

definition of the optimizing control conditions for the system. The model is
manipulated such that its behavior agrees with the observed behavior of the
system. ::jl
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Optimizing computer control is gaining attention as a further means
for achieving better control of a complex physical system. The single negative
feedback loop no longer suffices for control of systems with widely varying
parameters or systems with parameters which are either undefined or not
completely known. Large disturbances or load changes also emphasize the
need for more advanced control.

The development of reliable computer techniques in both analog and
digital form have made it possible to consider much more complex working
methods in automatic control than the conventional proportional, integral,and
derivative effects. These include nonlinear and higher order control functions,
application of filtering, prediction and correlation techniques, repetitive
computer methods, etc.

PERFORMANCE COMPUTATION

The system under control can generally be described, as in Figure 1,
as having k outputs under the influence of i independent inputs (determined by
factors external to the system under consideration), and under the influence
of j dependent inputs which may be manipulated.

The system presumably has a utility of some sort; that is, the system
.s put into use with the outputs forming a valuable product or service. It is
assumed that the utility can be judged by some appropriate method so that the
performance of the system can be computed.

There are two general methods of specifying performance and these ":
are first, economic and second, technical. Economic Performance is often
expressed as a linear combination of system variables

p= .Kiu + Kjm3 + Kkqi i k

where p = performance criterion

ui = independent i.put variables
-i

m. = dependent (manipulated) input variables

qk= system output variables

Ki, KKk = Appropriate profit or cost coefficients

On the other hand, technical performance is cften specified in such terras that
an optimum or best value may exist. For example, in mreny industrial
processes,
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p f(m 1 , UP qk)

The no cessary conditions for the optimum are determined by setting

P g(mj, qk) = 0

j = 1, 2, ...

Another example is the formulation of best performance in the traditional
sense of minimum mean-square error criterion,

ST

p Limr -f1(w -k) dt

where wk represents the desired functions corresponding to system

outputs, qk' Whether performance is optimized as an extremum control in

which a maximum or minimum yalue is maintained or is optimized as a feed-
back control in which a near-zero difference is maintained is not important
because one form can be readily converted into the other.

Constrainin influences are very important and it is often necessary to

subject the control ,ystem to bounds of the form,

Qlk <qk< Q2k

or of the form

q k •-h(ql9 q 2'')

These constraints often make it necessary to find system performance at a
limit which is in turn a function of other variables. The performance computer
of Figure 1 is therefore employed to compute the necessary functions and obtain
the variable (p) on which to base system control.

DIRECT OPTIMIZATION

Direct optimization proceeds with a minimum of knowledge about the
system under control. As s;hown In Figure 2, the optimizer receives data
on the variations in the manipulated variables (mi) and the resulting changes

in performance (p) and in turn manipulates each of the m. inputs in the

indicated direction for improving the performance. Sometimes a perturbation
or test signal is employed in order to initiate changes upon which the control
measurements are based.
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Direct optimization is thus exploratory or experimental in nature iI

that the results of each manipulation is assessed and another manipulation i F,

made. These may be done sequentially or sbrultaneously in a number of
manipulated variables, depending upon the type of exploring scheme in use.

The direct method may be achieved through continuous measurements
or by the use of sampled and/or quantized data. In either case, the general
principle of the optimization system may be the same.I,
DIRECT OPTIMIZATION WITHOUT PERTURBATION

Direct optimization may proceed without employing a perturbation or
test signal; one such method is shown in Figure 3. The divider generates the
derivative of performance with respect to the manipulated variable (mi) and

thus determines when the performance is maximum. Analysis of the dynamics "
shows that the system is stable for a number of practical applications. When
several manipulated variables are involved, the divider-integrator circuit is
repeated for each variable and the manipulations are performed either
sequentially or simultaneously.

This method has the very great advantage of simplicity and easy
realizability and has been applied to a number of industrial processes. The
disadvantages of this method are that only a relatively few (four or five)
manipulated variables can be accommodated and that its speed of response
is limited by the dynamics of the system.

DIRECT OPTIMIZATION WITH PERTURBATION*

The perturbation or test signal method shown in Figure 4 employs the
perturbation to disturb the system. The response of system performance (p) -=
is then correlated to the perturbation to generate control signals for the
system inputs (m.). The particular method shown in Figure 4 employs the

continuous time integral of the product of system performance and the
perturbation signal. The perturbation signal may be a sinusoid or other
periodic wave, white noise in continuous or discret form or an impulse 71
sequence. Each of these forms of the signal has a particular use depending
upon the system and control method employing it.

The perturbation method also has good stability in a number of
practical applications. When several manipulated variables arc involved, the

. multiplier-integrator circuit is repeated for each variable. In this case, it
is sometimes convenient to use perturbation signals of differing time scale
or frequency in order to discriminate the effects of simultaneous manipulations.

* See references l and 5-.
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This method has the advantage of simplicity and may be used very
adequately in multi-dimensional probiems. It has been applied to engine
control as well as industrial processes. The disadvantages of this method
are that the perturbations may be undesirable ( as in machine tool control)
and often the system becomes unstable for too smai. a perturbation signal
amplitude.

MODEL METTHODS

Model methods provide an alternate app-oach to optimizing control.
In general, the necessary conditions for optimun: performance of the system
under control are determined on the basis of an appropriate system model.
The model may form an integral part of the control system or it may only be
present in concept. It may range from some physical simulation or analog of
the process to a mathematical abstraction manifested as a set of equations or
a multi-dimensional surface describing the system behavior.

PREDETERMINED OPTIMIZATION

H the model is complete and exact, then the conditions for optimization
can be determined completely and exactly. In particular, these conditions
may be predetermined for any given set of constraints and boundary conditions.

A conceptual approach to Predetermined Optimization is given in
Figure 5. An optimizing computer determines paths or functions for the
manipulated variables, mj, based on the predicted behavior of the system as

described by the model variables, w The actual behavior of the system is

described by qk; system performance is then gauged in terms of the q
variables.

It is apparent that, once computed, the optimizing conditions can be
stored on punched-tape, magnetic drum or even, in the simple two-dimension-
al case, on a mechanical cam. The system variables are then manipulated
according to the playback of the appropriate stored program. Note that in
systems manually operated or supervised, the operator is often guided by a
predetermined optimizing program stored graphically or in tabulated form or
stored mentally in the guise of experience.

"The control scheme described above is essentially open-loop; i.e.,
there is no feedback of information to verify either that the resulting system
performance is as specified, or that the model accurately describes the
system behavior. Accordingly, if there are any factors tending to cause the
system to deviate from the model as, for example, the influence of disturb-
ances ui, the system performance may be expected to deviate from the

computed optimum.
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REPETITIVE COMPUTED OPTIMIZATION

The predetermined optimization concept is modified by repetitive
feedback of information describing the state of the system. Thus, as shown
in Figure 6, the qk variables are periodically sampled into the optimizing

computer providing the basis for repetitive recomputation of the optimizing
conditions. In this way, each computation is based on the most recent
information describing the state of the process. As a result, deviations of
the system from the postulated model do not cause cumulative errors.
Indeed, the repetitive computer action tends to force the system to the desired
performance despite significant inadequacies of the model.

SELF-CHECKING

In practical applications of optimizing computer control, it is expected
that the postulated model will deviate significantly from the actual system
behavior. There are several reasons for this:

1. The system may not be known in complete and accurate
analytical form.

2. Some of the variables describing the state of the system may
not be readily measured to provide feedback to the optimizing computer.

3. The system may be so very complex that a con'rol program
based on the complete model would be impractical from the standpoint of
computer capacity.

The repetitive control concept described in the preceding section is
effective in substantially reducing the effect of model deviations on system
performance. Limitations are introduced, however, in terms of the repetitive
period, measurement dead-time, limiting of the manipulated variablesand the
general order of the approximations employed.

The self-checking concept is superimposed on the repetitive control
action to extend its effectiveness and range of applicability. This Is
illustrated in Figure 7.

Self-checking refers to the periodic adjustment of the parameters of
the model (yk) such as to force the model to agree (at least within the neighbor-
hood of the operating point) with the observed behavior of the system. The
behavior of the system is represented by variables q (see Figure 7); the

predicted behavior based on the model is represented by wk.

An important conceptual distinction is noted here: whereas most of
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the discussions on adaptive control considered a fixed model and adjusted the

parameters of the control system to fit this model, the basic idea presented

here is that of a model adjusted to fit the system.

EXAMPLE: OPTIMIZING CONTROL OF A BATCH CHEMICAL PROCESS

The model method concept has been applied to the optimizing control

of a batch cheriical process. A simple prototype of the process studied is

described very briefly* as follows:

The reaction mixture is made up of three chemical components identi-

fled as X, Y, and Z. Hydrogen wider pressure and in the presence of

catalyst reacts with X and Y according to the following reaction scheme:

kl
X+H 2  - -Y y..

k2

Y+H Z-'Z
2 

.

where k and kl represent kinetic reaction coefficients.

A reasonable approximation to the kinetic behavior of this process is
given by the equations, :.:

_k x (l)

"" k1 x -k 2 y (lb)

where x, y, z represent molar concentrations of components X, Y, Z,

respectively.

The kinetic coefficients are functions of the operating conditions:

pressure, temperature, catalyst, agitation, etc. Assuming only pressure is

to be manipulated and that all other influencing factors are relatively constant,

the coefficients may be expressed,

See references 4, 7, and 8 for a more detailed description of the process

and the computer control application.
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p .

N
kA l (2a)

N
2

k2 =A 2 P (2b)

where A,, A2 , N1, N2 are assumed constant

p process pressure.

Based on a mathematical model consisting of Equations (1, 2), the
necessary conditions for optimum process performance may be derived. In
the particular case under study, control to a specified product composition
consistent with minimum processing time is established as the performance
criterion. By means of the calculus of variations, the following optimizing
control equations are derived:*

du = (1 - k)u + 1 (3a)
dv

d (N -1) k (3b)

- N2  u

where u - y/X

v =loge x/X
N-Nk p 2  1

klk A'I•,
k k

Equations (3a, b) are solved by the optimizing computer such as to satisfy
the boundary conditions (xo, YoI zo) representing the initial composition and

(Xf, Yf, Zf) representing the desired final composition.**

If equations (1, 2) described the process behavior exactly, then one
computation based on Equations (3a, b) and the specified boundary conditions
would suffice to define the optimum control path, p(t). Thus, the p(t) schedule
could be recorded on tape or other storage medium and played back through
appropriate transducers and pressure controller to manipulate the process
pressure according to the schedule. In the example under consideration,
however, the model only approximates the process kinetics because of the
npglect of such factors as variations in catalyst activity, other components in
the reaction mixture, higher order terms in the kinetic equations, etc.

* See references 4 and 8 for derivations.
**In terms of the u, v coordinates, these boundary conditions are expressed as
(Uo, 0) and (uf, vf), respectively.
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open-loop control of the process would lead, therefore, to very significant
deviations from the desired end-point.

The repetitive control concept was applied here. Equations (3a, b) are
solved for the optimum control. path leading from the current state of the
process (based on the most recent composition measurement of the reaction
mixture) to the specified final composition. Thus, eacl- '-me a new composition
measurement is made available to the computer, a new control path is
computed. This technique was demonstrated to be very effective in forcing the
process to the prescribed performance.

Application of the self-checking concept to this system Is currently
being implemented. It is assumed, in this approach, that the inadequacies of
the model may be absorbed in the parameters of Equations (2a, b). Thus, the
actual progress of the reaction is compared with that described by Equations
(1, 2). The parameters A1, A2 , Nland N2 are adjusted periodically such as to

minimize the discrepancy between system behavior and model prediction.
Coupled with this self-checking is a statistical smoothing technique by which
random errors in measurement are filtered out.

The combination of repetitive computer control and self-checking
provides the basis for wide practical applicability of the model approach to
optimizing control. In particular, the control effectiveness becomes very much
less dependent on the accuracy or completeness of the model employed,
providing there is an adequate information feedback to the control computer.
Thus, the optimizing control for typically very complex systems may be -j

realized with computer control facilities within the bounds of economic
justification.
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Dr. John G. Truxal
Head, Electrical Engineering Department

Brooklyn Polytechnic Institute

As Doctor Draper demonstrated yesterday, teachers' remarks and
comments are always quantized in fifty minute sessions, so I would like to
bow with just a few brief comments this morning. As Dr. Draper also
promised, I won' t talk very long because I know you are interested in hearing
from the people who have actually done some work, and this morning we are
going to have the privilege of hearing from five different organizations.

One job of the University ought to be to define problems and to orient
the field and evaluate work in the field. It seems to me that if ever an area
required or demanded a definition of the problem, the area of adaptive systems
may fall in this category. Like many other organizations, we have done a lot
of arguing about what constitutes an adaptive system. I came here without any
real definition of an adaptive system! Yesterday I sat in the auditorium with
Doctor Aseltine, who will be chairman of this afternoon' s session, and we
arrived at a definition of an adaptive system which I think has some merit.
We think it does anyway. We were a little perturbed yesterday because, if you
look at the MIT system and the Minneapolis-Honeywell system and some of the
other very interesting pieces of work which we saw, you find that if you re-
draw these systems a little differently they look like a conventional feedback

R control system, which we might analyze in our typical graduate course. For
example, the Mrr system which As startlingly adaptive as you look at it. If
you re-draw it you find that this is really, if you have just one variable param-
eter for example, a two loop system, with a single non-linearity adjusted so
that when you drive it with step functions as they do, it behaves in a linear
fashion in the overall system. It looks like here we have an intentionally non- 8.
linear system or a non-linear system which was purposefully designed. The
Honeywell system that we saw yesterday, if you look at it as an intentionally
non-linear feedback control system, is perhaps a single loop with two forward

.. paths.

I don' t think this should be surprising because the general concept of
feedback, as we al'- know, is completely arbitrary. We can talk about any -

system as having feedback or not hlving feedback, depending upon our personal
wishes. We can look at it as having one loop, two loops or eight loops if we N

want so that there is a certain arbitrariness in a feedback configuration to
begin with. It seems to us that this thing called adaptivity is an additional
degree of arbitrariness. So we would like to define an adaptive feedback system
as one which is designed with an adaptive viewpoint.

This sounds superficial when you first hear it but there really is
considerable merit because nobody has any idea how to design a system with
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an intentional non-linearity introduced into the system to obtain desirable
performance. By this adapt.ive viewpoint one obtains a logical, simple, and
straightforwad technique toward the inclusion of a non-linear elementp within the s9ystem 4o obtain some reasonable performance specifications or
meet some reasonable optimization criteria. We would say, particularly, that
this was an Intentionally non-linear feedback system of any numb~r of looýps
you may wish designed with an adaptive viewpoint.

U ~I dWn t know whether the systems you are going to hear About this
morning willfall inthis category or not. I don' tthink that this sort of
facetious definition, as it may seem on the surface, takes anything away from
the great importance of this subject of adaptive systems. What we want, above
all, is a new viewpoint toward feedbakk control system design and it seems to
me that the great importance of this subject of adaptive systems is that it
gives us another way to get into the design problem. Essentially, it broadens
the class of problems and the class of systems which we are now able to
circumspect and design intelligently.

Doctor Aseltine, I am sure, will expand on these comments this
afternoon and perhaps by th$at time you can demonstrate where we are wrong.

5-,

p.

I -
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RECENT ADAPTIVE CONTROL WORK
AT TPE GENERAL ELECTRIC COMPANY

"BY M. F. Marx

The adaptive control work at the General Electric Company was initi-
ated late in 1954 under a program known as the Pilot-Airplane Link
System (PAL). Since this time, a flight test program on a B-25 airplane
and extensive computer simulations were carried out. Some of the
results of this work were made public at the AIEE computer symposium
held at Atlantic City in the Fall of 1957. The present discussion sum-
marizes the PAL program and some of the more recent work carried out.

PERFORMANCE CRITERIA

The basic criteria on performance were adopted quite early in the
program. It is required that the system be nontailoring and provide for
invariant response.

[- The first requirement of being nontailoring is quite evident. The
t° system should be able to adjust its feedback parameters without the

ass Aance of external information such as air data programs require.
The system should be able to adapt itself to the particular situation on
hand. It is implied here that the changes to which it must adapt itself
can result from changes in configuration or flight condition.

The second requirement of being capable of invariant response stems
from the fact that the desired response can be specified within rather

. narrow limits. Invariant inner loop response greatly simplifies any ad-
ditional outer loop design.

, In order to indicate the various adaptive control techniques considered,
the airplane pitch rate control is examined. Figure I presents the air-

*- plane short period plus actuator configuration which is typical of most air-
craft control applications.

The airplane gain, time constant, frequency and damping are as-
sumed variable.

In any analysis of a pitch rate control, It is important to include the 2
dynamics of buth actuators since they are the limiting items in deter-
mining the system feedback gain. The systems were first analyzed on a
linear basis. If feasibility existed, the analysis was extended to include .suc6. actwitor nonlinearities as deadband, saturation and variable gain.

"""AC TR 5.-9-49 201

.. ..-.. . . .



PILOT AIRPLANE LINK APPROACH

The PAL system, which was flight tested in a B-2. airplane, was
primarily a normal acceleration command system (stick force per "g"
constant). The flight test program demonstrated the adaptive control
behavior and the feel and handling characteristics of the normal accele-
ration command system. Pilot opinion indicated the maneuver limiting
features and maneuverability as excellent. Subsequent NASA work has
substantiated this observation.

Basically the PAL System is a multiplier-divider arrangement as
indicated in Figure 2. C."

The divider output, 6 D' is equal to c/Knn. Also since F- Fs 8D)
Fs = Knn or the stick force per "g" is constant.

Further insight as to the dynamic operation of this system can be
obtained by considering the system mechanization. This is presented
in Figure 3.

Examination of the integrator input indicates that E = 8D Kn n from
which 6= /kn n. In short, the integrator output is the divider output.

Noting that the two inputs to the integrator (normal acceleration and
stick force) are both multiplied by the divider output, 6 D, a simplication
follows by omitting this multiplication. The resulting system is presented
in Figure 4.

As it stands, the system shown in Figure 4 is not satisfactory due
to conditions existing at zero stick force. Under these conditions there
is no feedback whatsoever. In addition, the integrator can cause the
multiplier to assume any position. The actuation can be remedied by
adding the constant voltage, K1 , as shown in Figure 5.

As shown, under conditions of zero input force, the integrator will
run so as to drive the acceleration, n, to zero. Since the airplane is
now trimmed, it follows that the multiplier gain, Kx, times the voltage,
Kj, commands trim elevator deflection. For the case of linear pitching
moment curves, a value of Fs = KI, will result in approximately a
2 "g" maneuver. Hence, the multiplier is positioned approximately in
its correct position prior to maneuver entry. The quantity, c, produces
a direct feed term around the integrator to help stabilize the system.

W-.54
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The block diagram of the system shown in Figure 6 indicates the
form of the tradsfer function used for analysis. For simplicity,
conditions existing at trim are not included.

The important things to notice here are the terms in the feedback.
The feedback gain and lead are proportional to the command and re-
sponse. Thus, the response is amplitude sensitive. Furthermore,
negative commands of sufficient size can result in positive feedback and
consequent instability.

Of these difficulties, the polarity sensitivity is felt most serious
since it limits application to the pitch channel. The B-25 tests and
computer simulation of high performance airplanes support this
conclusion.

Since this approach did not satisfy fully the nontailoring and invariant
response criteria, the system was replaced by the frequency sensitive
servo technique.

FREQUENCY SENSITWE SERVO

The use of pitch rate as the basic controlled variable results in
better system integration than some of the other variables. The PAL
program indicated the necessity of being able to vary the system dynamics
suitably through the manipulation of a single parameter. Attainment of
this objective, incidentally, considerably simplifies the gain changing
problem by present air data programs.

The feedback configuration achieving this goal is shown in Figure 7.

This block diagram can be rewritten as Figure 8.

The root locus plot of this system has the characteristic form shown
in Figure 9.

The two locii of interest are the ones starting at the airplane and
. parallel actuator poles, The blocks indicate the desired operating

ranges. It can be shown that, for the feedback configuration shown, a
value of open loop gain exists such that operation is within the desired ,• J
blocks. Figures 10 and 11 present root locus plots for a high perfor-
mance airplane operating at extreme flight conditions.
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The system possesses sufficient gains to enable adequate cancel-
lation of the low frequency root associated with the integrator by the
airplane path tirae constant. For comparison purposes transient
response data for the uncontrolled airplane, airplane with damper and
integration, and the recommended system are presented in Figure 12.
The same step pitch rate command and angle of attack disturbance were
ap, ied in all instances.

Satisfactory invariant response is achieved for all conditions investi-
gated. Invariant response results only when the frequency of the feedback
term is greater than the highest airplane frequency. In this manner,
the locus enters the zeros from the same direction.

The frequency sensitive servo is a device designed to control the
system gain so that the closed loop poles lie within the regions indi-
cated In Figure 9. The operation of the device depends on the fact that
the frequency of the various modes depend upon the open loop gain.
Hence, if frequency errors are used to control system gain, the opera-
tion within the blocks of Figure 9 should be achieved.

The frequency detector first investigated consisted of single lead
'" and lag network combination as shown in Figure 13.

The time constant of the networks are set at the inverse of the
Sdesired operating frequency. If the system frequency is too high the

-i lead network output will be greater than the lag network output. Polarity
-*- is set so that the integrator reduces gain. The reverse operation takes

' place if the gain is too low. The depolarizers are necessary in order
-* to accept error signals of either polarity.

The frequency servo approach has been evaluated for the control of
a simple quadratic device and found to be able to establish the correct
"feedback gain during one transient.

Figure 14 indicates the dynamic behavior of the frequency sensitive
. servo. The first traces present the response to a step input for the

case where the multiplier had been positioned correctly prior to the
*- transient. The results indicate a stable system and no sensitivity to
• .input polarity. The third trace was prepared for the condition of zero

gain at time zero. The large output from the lag network indicates that
*i the gain increased transicntly as desired. Thus it is seen that the sys-
,. tern is capable of establishing the correct gain during a single transient.

WADe TR 59-49 204

..........................................

.....................................
-.......................................

".•'•'-." "" "'-' .•--•.-i--'.--•-•.'•-'-."•'-•--.-.....-........-.-..-.....-..-.,-..-..........-.--..............-..,.".-..-..'..'-..-.-..--.-.....-"... -''-.
....................................



Extension to the control of the airplane mode for the case on hand

has led to difficulty due to the low frequency closed loop pole caused

by the integrator. For cases where the required open loop gain is low,

this pole results in low frequency components in the error which the

frequency servo interprets as resulting from insufficient gain. Con-

sequently, successive commands progressively increase the system

gain until the actuator roots become oscillatory.

The frequency servo is presently being applied to control the

frequency of the actuator loop directly. There are several benefits to

be derived from this procedure. The low frequency components in

the response due to the integrator can be filtered. This will alleviate

the difficulty experienced in progressive gain increase following suc-
cessive commands. The other advantage, to be obtained by monitoring '"'

the actuator mode is that compensation for the effects of structural

feedback is provided since the closed loop frequency is controlled in

the presence of the structural feedback terms.

It has been shown that the system transient response can be made

essentially invariant through the control of one variable. The only

tailoring required is to ascertain that the feedback frequency is higher

than the highest airplane natural frequency and that the range of the

multiplier is adequate. The system is capable of self adjustment

during transients without requiring special testing of input transients

or steady state forcing. The system response is essentially linear

with command inputs, i. e., it is not polarity or amplitude sensitive.

The system techniques described can be applied to all channels without

special provisions. The mechanizations are simple, employing con-

tinuous signal information thus eliminating switching or sampling "

requirements.
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PII

wA = actuator resonant frequency =50 radians/second

CA= actuator damping ratio =0. 7

TB = power actuator time constant =1115 second .

To= alrplaf-e path time constant

W = airplane short period resonant frequency

= airplane short period~ dampiing ratior

)9= airplane short period gain.

Figure 1.

FBs Force command

n =normal acceleration

D divider output
F servo input

Kn accelerometer gradient

Figure 2.
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Figure 3.

Figure 4.

WADO TR 59-49 207



Ki K

Fs'

Figure 5.J
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Figure 6.
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X PI K1 Ke( I+Pt9)

=W paale acuao reont frqec

w A parallel actuator deoampng frationc

w = airplane short period frequency

= airplane short period damping ratio

Kg =airplane short gain P

I(iand '42 = rate gyro gradients
=angular accelerometer gradient.

Figure 7.

WADO TR 59-49 209



Fiur 8.

ss p 4- p K9 +PT

Figure 9.
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DOOCO, 32C. RXZFC IN OUrWTZP ADA3?rIYN ni.i~.fl CW1'1OL

Fkge L. Barrca and Antho T. wmZingto..

I. BACKGROUII-

OOOC=) INC. is a small analytical research group located near Blawenburg,.

New Jersey in the countryside between Princeton and the Delaware River.

The firm was founded in 1955 by Mr. Daniel 0. Domnasch, then an Associate

Professor of Aeronautical Engineering at Princeton University. In 1956 ,

Mr. Dommasch left Princeton to devote full time to the rapidly expanding

activities of the company. During that period,, 0000 gained considerable

initial momentum in the exhaustive study of advanced aircraft dynamic per-

fomnance capabi lities, and an energetic research team was created to focus

attention on the exploitation mnd further development of certain dynamic

performance concepts evolved by Mr. Dommasch while at Princeton.

As of the present time DOOO has publ ished between 40 and 50 technical

reports under contract with the U. S. Air Force, the Navy and private in-

dustry. This work has covered virtually the entire spectrum of aircraft

dyna•nic performance and has branched off ia-to a great variety of related

problem areas. Primary emphasis has been placed on utilization of the

Euler-Lagrange variational calculus and special techniques of dynamic per-

formance (as perfected at 0DO) to predict optimum performance trajectories

(paths in space) for high-speed aircraft and missiles. Some of the maneuvers

analyzed are:

optimum climbs and descents
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programmed-throtfle optimum range I%

minimum-time turns

optimum flight under conditions of very low "q", including "zoom"

maneuvers and turns occurring at less than one "g" normal loading ,'-*,,

least radiation hazard (or escape) paths

optimum boost of semi-orbital and orbital vehicles

optimum re-entry for controlled orbital equipment

In addition, a number of non-optimum topics have been treated:

dynamic tilt-plane turns

effects of engine control acceleration time on aircraft performance

perturbations on satellite orbits due to earth oblateness and motion
of the satellite relative to the sun, viewing the latter as center
of inertial coordinates

dispersion of ballistic re-entry vehicles

achievement of optimum supersonic range through program control

On the basis of these methods (for which proven computer programs are

availabie) it has become possible to push aircraft to the very limits of

"their dynamic performance capability. But, the operational attainment of

such performance and successful flight on the performance envelope itself,

have posed severe problems in flight-path stabilization and control. For

example, an optimum "zoom" maneuver which carries an aircraft to altitudes

S far above its normal static ceiling poses unusual demands on the controller-

airframe combination due to the extremely low dynamic pressure acting on

the aerodynamic control surfaces. If we are to gain the significant

I) tactical advantages implicit in operational ulilization of optimum flight

"at altitudes inr excess of the static ceiling, we must provide control systems

".'4
* having a high degree of anticipation and adaptability in order to surmoiint

the inherent lag and sluggishness of control surfaces under these conditions.
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2.) NATURE OF THE AIRCRAFT CONTROL PROBLEM 1

Before atterpting discussion of optimum adaptive control configurations,

it will be worthwhile to consider for a moment the nature of the aircraft

control problem. If we restrict our thoughts to airplane motion within a

vertical plane, and if we ignore the effects of structural elasticity,

then the longitudinal equations of force and moment balance are (see

Figure 2: 1):

along the flight path

FeCosoL- D - mY - mgsinX= 0 ......................... ... 2:1

normal to the flight path

FeSinfL + L - mVk- mgcos(= 0 ............................ 2:2

moments about the mass center -

dM + MD + - J 0 ................................. 2: 3

where

Fe = effective engine thrust

S= angle of attack (between vehicle body axis and velocity vector)

D = drag qS(C KC

m = mass = W/g

n - inclination of velocity vector to local horizontal

L lift = qSC. = qSasino.

Ms = static stability moment = qSc mC

MV = damping moment - qSc(oCm + )

MC = control moment = qSc( 8 Cm + SCm )"

J = polar moment of inertia in pitch = f(t) ,A

e angle between vehicle body axis and local horizontal o.+ r

WADC TR 59-49 218

p- _.



: i
This, in simplest formp is the complete longitudinal dynamics picture.

Should we, however, wish to consider flight at speeds in excess of about

Mach 3.5, then additional terms must be incorporated to account for "orbital

relief" effects, and at altitudes in excess of approximately 150,000 feet A

we must include the variation of gravity potential with altitude. .. !

1.. .$

Using coefficient notation, we may write the moment equation (2:3) in the

form

S [= + 'Cm + O(C - J/qSc) + 6Cm + Cm .......... 2:4

The J terni in this expression is of considerable interest; it arose during

total differentiation of the product JQ in the basic moment equation, and

its appearance in 2:4 indicates that time rate of change of polar moment

of inertia may produce an altgration in the apparent dgnoing due to e. The

J effects may become quite siqnificait during periods of high fuel flow

rate, such as occurs with afterburner use.

The control of an aircraft involves a surprisingly long sequence of events,

which (essentially in the order of their occurrence) are:

I. The pilot reacts to a combinati.on of stimuli.

2. A control-stick motion or force applied by the pilot is converted
to a comiand signal by the controller.

3. Hydraulic fluid flows in the servo actuator.

4. The control surface undergoes acceleration.

5. )nce sufficient time has elapsed, a significant change in
control surface displacement has occurred, and thus the aerodynamic
flow pattern about the elevator begins to change.

6. After another delay, the now aerodynamic circulation field is
obtained, and a new resultant force is produced on the control
surface.
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tx,q

7. This control force will, in general, alter e.

8. The angular acceleration integrates to a value of 0, which occurs,
initiallyprimarily in the form of an oLincremsnt.

9. The new value of .changes (in the course of time) the circulation
about the wings and the resulting lift.

10. The change in lift produces a change in V.

I1. ('integrates to a new flight path inclination (.

With unfavorable conditions, the cumulative effects of the various lags

Just mentioned may produce a very critical "dead time", which can (in some

cases) render aerodynamic controls virtually useless. ,

We mention these rather gloomy considerations because they have considerable

bearing on the design of optimum configurations for adaptive controllers.

Mathematically, we are interested in certain partial derivatives of 0, '

and e with respect to control displacement 6; it follows thatl

S-/-6 = 0 0.-7.. ... .... ..

00

69/A) = qScCm6/ 1 .......................................... .2 P•-" 7

for any instant of time t.

The problem of aircraft control is fundamentally one of generating appropriate
S.%

command signals for the control-surface actuator. As we have seen, displace- "--

ments of the control surface ultimately have an effect on aircraft angle of

SProfessor D. C. Hazen of Princeton University has reported a 180 degree
phase difference between the angular position of an airfoil oscillating at
5 c.p.s. and the resultant lift direction. This data was obtained at a
low airspeed (30-40 f.p.s.). It is probable that the frequency for 180
degree lag is roughly proportional to airspeed.
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attack, which in turn must prescribe simultaneous values of V and (,

obtainable (without ambiguity*) from the equations of motion (2:1, 2:2).

In the course of its flight the aircraft "integrates" these differential
I

relationships to give values of V and Y which are everywhere compatible

with thq "path function", expressed either as ot(t), O(t) or 6(t) with, of

course, appropriate initial conditions where required. Inasmuch as ciand

e are directly related through i, they may be viewed as alternative

variables; however, the specification of a 6(t) demands that we employ

the moment balance equation (2:4). *

From the adaptive control systems point of view, the aircraft equations

of force and moment balance, along with such relations as might exist
i~

between servo-actuator command and output, constitute the fundamental

system properties in mathematical form. It is important that we recognize

the inseparable nature of these relationships, that is to say, that a

process of continuous interaction is going on between them and that--

therefore--no single equation can possibly express the total dynamic

situation. This fact remains just as true in the limit (at a localized

point in space and time) as it does for the entire integrated path.

The crux of the adaptive control problem is that we seldom have adequate

foreknowledge of the various system coefficients (and there are many)

within the pertinent set of equations. Handicapped as we are by this

lack of vital information, we are forced to base control system adaptation

on the instantaneous values of pilot command and existing system output,

along with certain lower-ordered derivatives of these quantities.

* If we specify V rather than oL. there are at least two values of .
which will satisfy the equations of motion. This fact is readily
established by eliminating Oibetween equations 2:1 and 2:2.
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3.) ADAPTIVE CRITERIA AND THEIR VARIATIONAL INTERPf•ETATION

For the problem we have just defined, namely, control wi+h limited

information about the dynamic elements involved, one may postulate a

number of plausible adaptive criteria. Much of the adaptive control work

undertaken by DOOCO has been concerned with the relative merits of various

criteria expressible in integral form, and particularly, with the *.

variational calculus interpretation of these integrals.

In writing integral criteria, we observe that, although various coordinate

transformations may be possible, time remains the fundamental independent

variable for all dynamic systems. Thus it is appropriate to write

generalized integral criteria in the form

- = dt ...................................... ....... 3: I

where G might be referred to as the "variational integrand" and the

specification of the upper limit t signifies that this is a definite

integral with which we are dealing (in practice, the value of t need not

be known in advance).

For purposes of direct comparison with existing (arbitrary) adaptive flight

controllers, we may define system "error" as the difference between the

output of a linear model (which is continuously responding to the pilot's

"" commands) and a measure of the aircraft pitch rate, Q. Hence

e = m- 0 ooo oe..e....**.. ...... ........ .......... .3 2

where Om is the model value. In terms of this definition, several variational

integrands suggest themselves inmmediately, for example

G= e

G t/e/
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These functions (and a number of other related forms) have received

considerable attention in linear analyses, and we might therefore expect

them to yield useful results when subjected to variational treatment

(by which we mean other than the statistical approach). If we set aside

for the moment any considerations of fundamental system restraints (which

may require introduction of one or more Lagrange multipliers) we may

rapidly examine integrands of the type just given to ascertain the nature

of their variational extremums, if any.

Since we are dealing with an aircraft control problem, the elevator

angular displacement S represents (to a large extent) the basic Euler

"freedom" within the system, that is, the primary dependent variable in

the Euler sense. The secondary dependent quantities (governed by 6 acting

within the framework of the system equations) are, presumably, 9, 9 and 0.

Now if we recall the conclusions summarized in the partial derivative

relations 2:5, 2:6 and 2:7 it is (perhaps rather painfully) evident that

3Q/f is the only such parameter which does not vanish explicitly from

any formulation. The blunt interpretation of this fact is that S cannot

in any way alter the value of e (equation 3:2) in less than a finite time

interval, and hence that no valid "time now" variational formulation exists

which can handle a G e type integrand

This may seem somewhat disappointing, and in fact, we have considered going

to a smal!-interval prediction scheme so as to forcefully introduce G and

a aependence on elevator deflection. But this, however, proves unnecessary,

for the real fault may be shown to lie within the postulated criterion.

In the course of our study of the problem at DODOX, we have arrived at the

following general approach to the specification of adaptive criteria:
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I. It is the task of the control system used to "control with authority"
and therefore the unrestrained integrand must be based on a term which de-
mands this accomplishment.

2. To prevent excessive actuation levels, and most particularly, to pro-
vide constraints on the error end error derivatives built up along the path,
a subsidiary condition must be introduced which demands simultaneous satis-
faction of the error requirements peculiar to the given system. I

To be specific, the first item mentioned leads to the following term within the

integrand G

-I-'

where 0 is defined as the value of 9i/ob (see 2:7) and a• is defined as the

hypothetical instantaneous jump in the displacement of the elevator which we

should like to have occur at the moment of time in question.

The second item discussed may lead variously to restraints of the form

............ .................................. .Ae + 0

........... ...................... Be + K + KV."

(l+tl•r)e + Ki -..-

........ ................ ...................... C
+ + e + X2

and .,

*e _ +K ie+ e•

* .~ý 2 Ae+ e
e

in which % is the Lagrange multiplier (a constant due to the definite integral

form of the subsidiary condition); AI, A2, K, K!, K2 and - are positive consIants

(other than zero) and ec is what we might best term the
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"feed-forward error", given by

ec = 9c - .................................................... 3:3

where the subscript "c" denotes the value of the pilot's command.

Let us consider restraint "A", the simplett of those listed. Using it,

the conplete integrand becomes

G =IA 6o 6 + %./(e + K;) ............................. 3: 4

It should be emphasized that variational integrands of the type given in

`:4 are not necessarily the most appropriate when almost everything is

known in advance about system dynamic properties, or when reasonably

accurate measurements may be readily made which will yield the needed

information. Functions of this type do, however, appear to work out

very well in terms of the strict adaptive control problem, for which there

exists a definite paucity of either advance or in-flight measured data

regarding characteristics of the aircraft.

Variationally, we seek to find extremums of the integral of G as expressed

in equation 3:4. It is possible to show that the extrerunus obtained by

an application of the pertinent Euler relation are those which involve

maximums of the producT&o4A6, subject of course to the stipulated condition

on e and e. Since the quantity /& is precisely the instantaneous control

effectiveness, it is evident that the extremums will produce greater elevator

d.flection changes A 1 when the control effectiveness is small, vet will be

"satisfied" with lesser deflections when the effectiveness is large.

As for the subsidiary condition, it follows from 3:4 that we are demanding

that the integral values of e and e (between the limits 1) and 1) possess the

particular values fore-ordained by our choice of X. Thus we are, mathematically,
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insisting that the system produce a certain am=ount of

(e + Ke) dt

No system can ever be perfectly free of error in its response to commwands

and disturbances, so from the practical point of v'iew this restraint is

tantamount to a stringent limitation on the build-up of error. Furthermore,

the restraint prevents the variational ly-correct but unwanted and trivia"

solution which says, "set 4Cto infinity."
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4.) APPLICATION OF THE VARIATIONAL METHOOS

The integrand given in equation 3:4 may be readily analyzed to obtain

an expression for the optimum dias a function of time. Treating 4dias the

aircraft system freedom, we ask the question: "What is the optimum way in

which to vary 41with time so that the adaptive performance index (integral

criterion) is rendered a minimum?"

The pertinent Euler variational relation is

d ) - G/A 6 = 0 ................... 4:1
dt

which constitutes the necessary condition which the Lontroller must

satisfy. Evaluating the various derivative terms, we obtain:

cG/AX= 0 (ignoring the very small Cmj moment contribution) ... 4:2

'ýG/46 - I 4(46)2  )bK/A/ )2
c =-/•() -%,(K6e/a"•/(e + Ke) ...................... *4:3

But

-64146 -"go .......................... .... .. 4:4

We note in this connection that.,do is independent of 46., although saTuration

(control-surface stall) effects cause,,o to vary with 6. Combining the

four equations just set forth, and solving for/,o0 466gives

Were the instantaneous value ofAeo known as a function of time, equation

4:5 would yield an immediate answer in terms of the optimum .J6. Although

measurement of the control effectiveness does not present an impossible

air-data problem, it is desirable to free ourselves as much as we can from

the necessity of measuring or computing such a parameter during flight.
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To circumvent the need for measurement or calculation of 00o, it is only

necessary that we recognize the relationship between increments in angular LA
acceleration and increments in elevator position; thus

L =be .................. .. ........... 4:6

This expression is especially useful because it takes into account all the

various lags which are involved in producing a e response to elevator deflection.

Presuming the existence of a small airborne analog or digital computer capable

of generating desired values of 1D, all that remains for us to accomplish within

the system is the algebraic addition of this desired increment to the actual

angular acceleration existing at the point in question, and then the excitation

of an acceleration control loop which causes the aircraft to follow the desired

total 9 with a reasonable degree of precision. This inner acceleration loop

(which encompasses the servo-actuator and the aircraft) might also contain some

form of optimum adaptive compensation, but for our present purposes it is suf-

ficient to think of it as simply a fairly high-gain conventional loop driven

by an error signal difined as 6-_.

od -9 ........... .... .............. 4:7

where "d is the desired total 0 obtained on a sampled basis from tne control

computer, in accordance with the relation

* .. ...

ed =actual + Ll............... . . ...... 4:8

•,- .

The swnpling interval should be of the order of 0.005 to 0.010 second.
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* Perhaps a few words regarding the general character of equation 4:5 (the optimum

*governing expression) are in order. It might have been anticipated that the

results applicable to the limited-information control problem would not be

especially complex, yet it is refreshing to find the v&-iational methods

- ~leading to so straightforward a soluticw,.

- It is, further, of great interest that the vIicfiaioria calc'-us has led to

*a conf igurat ion whi1ch (f rom past expe-iec. -~ knovw ',o be tin inI or kablIe.

KThus, the use of proport Ional -error w, pr-opiurti- .4 ,,?ro(-rale control is

*Known to produce very good response, th th' ooss~il tx1;.ption bk, _4the

*steady-state coriditiori, in whi.. some integral errr' fo)-"ack :.-iy be of value.

* It -is clearly possible to specify alternatLk criteria which place more exacting

- demands on the control system and therefor ~ in gepnoral, exhibit superior response

jcharacteristics. One such restrain', is that labeled "E" in the list above. In

addition to the usual restriction on e and ý we have introduced the terms e/6-

2
and K e/e . The first of these places an exceptionally strong limitation on the

I builId-up of steady-state-error; when becomes small (as in the steady state),

e is greatly emphasized and the c-ontroller is forced to reduce it vigorously.

The term e /e limits transient overshoot type errors, since when e becomes

ftsmall in the presence of a large (overshoot conditions) the is strongly

emphasized arid thorefore restrained. The use of this restraint condition leads

* to The relations

%I 2.......+ A....................4:9

A .................................... 4-10
e e
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The factor CF may be considered as a variable optimum gain, since it multipi ies

the error quantity of the restraint "Ell to produce the actuation signal, .

This is in accord with conventional servomechanism terminology regarding gain.

A preliminary analysis Of numerical results obtained using this control ler

indicates that the optimum gain plays a very important role.

Perhaps the greatest significance of these results lies in the clear-cut con-

nection between them and the relevant limited-information Integral criteria.

For instance, it has been demonstrated that proportional-eirror plus proportional-

error-rate control is actually the best that can be clone in terms of the criterion

of equations 3:1 and 3-4. Likewise, a configuration more sensitive to transient

overshoot and steady state e-ror conditions is derived from an integrand in-

volving the restraint "E".

Figure 4: I presents the optimum adaptive control coniiguration described uy

equat ions 4:9 and 4: 10. In keeping with the previous discussion an inner accel-

* eration control loop has been incorporated in the system.
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5.) DIGITAL COMPUTER RESULTS AND CONCLUDING REMARKS

Figures 2:2 through 2:9 on the next three pages present curves of the various

aircraft coefficients and engine thrust values as functions of Mach number and

(in some cases) Mach number plus altitude or elevator deflection. These coeffi-

cient values have been arranged in tabular form suitable for rapid table-lookup

routines prepared especially for the LGP-30 stored program computer. The actual

numbers assigned to the coefficients represent a purely hypothetical aircraft,

and no aircraft with these exact characteristics is known to exist.

These data have been utilized in the ABLE computer program (Adaptive Behavior

in Longitudinal Environment); the equation flow within this program follows

essentially the pattern given in the Appendix to this paper.

The figures on the succeeding pages of this section present preliminary numerical

results obtained with the ABLE routine, employing two different optimum control

relations and several different initial conditions, as well as acceleration-loop

gain constants. Figure 5. I is devoted exclusively to the response characteristics ."

of the elevator-servo plus aircraft combination, and illustrates the acceleration-

control servo dynamic properties as well as the nature of the aircraft 0 buildup

(assuming no circulation buildup lag, which is essentially true at these altitudes

and Mach numbers). Figures 5:2 -- 5:4 are detailed plots of the aircraft response,

elevator displacement, and parameter variations for a ramp input command from the

pilot. The controller used was a linear optimun configuration derived from a

combination of restraints C and D. and thus involved both tii -weighted and teed- -

torward errors. The final four figures in this section represent data obtained

using the optimum variable-gain controller described by equations 4:9 and 4:10,

as compared with an arbitrary contiguration developed from emPirical considerations.
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The first two figures (5:5 and 5:6) show the response to a step input command;

it can be seen that the optimum variable-gain configuration response follows the

second order model characteristics almost identically. It is doubtful that

following errors below this level could be sensed. Figures 5:7 and 5:8 show the

response to a large anplitude, high frequency sinusoidal input obtained with the

variable gain and arbitrary controllers, respectively.

A great number of problem areas still remain to be investigated as a part of

the contractual effort in which DOOOCX is engaged, however, we feel that we have

gained some degree of initial orientation in the adaptive control subject. The

power of the variational calculus in the design of high performance control con-

figurations for the case of limited system information has been demonstrated, and

there is every reason to believe that even higher levels of sophisticaiion may

be attained, both as understanding of integral criteria increases and as the

methods are applied to problems for which we possess somewhat more advance or

measurable data regarding the system dynamic properties. The preliminary results

of a complete digital-computer simulation of aircraft response would seem to

indicate that therein exists a very fruitful avenue for future exploitation.
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APPENDIX

THE EQUATIONS FOR DIGITAL COMPUTRrxI*p ~SIMULAT ON OF AIRCRUT~ DYNAMIC REPONSE AND
OPMIMU ADAPTIVE CONTROL
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THE SELF ADAPTIVE FLIGHT CONTROL SYSTEMS V.
SYMPOSIUM

SESSION 'VI

Dr. John G. Truxal, Chairman
Brooklyn Polytechnic Institute
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Dr. John G. Truxal
Head, Electrical Engineering Department

Brooklyn Polytechnic Institute

I think there is one thing from this morning' s program that certainly
strikes a teacher. Control engineers, in general, are starting to utilize and
exploit to a rather remarkable extent the theories that have beeii de-:iloped by
the feedback theory people and which we have occasionally tried to •.a:ch to
our students. This is a very remarkabie situation. This is not true in most
of the other fields of electrical engineering. It certainly is going to call for
us in the Universities to change our approach. One of my colleagues has
summed up the attitude of the teaching profession very appropriately in a
comment which sorae of you have heard. When a student asks hir. an
embarrassing practical question like " why doesn' t a hi fi work" , he always
replies with great disdain that his knowledge is completely unbesmirched by
any practical application. I think the remarkable thing about the symposium
so far has been the extent to which some of the feedback theories, concepts of
multi-loop systems, and non-linear system theories have been put to work in
the evaluation and design of control systems.

I think it might bc well to point out that there is one aspect of adaptive
systems which we seem to be overlooking entirely. P m not sure anything
can be done about this. There has been a great deal of interest among commu-
nications engineers in adaptive systems, or what they call adaptive systems. pr
If you look at the proce.dings of the last London conference on information
theory, you find a grea' deal of talk about adaptive systems. What the commu-
nicacions engineer gen.2rally means by an adaptive system is one which
involves an element of learning. We might design upon probablistic models
and changing the char:acter of the non-linearities or the probablistic model
parameters, on the basis of experience we acquire so that we get a system
which does some anticipation and is susceptible to learning on the basis of
past experience. Perhaps this is another realm beyond where we are now
with adaptive systen:s but it seems to me that the communica.tions engineer' s
adaptive systems and the control engineer' s adaptive system are probably
too far apart and an important area is the merging of these two. 7.
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ANALYSIS AND SYNTHESIS OF A LINEAR, SELF ADAPTIVE,
STABILITY AUGMENTATION SYSTEM

Marcel Dandols Convair

In'the operational concepts for many new high-speed
high-altitude aircraft and missiles, extreme variations in
flight environment are required. As a result of tLese re-
quirements, designers of aircraft control systems have had
difficulties in arriving at system concepts through whose
implementation uniform response i.nd stability characteristics
could be obtained at all flight c;onditions. In recent higher
performance airplanes, uniform s';ability has been obtained
by scheduling control parametere as functions of air data
measurements. Use of this appraach has led to the require-
ment that the aircraft carry a reliable, accurate air data
computer. It has also led to the requirement that the dy-
namic stability of the aircraft be predictable at all flight
conditions so that the prorer control compensations may be
scheduled.

Difficulties in providing these capabilities have led
to the use of a different approach. In this approach uni-
form stability is obtained by compensating for changes in
aircraft stability directly. This may be accomplished by
"adjusting control parameters as functions of the airframe
response or by other special arrangements (with fixed param-
eters) that maintain a uniform response over a wide range
of conditions. Control systems falling in this category
have been called "elf-Adaptive Controls."

The need for self-adaptive flight control systems for
applications to military aircraft was brought to the atten-
tion of the aircraft industry at WADC in the fall of 1955.
As a result of activities undertaken at WADC and sponsored
by this agency and as a result of independent research work
in advanced automatic control systems already under way at
other agencies, Convair embarked on a company-sponsored
study and survey of self-adaptive methods of control. From
a review of the available literature related to this subject
and from original studies made at.Convair, there emerged
"several methods of control which merited preliminary inves-
tigation. These techniques have been described in Reference 1.

Upon completion of this preliminary survey, this cor-
porate program was extended in the form of a more detailed
study of one of these techniques. It was felt that, in order

, to be worthwhile, the control method selected should providc
"a sizeable improvement in stability augmentation over pres-
ently employed control systems and should allow the incor-
poration of the method in present systems with little re-
design. For these reasons, a method was selected which
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comprised a control system made up of three linear feedback
loops with fixed parameters. These consisted of position,
rate, and acceleration feedback whose combined dynamic ef-
fects represent the inverse of the desired system dynamics.
With sufficient control gain this arrangement results in a .
system which maintains desired aircraft characteristics over
a wide range of conditions. The higher the gain, the more
insensitive the system becomes to changes in flight environ-
ment. Although well known in servo theory, this method has
not been generally applied to flight control systems because
"oof the likelihood of encountered instability as a result of
the high feedback gains. It can be shown that this tendency
is due essentially to the dynamic effects of the sensors and
servo actuator characteristics. With the advent of control
instrumentation with superior response rates, higher gains
will be allowable, and this method may become practical in
certain applications. Because of its simplicity, it appears
worthwhile to investigate the advantages and limitations of
this method in a typical application. Results of this inves-
tigation are presented in the present report.

There are some methods of self-adaptive control which,
by means of simplifying assumptions, may be linearized to a
special arrangement of high gain feedback. Simplifications
such as these entail a loss in the representation of the
original system and are justifiable only as methods of ob-
taining the distinguishing characteristics to be expected.

The particular method which is discussed in this report
may be viewed in fact as a simplification of a self-adaptive
control in which a measurement of damping ratio is employed -
to adjust the feedback parameters. Therefore, the results
herein also show the approximate performance to be expected,

-. within certain restrictions, with a type of nonlinear self-
*: adaptive control.
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* 1

NOTATION

A(s) Term in the denominator of closed-loop transfer
function of airplane-control system

B(s) Term in the denominator of closed-loop transfer
function of airplane-control system

C Selected value of measured short period undamped
natural frequency

C1  Steady state gain of hydraulic actuator

C2  Gain of feedback loop around hydraulic actuator

C3  Steady state gain of rate gyro

"fr Viscous damping of rate gyro output axis

F (S) Numerator of closed-loop transfer function of
. ~~typical controlled system •i-

Go(s) Desired transfer function of typical system

H Spin momentum of rate gyro

H(s) Transfer function of feedback elements in typical
control system

I Moment of inertia of accelerometer mass

Jr Moment of inertia of rate gyro about the free axis
r7.-

k Torsional spring constant of angular accelerometer

K Arbitrary multiplying factor

K. Elastic constant of rate gyro input axis

Kr Elastic constant. of rate gyro output axis

Ko Airframe steady state gain

K1  Design closed-loop steady state gain of airframe-
control system

K2  Variable loop gain in airframe-control system
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b. %1

NOTATION (Cont'd)

K2a Portion of variable loop gain in forward loop of
airframe-control system

K2b Portion of variable loop gain in feedback loop of
airframe-control system

K3 Actual closed-loop steady state gain of airframe-control system

K4  Adjustable feetiback gain which determines amount

of damping ratio control

P(s) Term in open-loop transform of typical system

Q(s) Term in opern-loop transform of typical system

s Laplace transform complex variable

x(s) Transform of input to servo actuator * -u

6' e(S) Laplace transform of elevator deflection

. A Accelerometer damping ratio

Measured airplane short period damping ratio

q Damping ratio of second order lead term in approx-
imation of B(s)

i x Damping ratio of hydraulic actuator second order
lag factor

" 0 Free airframe short period damping ratio
Design airframe short period damping ratio

3 Actual closed-loop damping ratio of airframe-
control system
Quasi damping ratio of closed-loop airframe-control

system

0c(S) Input command to airframe pitch control system

4-o(S) Laplace transform of airframe output pitch deflec-
•' ~tion "
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NOTATION (Cont'd)

O00 Angular deflection of rate gyro output

Angular deflection of accelerometer mass with respect
m to accelerometer case

wA Accelerometer undamped natural frequency

'JHS Hydraulic servo characteristic frequency

Frequency at intersection of dual Nyquist diagram

wm Measured airplane short period undamped natural J
frequency -..-

Li Characteristic frequency of first order lead term in
approximation of B(s)

Wq Undamped natural frequency of second order lead term
in approximation of B(s)

wRG1 Characteristic frequency of rate gyro first order
factor ,..

WRG Characteristic frequency of rate gyro first order factor
R2

w Rate gyro characteristic frequency

wx Undamped natural frequency of hydraulic actuator
second order lag factor""

w0 Free airframe short period undamped natural frequency

wI Design airframe short period undamped natural fre-
quency

w 3 Actual closed-loop undamped natural frequency of air-
frame-control system -

w1  U w , w~ f~requencies on dual Nyquist diagram.
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DESCRIPTION OF METHOD

The control system discussed in this report consists of
a feedback configuration whose transfer function is equiva-
lent to the reciprocal of the desired aircraft character-
istics. The method also may be regarded as a simplified
version of a self-adaptive control in which a measurement of
damping ratio is employed to adjust its feedback parameters.
These two concepts will be explained in detail.

Reciprocal Mbdel Feedback Concept

The first concept is not new,. It stems from an elemen-
taryprinciple of feedback control which may be illustrated as
follows. Let Go(s) be the transfer function of a system whose
response characteristics are to be controlled. Assume that
this function varies with environmental operating conditions.
Let Gl(s) be a fixed transfer function representing desired
dynamic characteristics of G (s). In the following block j
diagram a feedback configuration is shown which forces the
dynamic characteristics of the system to approach the desired
values regardless of changes in Go(s).

command, response,

-- K G o ( S ) 
I_, :

t__ I

GEI(s)

Fig. 1 -- ILLUSTRATION OF FEEDBACK COMPENSATION
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The function G-(s) is the transfer function of elements

of the feedback path, 00(s) is the output response transform,
and QC(s) is the input command transform. The factor K2 rep-
resents a variable gain term which is introduced to allow the
proper degree of feedback correction to be applied.

i'Ci

The magnitude which K must assume in order to force the
transfer function of the closed system to approach Gl(s) are -

dictated by the formula given below, which expresses the
closed loop transfer function:

0 0 (s) K2 G(s) (1)
K2 G(s)

QC(S) + Gl(s)

It is evident from Equation 1 that if the gain K2 is made

sufficiently large so that

K2 G0(s) \\1(2)
Gl(s)

then the transfer function is reduced to

SGl(S). (3)Q0 (s)

The condition which must be satisfied is

K (4)GO ( s) ':-

It is to be noted that GI(s) is independent of the air-
frame transfer function. The magnitude of K2 is dictated by
Equation 4; it is affected by variations in the airframe
characteristics (Go(s)j . The larger K becomes, the smaller
is the effect of IGo(s)j and the large? are the tolerable
variations in JGo (s)I . The terms Po0 (s)l and tG,.(s)l are
frequency dependent functions; therefore, the choice of
K2 is affected by the range of frequency within which best
control is required.
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The method described above may be used in airplane and
missile flight control systems to improve the stability of
their natural modes of motion and to maintain a specified
stability regardless of flight condition. An example is
illustrated in Figure 2a in which the longitudinal short
period motion is augmented by means of a feedback loop having
characteristics equal to the reciprocal of the desired short
period motion. The transfer function expressing this motion
in response to a commanded elevator deflection (or any suit-
able longitudinal control surface) may be expressed as
follows:

""0_(s) Ko

s 2 s 2 + (5)

The term K0 represents the steady state pitch sensitiv-
ity to elevator commands. The natural frequency and damping r..
ratio is specified by u0 and ýO, respectively. These terms
vary with flight conditions.

The feedback terms shown in Figure 2a are equivalent to
the reciprocal of the transfer function in Equation 5 except
that fixed optimum values are chosen for the steady state
gain, the natural frequency, and the damping ratio.

Synthesis of the feedback function may be accomplished
by sensing pitch attitude, pitch rate, and pitch acceleration,
multiplying each by the appropriate gain, and by summing the
results. This is shown in Figure 2b.

Damping Ratio Feedback Concept

The feedback system illustrated in Figure 2b may be
synthesized on the basis of a different control cencept.
The basic method of synthesis is illustrated in Figure 3a.
The system shown consists of rate feedback divided into two
parts, one with a fixed gain and one with a variable gain
adjusted as a function of measured damping ratio, •m.
Since an increase in pitch rate negative feedback causes an
increase in pitch damping, it is obvious that the gain
multiplying factor Cm must be introduced in such a manner
that a decrease in the over-all negative feedback is
aatsined when damping increases. In Figure 3a the factor

4 m multiplies a portion of the rate feedback signal
determined by K4 , and this portion is then applied as the
positive feedback shown by the minus sign at the summing
point. Since positive feedback has an effect opposite to
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Fig. ½b 31tC,'? PEUIOD CONTROL CONFIGU:.ATICN

WADC TR 59-49 262



Command, 9c(S) Response, o(s)-

* -- .'... .

K 2DAIRFRAME

av

22:

bo-

'I m

S7

Far.3a AMPNG ATI FEDBAMPINGJ~P

KD .4926

So ,RATIO
~~ j ,-R.,: .

UTE"-

Fig-. 3a DA::N RATIO FEDAK-OCP

WD ... 59-4 263:



Commnd~ c~s A o 1 s

:3)

+ K mono A IR FR AIT eI

I~ulti rl 4jer
S

CCP:PUMultivider

Ir 2

sP

Fig.3b D~PI'~G ATI FE*DBAK COCE4

WADC R 599 26



that of negative feedback, it is seen that the proper corn-
pensation is achieved.

The over-all amount of rate feedback is determined by
the over-all loop gain. Two adjustments of loop gain are
providedby K2. and K2b. One is In the forward loop and one

is in the feedback loop. This arrangement allows the closed
loop steady state gain to be adjusted independently. Steady
state gain, defined as the steady state value of the ratio

0O- is the equal to the forward loop gain divided by the .:,

GCI1
product of the forward and feedback loop gains plus one.
Therefore, the steady state gain is adjustable by fixing
the value of K2a in relation to the value of the product of

K2a and K2b. The over-all amount of rate feedback on the

other hand is adjustable by fixing the product of K2 and
K2b only.

Zero output damping reduces the gain of the auxiliary
rate feedback loop, K4 , to zero (Fig. 3a). Therefore, at
flight conditions where the airframe is neutrally stable
(zero output damping) the gain K2 (the product of K2a and K2b)

alone determines the stability augmentation. This observa-
tion provides a convenient method of determining the proper
adjustment of K2 . On the other hand, when the airframe
response is damped, then the gain K4 determines the amount of
negative feedback cancellation. At flight conditions when
the free airframe is satisfactorily damped, positive and
negative feedback should cancel one another since no corn-
pensation is necessary. This condition provides a method of
adjusting K4 . Should the airframe become unstable, the com-
puted damping ratio signal. must change sign in order to
increase the over-all negative feedback,

Damping ratio is a second order characteristic; its
computation must thus be based on the assumption that the
pitch response resembles a second order response in the
short period mode. Experience has shown that this assumption
is justified. A second order relationship may be represented
in general by an equation of the form

1 2 --

go +__00 + GO (6)W02 W0o-
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By rearranging terms, Equation 6 may be written

W0  W0  1
"-, 60 2 "C -- 2 --- 0 - Go. (7)

From Equation 7 it is deduced that positive pitch rate feed-
back multiplied by measured damping ratio, g 0, (Fig. 3a)
may be replaced by negative feedback of pitch attitude and

V. pitch acceleration plus additive input command compensation
and appropriately measured natural frequency correction, um.
This substitution is illustrated in Figure 3b.

The mechanization of the relation expressed by Equa-
tion 7 as shown in Figure 3b, would be complex since the
quantity u. must be injected as a multiplying factor in two
of the loops and as a dividing factor in a third loop. The
exact short period natural frequency of the airframe, w0, is
itself not readily measurable nor computable from the output
response. In the system discussed herein, this difficulty
was avoided by ignoring variation in w0 and by setting kim,
in Figure 3b, equal to a predetermined constant C. This
simplification allows a linear analysis of the system since
all three feedback loops have constant gains. As another
result of this assumption, the additive compensation
becomes a fixed gain compensation and may be included into
the gain terms inside the control loop. Thus a quasi damping
ratio Ct may be defined by the following equation in terms
of the airframe response in pitch.

-0 . . .. . 0 - ( 8 )
2 2C

Incorporation of this relationship into the block diagram
leads to the system illustrated in Figure 4.

There is no essential difference between the systems
shown in Figures 2b and 4. An analysis of the character of

* the performance of the control representeJ by these systems
would be identical in basic treatment and the results would
be the same.

The investigation discussed in this report was performed
as part of a study and evaluation of the nonlinear damping
ratio feedback system illustrated in Figure 3a. The particu--
lar simplifying assumptions which were made in the linear-
ization of the control system in order to facilitate its

".. mathematical analysis has led to the system shown in Figure 4.
Because another simpler and well-known method of control

*- synthesis led to the same configuration (Fig. 2b), it was

"WADC TR 59-49 266

. - . . .-o*. . . .* . . . . . . .



Command, 9(S) Response, 9 (S)

K2 --. W AIRFRAM¶E

KK 4
22

+ S

Fig. 4 ZSTh LTFIED DAI.-TING RATTO FE'BD3ACK CCVFTRCL

WADC flR 59-49 267



proper to introduce both approaches inciependontly. However,
the analysis of the final control form (Fig. 2b or 4) will
be presented independently of the original approach.

Further details on each of the approaches mentioned and
other aspects which emphasize the difference between them
may be found in Reference 1. Z
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ANALYSIS OF SELF-ADAPTIVE METHOD IN
TYPICAL IDEALIZED FLIGHT CONTROL SYSTEM

The method of self-adaptive control discussed earlier
may be incorporated within several control channels of an
aircraft stability augmentation system. The feedback quan-
tities may differ in each channel; the amount of stability
correction ueeded may vary; but the basic operations of the
control system will remain the same. In general, the lon-
gitudinal short period mode motion is the most critical in
stabil. 1y control. For this reason the method will be ana-
lyzed as it would be applied in a typical short period mode
control. The short period motion will be assumed to be
independent of other airframe modes; hence it is sufficient
to represent the airframe by its short period dynamics.

In this portion pf the antlysis the control system .
will be assumed to have ideal dynamic characteristics (i.e.,
the dynamics of the instrl•mentation and of the hydraulic
servo are neglected).

Typical of airframe short period dynamics are the sec-
ond order characteristics represented by Equation 5. The -.-

complete airframe-control system configuration to be ana-
lyzed is illustrated in Figure 5.

By employing thai formuLa given in Equation 1, the
transfer function oi the over-all control loop illustrated
in Figure 5 is obtained as follows: H

KoK2--

1+K 0K200(u ) + -- --

IDC( ) .-.-
0 0 2 KoK2 2•° 2ljKoK2

1 1 2 + _____ s+l
2 K 1 + WO'K

(9)

p,7:
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Equation .9 is of the general form

00(s) K3

Oc () a 2 3s (10)
w32 136W'""

3 3

where

KoK2

KoK2
I+ -

KoE2 ••

11*+. -.

2"'J K K-
I2KI

and 1"

K1  K

3
+ ---O + --

The quantity K2 represents the adjustable gain in \
the control loop. It can be seen that Equations 11, 12,.

and 13 can be reduced, respectively, to

K3 • K1 , (14)

WADC TR 59-49 271

r.-.

.b
• - " -°" -""o"" " ."'","" ."."'".. . ."" *. """. "'". " . " . .C /"""'"-""" .



¸'t%

• w3 •uZ' (15) -:

and

(16) "-
34

when K is sufficiently large to satisfy the following in-
equalilies I

KoK2  "-(

>> 1 
(17)

2

Wi K1

and

WO Ko K.

>>1, (19)

When K2 is not sufficiently large to satisfy the above in-
equalities, the parameters K3, (03, .and ý3 lie between their
ideal values, K1, LI, and tjand their respective free air-
plane values KO, ý, and The degree of compensation
achieved is shown graphically in Figures 6 and 7 as a func-

KoK2
tion of the value of K These graphs represent the

behavior of the system illustrated'in Figure 5. The curves
cshown were oistahned by calculating the roots of the equa-

tion
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WOKK22CO21oK2 ,,
22

[1 + 1 + K o,
2 XK K.OK 2

1 + +

for all combinations of the following values

1- , 2, 4, 6 and 1.0

0 0, 0.2, 0.707 and 1.0

1KKKK2 - 0.5, 1.0, 2, 4, 10, 20 , 40 and 100
Ki

- 0.707.

j Each of the dashed curves in Figure 6 shows the locus
of the roots of Equation 20 as the loop gain .o2 varies

from zero to infinity. Each curve represents an airframe
at a particular flight condition. As 1012 increases, all

the curves approach the design point ((, 1) The solid
lines in this figure describe the boundaries of the short
period response of the closed-loop system for an airframe
whose open-loop response lies within the region bounded
by

1 radian per second_ w0 _ 10 radians per second

0 . ".0

As the loop gain is increased, the bounaary encloses a
smaller and smaller areaabout the design point.
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In Figure 7 two particular values of loop gain have
boon selected to illustrate the location of the roots of
the closed loop for all possible combinations of wn and
linted on the preceding page. The curves which arg some-
what radial from the origin are loci of constant Pn; those
which are approximately circular about the origin represent
loci of constant w0,

The preceding discussion of the self-adaptive control
method indicates that ideal performance characteristics are
attainable siuiply by providing a sufficiently large control
loop gain. From Equation 10 it can be sein that the closed-
loop system used for illustration is of the second order.
Since free airframe damping was assumed t:o be greater than-
or equal to zero and negative feedback rAs chosen, it
follows that the system shown in Figure' 5 cannot become uzý-"
stable at any loop gain.

Actual aircraft-flight control system combinations
possess physical characteristics which must be described Toy
differential equations of higher orders than second. In
such an instance Equations 11, 12, and 13 are no longer
exactly correct so that inequalities given in Equations 17,
18, and 19 are not sufficient to produce the approximatioqs
given in Equations 14,15, and 16. This problem is inves-
tigated in the next section.

''°I

.. 0 . ...
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ANALYSIS AND SYNTHESIS OF TYPICAL FLIGHT CONTROL
SYSTEM WITH SENSING INSTRUMENTS AND

HYDRAULIC SERVO

Description of Additional Components

Components which contribute chiefly to higher order
characteristics in aircraft control systems are those which
convert electrical command signals into motion of the air-
frame control surfaces and those which measure the airframe
motion and transduce this motion into electrical signals.
In order to illustrate the effects of these components on
the self-adaptive system described previously, the follow-
ing will be required: a stable platform to measure the
pitch angle of tha airframe, a rate gyro to measure pitch
angular velocity, an angular accelerometer to measure pitch
angular acceleration, and a hydraulic servo to convert com-
mand signals into elevator deflections.

In the block diagram in Figure 7 the location of each
of these components in the loop and the form of their trans-
fer functions are shown. Only the major dynamic effects
were included. The performance of the. self-adaptive control
was then calculated for the expectea ranges of values of -'-

these dynamic effects. The inclusion of these components
into the system introduces additional phase lag which may
produce system instability at sufficiently large loop gains.
The ranges which were selected were considered to be suffi-
cient to show the trends in system atability and accuracy.

The Hydraulic Servo Actuator

Flow type hydraulic actuators produce actuator piston
rates of displacements that are essenti&lly proportional to
their respective control valve positions. Transient dynam-
ics appear as a result of actuator piston inertia, fluid
compressibility, fluid leakage, line lags, and valve inertia.
Some of these factors are often neglected; however, whu-
actuator and valve position are linked by mechanical feed-
back, the complete diagram of a typical hydraulic servo sys-
tem may be represented as in Figure 8 below.
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x (s) C1  (s)_______

x .-

The second order lag factor characterized by the term
aud represent the inertia and compressibility effects
mnentioned previously. For representative hydraulic systems,
typical values of ware in the neighborhood of 600 radians
per second and typical values ofD" are near zero. In the
discussions which follow, these dynamics will be neglected

(c2

The theidr freqern c characteristics redy utshe thep re-e
a enc y renge 8, the aidrpla nde clopredl op lotr p gferin

* fnctione ofevtheshydraulic epyesentaillustratedin Figure s, is

tyeicn l values to the ft in thio nnalysis

2 aisper second wn yia 50ue of rxare nea perseo. ndte.'

sine thydauic servoun characteristics frequency ide rhepresented
iuny rangre 8, is adiutalne bycanigthe servod- loop gainfe

The gain of the hydraulic servo was assumed to be unity.
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71
The Rate Gyro

A rate gyro is a single-degree-of-freedom gyro with an
elastic restraint on its movement about the free axis so
that the angular deflection of this axis I.s proportional to
the angular velocity about the input axis fixed to the air-
plane. Factors vhich have an effect on the dynamic response
of a rate gyro are essentially the compliance of the elastic
restraint, the moment of inertia about the free axis, and
the viscous damping introduced to damp the free gimbal de-
f lect ion.

In most practical cases the transient behavior of rate
gyros may be represented mathematically by a second order
system. The corresponding transfer functiou may be written
in the form

H ":
00()Kr _-__

m r-_ __ _

Q0  ('H2- _ __X s 2 + __ _+ 1
+K r K Kr',''K

Typical rate gyros have natural frequencies ranging
approximately from 40 to 500 radians per second. The usu-
ally desired value of damping ratio ranges from 0.6 to 0.8.
Damping ratio is known to vary with ambient temperature. A
temperature change spanning 2500F, for example, will vary
damping ratio from approximately 0.3 to 2.0 in a typical
case. Furthermore, an increase in viscosity is known to
increase the gyro moment of inertia. This increase in moment
results in a decrease in natural frequency. With a damping
ratio less than unity, the rate gyro characteristics are rep-
resented by a second order transfer function with two complex
poles. With a damping ratio greater than unity, two real
poles are present which from two first order terms, one of
which will have a dominant effect on phase lag.

For these reasons two representations of the rate gyro
characteristics were considered:

40m(s) C3

s2 29RGs 
-- _-

40(s)++1

=RG 'RG
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... .O (s C3- ~- '., ~ ~ b - a , . r s- . '...

-*' and ___ _"_ C

4os) a (
S•RG21

These representations were compared by considering two typ-
ical cases, one involvi.ng a damping ratio of 0.7 and an un-
damped natural frequency of 100 radians per second and the
other a damping ratio of 1.45 ond the first order term char-
acteristics - 40 radians per second and isisuffi-
clently large t be negligible in its effect on the system
as compared to wMl. It is shown in a later section that
there is no significant change in the effects of rate gyro
dynamics on system stability whether one or the other of the
above representations is used. For the above reasons, the
simplest of the two representation appears justifiable; hence
In this analysis the rate gyro characteristics were repre-

"*. seated by

4o (s) C3m __ ____m1
0o(S) a._.. +

The following values of w were assumed in this analysis.

40 radians per second •w . 60 radians per second

"The gain of the rate gyro was assumed to be unity.

The Stable Platform

Three-axis, stabilized platform, normally used in air-
"craft, comprise three gyros for the three orthogonal axes
and a gimbal system driven by servomotors controlled by the
gyro outputs. The platform is usually large enough to mount
instruments or devices which are required to be in a sta-
b~lized position. The angular position of the various gim-
bals referred to the platform is an indication of the atti-

* tude of the airframe about the various axes of inertial space.

The servomotors which stabilize the platform usually have
* a sufficiently rapid response so that their dynamics do not

affect the outputs within the frequency range of interest.
The dynamics of the platform suspension system may likewise
be neglected for practical purposes. For these reasons the

*" stable platform will be considered to be a perfect transducer.
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The Angular Accelerometer

Typical angular accelerometers include a dynamically
balanced mass suspended so that it has only one degree of

* freedom. The mass rotates against a restraining spring and
damper; this movement is sensed by a transducer. The an-
gular acceleration of the instrument case is proportional
to the angular displacement of the mass with respect to the
case. The transfer function of the instrument may be shown
to be of the form ALA

40 Is) 1 2 f-

0Y- 2 +-s +1

Typical accelerometers have natural frequencies ranging from
*. 50 to 600 radians per second. The usually desired value of

damping ratio is 0.6 since this value gives a good steady
* state sinusoidal response and a reasonable overshoot for

trAnsient inputs. In this analysis the following ranges of
- natural frequency, wA, and damping ratio ;A were chosen

50 radians per second e_ wA _! 250 radians per second

0.25 - A 2.0

The gain of the accelerometer was assumed to be unity. .

Effects of Added Components on Short-Period
Characteristics at Various Loop Gains

The effect of added components on the short period
correctiGn may be found by calculating the closed-loop trans-

. fer function of the over-all system depicted in Figure 7. By
using the formula giver. in Equation 1, the following result
is easily obtained.
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.44

I

, .•Iol2 1..

U: Co(s) r2' .o2 2 ;

+ r + +i +[ " + 0 (23)

l~- s+ )E + 2 +1 s:

-. ~When K2 is made sufficiently large so that,.

2 1 F..

+ +

KoK2 2

- (s + " j+ 1s 2

te Eqtin 23 Is redce-t

*~1, +__ -

12 ++�+ I ,"(2

+02 WO5~

* ' �WA 2 "A A -

, •--- (, (,) RG

_12 +( +•n

"Equation 2u6. on fac any r e leme n to i h owr aho h

* 
. .

*: .o l.). *__*. * *A*. 
..

• 2•2

•:~ + - -- + 1 .

12 + - + t! +,-

: Two important results say be seen immediately. The dynamics ••'

t,.of the hydraulic servo or of the airframe do not appear in %7

SEquation 25. In fact any element in the forward path of the .

,.•control system (Fig. 7) has no effect on the over-all dynam-
• ics of the system at high loop gains (it is assumed that •
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these elements are linear). Also, no matter now large the
gain K2 is chosen, the system will not approach the ideal
characteristics defined by the transfer function

0o (s) K1
- K(26)

QC(s) .•2+ -s+

CJ12 WI

The reason for this is the dynamic effect of the acceler-
ometer and the rate gyro. These effects may be evaluated
in Equation 23 by inserting different values of the terms
oHS' "1' WA and tA"

It is convenient to first rewrite Equation 23 as
follows:

0 0 (s) KoK2

+ C (S)+ 2__ _+ Io2 wo. K 2 _-~
HiS w0 0A 1

(27)

The dynamic characteristics may now be obtained by computing
the roots of the equation formed by setting the denominator
of Equation 27 equal to zero as follows:

2 2l

S+ 0. (28)

[2 (s2 2<As a lE~
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Figures 9, 10 and 11 show the loci of the short period roots
of Equation 28 for different values of wKS, G A and A-

KK
as the gain parameter -.... is varied from zero to infinity..-

K1 "

Four combinations of free airframe characteristics were
chosen to encompass the widest possible range of flight con-
ditions; these are as follows:

"'0 ý0

1 0
1 1

10 0
10 1

The ideal characteristics were chosen as follows:

W- 2 radians per second

- 0.707.

The separate effects of the hydraulic servo, the rate gyro,

and the accelerometer are discussed below.

Effect of the Hydraulic Servo

The effects of the hydraulic servo alone (Fig. 9) were
obtained by neglecting the rate gyro and accelerometer dy-
namics in Equation 27.

S0(s) KoK2 2.

.. ( )(29)

0 (sS() 2os\K2 (22T 1+S + + +..
"S +0 - 2 2 +

0K 1  121

KOK
As approaches zero, the feedback path becomes open

K1

circuited, and Equation 29 approaches

• . e0 ( s ) ]K oK 2" .

,., 2 (3r - .
S) ( +(S + 2
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As -- approaches infinity, Equation 29 approaches

SOc~(S) K2 2:;::.
oo(8) K1 (31)

(S) + +1
W 2

These results indicate that with no feedback the short
period characteristics are defined by the roots of the
equation

s 2 o -+ 1 0 0, (32)

2
0 0

and with a large feedback loop gain the characteristics are
defined by the roots of the 'quation

2 2 is

++ -0 . (33)
2

1b°1

Therefore, at both extremes of loop gain, the short period
response is independent of the hydraulic servodynamics.

In the midrange values of loop gain, the system dynam-
'. ics are defined by the roots of the equation

o ý K K2 kw2

-0 + +_ + • 0 .

::.~ ~ WO KI \1 • 3)-
(34)

In Figure 9 the effect of loop gain is shown for two finite
values of hydraulic servo characteristic frequency, namely,
20 and 50 radians per second and an infinite frequency. The
curves for which the frequency is infinite represent the sys-
tem in which an ideal hydraulic servo is used, that is, one
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with a unity transfer function. As the characteristic fre-
quency, wa , is decreased, It can be seen from Figure 9 that
the short period roots deviate further and further from the
ideal case.

From previous analysis it has been shown that at both
extremes of loop gain the servodynamics do not affect the
short period response. The maximum deviation resulting
from the servodynamics occurs between these two loop gain
extremes. This midrange effect of the hydraulic servo
appears to be more pronounced for those conditions in which
the free airframe short period natural frequency, w is the
largest. As would be expected, this result indicates that
the closer together are the values of w and wW, the
greater will be the interactive effect between the servo-
dynamics and the short period dynamics.

Effect of the Rate Gyro

The effects of the rate gyro alone (Fig. 10) are cal-
culated from Equation 27 by neglecting the hydraulic servo-
dynamics and the accelerometer dynamics. This equation may
then be written in the following form:

e 0 (s) KoK2
65~s)+( 2 °s - IK0 K2 +2 1.

0 C s ) 
+ K) + + ( g + IWO 0 ) K1  W~il2 + ~)I)w'RG I

(35)
KoK 2

As - K1 approaches zero, Equation 35 approaches

0 0(s) KoK2

------- (36)

C+ 82 2 + 1
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and as approaches infinity, Equation 35 approaches
K1

0o(s) K1

(37)
20 C(s) s +i *eC

I •RG+

These results indicate that with no feedback the short period
characteristics are those of the free airframe defined by

Equation 32. With a very large loop gain, these character-

istics are defined by the roots of the equation

s 2 is s ..

+ + + 0s- 0 (38)

1 RG 1 RG

The roots of Equation 38 are functions of the rate gyro
dynamics; therefore, it is seen that even for an infinite
loop gain the system does not attain the ideal characteris-

tics. Since the ratio of the gyro characteristic frequency

to the ideal short period frequency is of the order of 20 or

30, the short period roots of Equation 38 do not deviate
markedly from the ideal roots. This is shown in Figure 10

*, by the variation in the terminal points of the loci.

In the midrange of values of loop gain, the system dy-

namics are represented by the roots of the equation

•"WR IC0(2 o+8 o 22 s + " 2 is+ s8

""+ 2o _+_ + + _+ -+ j 0.

(39)

"In Figure 10 the effect of loop gain is shown for two
*" finite values of WRG, namely, 40 and 60 radians per second

and an infinite characteristic frequency. The set of curves
* for which ';RG is infinite represents the system with an ideal
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gyro. As the characteristic frequency of the gyro is de-
creased, the loci of the short period roots deviate further
from the ideal case. In Figure 10 it is shown that these
loci shift towards larger negative real parts as the gyro
frequency decreases.

Effect of the Angular Accelerometer

The effects of the accelerometer alone (Fig. 11) are
obtained from Equation 27 by omitting the hydraulic servo-
dynamics and the rate gyro dynamics. This equation may
then be written as follows:

e(S) K (40)

e2.C ps K.K 2 [_r __2____ aC + 1 + + +11
2 " I

AsK°K2- approaches zero, Equation 40 approaches

0o (S) oK2 x-.
~~(s - K(41)

o (s) s 2 __s__

C-- +1

0 (O

As g approaches infinity, Equation 40 approaches

Kl .-

0(s) K101
(42)Oc(S) s2 2 •i

Wl A2 +W +A""
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L
With no feedback, the short period characteristics are

equal to those of the free airframe. With a very largo feed-
back gain, these characteristics are defined oy the roots of
the equation

~ 2 2~+ +( S+ (2 Is - 0. (43)
w12 \A2

CA' "4A

The short period roots of Equation 43 are functions of the
natural frequency and damping ratio of the accelerometer;
therefore, the system does not attain the ideal characteris-
tics even for an infinite loop gain. In the range of ratios
of accelerometer natural frequency to short period frequency,
of the order of 25 to 125, the effect of accelercmeter dy-
namics at very large feedback gains is very small. The
greatest deviation of the terminal point from the ideal point
occurs for accelerometer characteristics of wA - 50 radians
per second and ýA - 2.0. These results are illustrated
graphically by the terminal points of the loci in Figure 11.In the midrange of values of loop gain, the system dynamics
are represented by the roots of the equation

A 2+ KK 222 2s+ B2 2• A"(s+2 "12~j ) K ] 0
12[ WO /A A A o.

In Figure 11 the effect of loop gain, KoK2 on the short period

roots of Equation 44 is shown for four combinations of
accelerometer natural frequency and damping ratio as follows

50 0.25
50 2.0

250 0.25
250 2.0

The distortion of the loci from that of the ideal case is
small except for the case WA - 50 and !A - 2.0. In this in-
!4tance the loci terminal point appears to be shifted towards
the origin in relation to the ideal terminal point. This
indicates a reduction in the short period frequency which is
atLained with little change in damping ratio.

The shifts of the root loci and the deviation of the k
terminal points of these loci from the design value result-
ing from the accelerometer and the rate gyro dynamics may be
utilized to the designer's advantage. The use o- '-hese phe-
nomena in the synthesis of the system 'will be d., zsed in . -"
the following section.
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Effects of Added Components on System Stability

The closed-loop short period natural frequency and
damping ratio that are produced by the self-adaptive control
system previously discussed have been shown to vary signif-
icantly with changes in loop gain but to vary only slightly
in terms of variations in sensor and servodynamics. The
realistic system shown in Figure 7 contains components
which generate additional modes of motion that are super-
imposed upon the short period motion. The interaction be-
tween these additional modes and the short period mode is
evident in Figures 9, lu, and U and is shown by the displace-
ment of the short period roots. The actual roots which
caused these displacements are not shown in Figures 9, 10,
and 11. They become important only when their real parts
approach positive values indicating system instability.

Stability problems resulting from these additional com-
ponents may be studied by conventional methods of analysis
in which Root Locus, Bode, or Nyquist diagrams are used. The
application of any one of these three methods to the multiple
loop control system previously discussed would be tedious
and mathematically complicated because the effects of changes
in component dynamics and feedback gains enter into all
three of the feedback loops. The most.desirable analytical
technique is that which requires the least recalculation
when any of the above parameters are varied. For this
reason a relatively new technique, the dual Nyquist method,
was selected at most applicable on this analysis.

Derivation of the Dual Nyquist Diagram

The dual Nyquist diagram is a graphical procedure for
determining the stability of feedback systems. A mathe- ..
matical derivation of this technique is described in Refer-
ence 2; a short introduction to the method is included in
Appendix A. The particular application of this method
to the present problem may be approached by representing
the closed-loop transfer of the system in several ways.
The approach which was chosen separates the forward path
of the loop from the feedback path which in turn separates
the effects carried by sensor dynamics from those caused by
airframe and hydraulic servodynamics.

The complete closed-loop transfer function, Equation 23,
may be written as follows:
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2 2

eu~~s) K1 0 8 ~ -+~- 2f1s+1
KOK2 \WS)02 92( +2 As+~i

"(45)

or Li
%0(s) K1  L

e(a) A(s) + B(s)

where s

A(s) " - + + 0 + (46)
KoK2  JHS WO

and

B(s) - (2 2s47)

12 + , '-'1 .-..+)
A(A A.

It should be noted that the forward path Transfer function
- is equal to As and that the feedback path transfer func-- . l ~ ~( s ) , . .•

tion is equal to B(s) A change in flight condition or
Ki

"servodynamics affects only A(s), and a change in sensor
dynamics affects only B(s).

In order to apply the dual Nyquist theory, the maps of
" the complex functions A(s) and B(s) must be plotted as the

complex -nariable s traces out a contour enclosing the right
half of the complex plern. The general shapes of these loci
may be approximated by considering the five significant
values of the variable s, as follows:
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8 - 0 + JOD

a - o + j,,0

--O +o. ,.

A sketch of the location of these five points on the complex
plane is shown in Figure 12. The numbers on this curve -

locate the particular points selected above. In Figure 12
is shown only that part of the contour in the first quadrant
of the complex plane.

The shape of the plots of A(s) and B(s), as s traces
this contour, are shown in Figures 13 and 14, respectively.
The numbers on these curves correspond to those in Figure 12.
These figures are maps of the functions A(s) and B(s) as a
traces thae part of the contour in the first quadrant of
the complex plane. To complete the dual Nyquist• plot, the
fourth quadrant must be plotted. By reflecting each of the
curves into the axis, the complete figures are obtained.

By applying thc dual Nyquist procedures as explained
in Appendix A, the functions A(s) and -B(s) must be plotted
simultaneously, and their points of intersection examinev..
A general sketch of the dual Nyquist diagram is shown in
Figure 15. In order for the over-all system to be stable,
the frequency on the locus of A(s) at the point of intersec-
tion must be less than that on the locus of -B(s) at the
point of intersection. "-

Since neutral stability occurs when the two curves
intersect at the same frequency, it is evident that the
relative values of frequencies at the intersection provides
at least a qualitative measure of system stability.

Stability Considerations in the Synthesis of the Final
Control System

The vehicle to which the dual Nyquist method of sta-
bility analysis was applied consisted of an &ir-to-surface
powered supersonic missile of a type ortginally considered
for use in conjunction with a supersonic bomber. For the ".,:-:
purpose of making this stability analysis, it is not nec,
essary to know all of the usual aerodynamic data. It is
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necessary to determine only the extremes in undamped natural
frequency, steady state gain, and damping ratio of the free
airframe. The first two are important in determining both
the over-all system performance and the gain limitations for
stability. The last, damping ratio, is important only as a
limiting factor in obtaining optimum performance, and, as
will be illustrated, large changes in damping ratio do not .
complicate the stability problem to any considerable degree.

Table I contains the values of the significant param-
etors at each of three flight conditions which were chosen
for illustration.

TABLE I

FREE AIRFRAME SHORT PERIOD CHARACTERISTICS
AT ILLUSTRATIVE FLIGHT CONDITIONS

Condition Steady Stage Undamped Natural Damping
Gain, K. Frequency, w0 Ratio, w0

1 5.7 1.1 0.05

2 2.69 2.8 0.20

3 1.016 4.84 0.30

The range of frequency and damping which are represented is
typical of a large number of modern aircraft so that the
values chosen constitute a good illustration for a self--
adaptive control synthesis.

Effect of Flight Condition Upon Stability - Figure 16
is a diagram containing gi-P.phs of the loci of the functions
"A(s) and -B(s) defined previously in Equations 46 and 47.
The locus of A(s) depends upon flight condition, control
loop gain, and hydraulic servodynanics. Three curves are
shown corresponding to the flight conditions listed in
Table I. The gain factor, K?/K 1 , was assumed equal to
unit- to facilitate computat on and the hydraulic servo
characteristic frequency, w ,was assumed to be 20 radians
per second. The locus of -9s) depends upon rate gyro
and accelerometer dynamics and upon the desired closed-
loop system short period characteristics. The assumed rate
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gyro characteristic frequency was wRG - 40 radians per
second. The accelerometer characteritics were A 50
radians per second and •' " 0.25. The component character-
istics chosen for this iltustration correspond to the
lowest values of frequency and damping ratio in the range
of component parameters previously used in this report.
The desired short period characteristics were wl - 3.0
radians per second and - 0.707. These were chosen
within the "good" range ol pilot's preference ratings shown
in Reference 3. This range lies between natural frequencies _.

of 2 to 4 radians per second and damping ratios of 0.45 to
1.0. These values represent the desired limits for manned
aircraft. For pilotless aircraft other design points may
be more desirable from the point of view of structural
limitations, range, altitude, speed, performance, accuracy,
and other operational considerations.

It is seen by inspection of Figure 16 that for the
gain, K1 /K 2 , equal to unity, the frequency on the curve
representing A(s) at the point of intersection is lower
than that corresponding to B(s) for condition (1) and higher
for conditions (2) and (3). Therefore, the system is
stable at condition (1) and unstable at conditions (2) and
(3). The condition for which instability is the greatest
is condition (3). This A• to be expected since at condi--
tion (3) occurs the highest natural fre~quency, closest to
the component frequencies.

Effect of Loop Gain Upon System Stability - Because of
the manner in which the system transfer function was written
in order to develop th6 dual Nyquist diagram, the reciprocal
of the gain factor, K1 /K 2 , appears as a term in the over-all
system loop gain. The system loop gain is 12-K (see Fig. 7).

K1
Thus, if the over-all loop gain is, reduced sufficiently, by _-

increasing the factor K1 /K 2 , to stabilize the system re-
spouse at the least stable condition (condition (3)), this
value of gain will also produce a stable response at the
other conditions shown in Table I.

A simple graphical method of pomputing the loop gain
required to produce neutral stability is shown in Figure 17.
The solid curves are identical to the curves representing
flight condition (3) and -B(s) in Figure 16. As can be ."
seen, a vector has been drawn from the origin through the
point w - 55.5 radians per second on the curve A(s). This
vector also intersects the curve -B(s) at the poipt w - 55.5
radians per second. This is the only frequency at which
such an intersection is possible. It is the neutral sta--
bility frequency.

S.T..-
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The vector which determines the neutral stability fre-
quency may be found graphically by trial and error. In
Figure 17 the vector distance from the origin to the curve
A(s) was increased by a factor of 1.587. Therefore the
loop gain at neutral stability for condition (3) must be

x2 o 1
21 1 1.016 - 0.64. (48)
K1  1.587

The dashed line in Figure 17 represents a locus of the
curve of A(s) at condition (3) for this new loop gain. It
is shown merely for illustration and is not necessary in
the determination of the proper gains.

The loop gains obtained at the other two flight con-
ditions by increasing the factor Kl/K2 to 1.587 are cal-
culated as follows. For condition (2)

K0 K2  2.69 1.695 (49)

K1  1.587

and for condition (1),

KoK2 5.7
.- - 3.59, (50)

K1  1.587

The gain margins for conditions (1) and (2) for these loop
gains become 3.42 and 1.123, respectively.

A method was described above for determining the loop
gain for neutral stability at one flight condition. It
appears that a gain margin of 1.414 (3 db.) is sufficient
for the system described in this report. The choice of
gain margin depends, of course, upon the accuracy of meas-
urement of system parameters and variations of component
dynamics resulting from environmental changes. In the self-
adaptive system which is discussed it is best not to over-
design because a reduction in loop gain causes the system
characteristics to depart from the ideal characteristics.
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Effect of Hydraulic Servo Characteristic Frequency
* SystemStabilit - Figure 18 represents a dual Nyquist
diagamwichWso the effect of a change in servo charac-
teristics. Two values of servo characteristic frequency are
shown at each of the three flight conditions listed in
Table I. They are WHS - 20 radians per second and wHS - 50

radians per second. The curves which represent a servo
frequency of 20 radians per second are identically the same
as those shown in Figure 16. The additional curves repre-
senting a frequency of 50 radians per second Rhow an unex-
pected phenomenon: an increase In servo frequency causes the
system to become less stable. For example. in order to
bring the response at condition (3), with wuS - 50 (the
least stable) to neutral stability, the loop gain must be re-
duced by a factor of 2.07 instead of only 1.587 with wHS- 20.

The term + in Equation 46 at any particular

value of a - w, has less phase lead and has less magnitude
when wHS - 50 than when - 20. The first effect, that

of producing less phase lead when wHS- 50, results in a

shift of the curve of A(s) in the clockwise direction around
the origin. This causes the locus of A(s) to cross the
locus of B(s) at a higher frequency point on the locus of
B(s) which, taken alone, implies an improvement in stability.

,. The second effect, that of decreasing magnitude, results
in an increase in the frequency on the locus of A(s) at
the point of intersection which, taken alone, implies a
decrease in stability.

In the range of servo frequencies which are of in-
terest in this problem, the decreased gain more than com-
pensates for the decreased phase lead, and, as a result,
the system becomes less stable. At frequencies above the
range of interest, the reverse compensation takes place, and
the system becomes more stable again.
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Effect of Rate Gyro Characteristic Frequency Upon Syste.-
- Stability - Figure 19 represents a dual Nyquist diagram which

shows the effect of a change in rate gyro characteristics.
Two values of rate gyro characteristic frequency are repre-
sented: - 40 radians per second and wRG "30 radians
per second. These effects appear as changes in the locus
of -B(s) and are very small. The three loci of A(s) repre-
sent the three flight conditions mentioned previously and
are identical with the corresponding curves in Figure 16.

An increase in rate gyro frequency causes the locus
of -B(s) to expand radially away from the origin. As a result
the frequ~ency at the point of intersection on the locus of
A(s) increases. This effect implies a decrease in sta-
bility. The above effect is easily proved to be small by
ezpressiDg Equation 47 in the following forms, -.2..

+ +~S

W B(s) =- 2 q J.
B(S)

R ( + -
(51)

By using this form, it can be shown that

.707

3q l ,

q I

Pw- w .-
and 2'I *cp 4. 2~ 42,42.

G p- " '.2__.

Thus in the range of usable rate gyro frequencies (wG 40
to 60), Wp and wGdiffer by at most about 10 percento
their value. As a result the term(-~-t- + 1) in the numaerator

,.-..
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of Equation 51 almost exactly cancels the term ( + 1I in

('wR

the denominator. Consequently, a significant change in sta-
bility resulting from a variation in would hardly be
expected. As a first approximation thUn, the locus of B(s)
may be computed from

s + 2.•ý..is

+- + 1 (52)
"A2

It has been mentioned previously that there is no significant
change in the effects of rate gyro dynamics on system sta-
bility whether these dynamics are represented by a first
order transfer function, as has been assumed in this analysis,
q~ by a second order system with typical characteristics

RGs 0. 7 and wRG - 100. This unapprociable effect on
system stability is eaily shown by examining the true
expression for B(s), Equation 47. Only the second term con-

*tains the rate gyro characteristics and it varies with s to
* the first power. The first term varies with s to tha second

power; therefore, it becom'es far more significant than the
second term at large values of s. For this reason alone
variations in rate gyro dynamics will not cause significant
changes in B(s) at large values of s. The difference in
effect on B(s), between use of the second order rate gyro
representation mentioned above and use of the first order
representation considered throughout the analysis, vas comn-
puted. Results of this comparison are listed below:

B(s) First order Second order
rate gyro rate gyro

"WHG 40 ýG-.
-R 100

at s '-J50 12.4 + J564 16.6 + J572

s -j60 331 + j442 336 + J453

s__J100_ 350 + J118 367 + Jl11
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-t Reference to Figure 19 shows that the above variations
-. between first and second order representations are

insignificant and are approximately equal to the varia-
tions between a first order system with wRG - 40 and
WM 60.

Effect of Accelerometer Undamped Natural FrequencyE
Upon System Stabilit - Figure 20 represents a dual Nyquist
diagram which shows the effect of a change in accelerometer
undamped natural frequency. Two values of accelerometer

*: frequency are represented: w, - 50 radians per second and
"(:A - 250 radLans per second. AThe curves representing the
loci of A(s) and the locus of -B(s) for wA - 50 radians per

•* second are identical to the curves plotted in Figure 16.

An increase in accelerometer frequency, with no change
in accelerometer damping ratio, A, causes the locus of
-B(s) to expand about the origin. 'This expansion does not
decrease stability as occurred in the case of an increase
in rate gyro frequency because the frequency points are
shifted along the locus of -B(s) in a counterclo-kwise
direction as wA is increased. The general result is an

-. increase in stability with increasing accelerometer frequency.

As a first approximation, it was shown that the effects
*: of rate gyro characteristic frequency may be neglected. As

a result, the function B(s) was approximated by a ratio of
two quadratic polynomials in s as shown by Equation 52.

Since wA is much greeter than c1, the phase angles of
the numerator of Equation 52 are almost + 180 degroes for
frequencies that are greater than or equal to wA. Hlence
the phase angle of -B(s) is approximately equal to - [180
degrees - phase angle of denominator, Equation 51) for all
values of frequency that are greater than or equal to

Figure 20 reveals that the phase angle of the locus
of -B(s) for wA - 50 radians per second at a frequency
equal to an arbitrary fixed multiple (greater than or
equal to unity) of 50 radians per second is almost
identically the same as the phase angle of the locus of

* -B(s) for wA - 250 radians per second at a frequency equal
* to the same multiple of 250 radians per second. This

observation may be written concisely as follows

phase of [-B(s)wAWo] .phae of [-B(s)wA-250]

(53)
"* where K is an arbitrary multiplier.
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Inspection of Iquation 52 reveals that the magnitudes of
the loci of -B(s) (i.e., the vector distances from the
origin to the loci of -B(s) shown in Fig. 20) are related
as follows for frequencies that are greater than or equal

to wa

BLqs)

LB()A w- '50K (50K)2
____ ____ ____ ____ __ * (54)

B50 .(250K)2

BwsA=50 I
1&.-250K

Thus, from Equation 53, it is seen that, when a
straight line is drawn from the origin intersecting the

two loci of -B(s), the frequencies at the points of
intersection on the loci of -B(s) are near identical
multiples of the respective values of "A. Also, it is

seen from Equation 54 that the ratio of the magnitudes of

the above distance from the origin to each point of
intersection is equal to the square of the ratio of the
respective values of WA.

From an inspection of ligure 20 it is evident that the

phase angle of the locus of A(s) changes very slightly
between the point where it intersects the locus of -B(s) for

WA - 50 radians per second and the locus of -B(s) for wA- 2 5 0

radians per second. Thus the approximation may be mole that

the locus of A(s) is almost a straight line from the origin.

By referring to Equation 46, it can be seen that the magnitude
of A(s) increases as the cube of the frequency for suffi- H
ciently large frequencies-.-

On the basis of the observations stated in the previous
two paragraphs, it is therefore deduced that, as wA is
increased, the intersection frequency on the locus of -B(s) -

becomes larger at a faster rate than the intersection
frequency on the locus of A(s). Hence the system becomes
more stable as wA is increased.

Effect of Accelerometer Damping-Ratio Upon System
StabilitT - Figure 21 represents a dual Nyquist diagram
which shows the effect of a change in accelerometer damping
ratio. Two values of damping ratio are represented: 5A- .25

ani 9A - 2.0. The curves repxesenting the loci of A(s) and
the locus of -B(s) for •A - .25 are identical to the curves
in Figure 16.
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An increase in accelerometer damping ratio decreases the
magnitude of the resonant peak of -B(s); consequently, the .
locus of -B(s) shrinks toward the origin as C' is increased.
This shrinking in itself implies an increase fn stability
since the locus of -B(s) crosses the locus of A(s) at a
lower frequency on the locus of A(s). An increase in CA
also causes a decrease in phase lag of -B(s) at frequencies
greater than wA. As a result, the frequency points are
shifted along the loci of -B(s) in a counterclockwise
direction which further increases stability. The total
result is a considerable increase in stability with increas-
ing accelerometer damping ratio.

Effect of Design Short Period Damvina Ratio Upon System
Stability - Although the design damping ratio, C,, and natural
frequency, wl, are not characteristics of compon nts in the
system, in Reference 3 it is indicated that there is some
tolerable variation of these parameters. Therefore, although
there may be a unique optimum design point, there appears
to be enough acceptable variation in this point so that con-
sideration ought to be given to the effect of variation .
in the design point upon the stability of the over-all sys-
tem. The values of design points which have been considered
herein all lie within the range of pilot's ratings con-
sidered good in Reference 3.

Figure 22 represents a dual Nyquist diagram which shows
the effect of a change in desired short period damping-
ratio. Three values of damping ratio are represented:
S" -.45, C.1- .707 and C - 1.00. The curves represent-
ing the loci-of A(s) and tie locus of -B(s) for C1  .707
are identical to the curves in Figure 16. The curves in
Figure 22 show that a change in desired damping ratio does
not complicate the stability problem. The effect of a
change in g, is so small as to be considered negligible.

An examination of Equation 47 reveals that the second
* term,

2 %1s +

..-

is the only term in the expression for -B(s) which contains
- It can be sihown by expressing the three terms of
-B s) as vectors and by computing their -magnitudes and phase

'-7
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angles that this second term contributes a nearly negli-
gible magnitude to the total vector at high frequencies

(frequencies equal to and greater than wRGi). Furthermore
a change in C1 has no effect on the phase angle of the
second term oi -B(s). An increase in design damping ratio
merely causes the points on the locus of -B(s) to shift
slightly, ostensibly towards a more negative real part of
-B(s). For these reasons, variations in C1I within the
range of values considered herein, have a negligible effect
on the system stability for a given flight condition, loop
gain, and particular servo and sensing instrument dynamics.

Effect of Design Short Period Natural Frequency Upon
System Stability - Figure 23 represents a dual Nyquist
diagram showing the effects of a change in desired short
period natural frequency, wl. Three values are represented:
"u1 - 2 radians per second, wl - 3 radians per second, and

-l - 4 radians per second. The curves in Figure 23 indicate
that an increase in wl causes the locus of -B(s) to shrink
radially towards the origin. This shrinking implies an
increase in stability since the locus of B(s) will cross
the locus of A(s) at a lower frequency on A(s). Therefore,
the higher the desired short period frequency is made, the
more stable the system becomes.

It has been shown previously that B(s) may be approxi-
mated by Equation 52. This approximation may be further
simplified when it is applied to represent the loci of B(s)
at the points of intersection with the loci of -A(s) in
"Figure 23. The loci of A(s) cross the loci of -B(s) at
frequencies that are greater than wA. Since wA is much
greater than w1 , it follows that, at frequencies greater
than or equal to wA, Equation 52 may be reduced to

2

B(s)2 s(55)

__+2 +1

"(JA2 wA

It is evident from Equation 55 that the magnitude of
B(s) at any frequency greater than WA decreases as W1 is
increased while the phase angle of Bfs) remains uncnanged.
It may be concluded that, at high frequencies (in the range
of the point of intersection on the dual Nyquist diagrams),
increasing the value of wl affects the stability of the
system in much the same manner as decreasing the loop gain
by the second power.
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Design Considerations in the Synthesis of the Final Control
System

Selection of Servo Actuator and Sensing Element
Characteristics - From the preceding discussion, several
important conclusions may be drawn regarding the selection
"of servo actuator and sensing elements for the vehicle
studied.

A hydraulic servo with the lowest characteristic
frequency of those considered, 20 radians per second,
appeared to result in the highest stability.

The rate gyro characteristic frequency could be se-
lected arbitrarily within the range of frequencies which
were examined (40 radians per second or greater). However,
based on cost, the lowest characteristic frequency would
appear to be the best choice.

An angular accelerometer with as high a natural
frequency as is possible to achieve appears to be the most
desirable. Although commercial angular accelerometers are
available with natural frequencies as high as 600 radians
per second, consideration was given herein to natural
frequencies only as high vs 250 radians per second. I't
will be shown in the discussion following that this value
is quite adequate.

The larger the damping ratio of the accelerometer,thegreater the stability gain margin. However, as will be

seen, the dynamic effect of a large damping ratio must be
[.. given some consideration; this effect somewhat limits the

selection of accelerometer damping ratio. The dynamic
effect of damping ratio will be considered in the follow-
ing discussion.

Considerations of Accelerometer Damping Ratio - In the
final selection of the accelerometer damping ratio, con-
sideration should be given to the effects of this parameter
on system dynamic characteristics other than those of the
short period. The closed loop transfer function, Equation 23,
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may be written:

so( 2  2ýA +
KoK2,

+ _&wA2 wA w02 • -<

rO2 3 2ý18 2ýAs 2 2As

K0 K ~ ~ +s~s 12-+l

KI L"12Y(4G ) w F 2 W A >\R , wA 31
"(56)

It can be shown that the denominator of Equation 56 has six
roots which, for the parameters selected, consist of the
short period complex conjugate pair, two negative real roots,
and a pair of complex conjugates whose frequency is in the
order of 200 radians per second and whose damping ratio
varies from 0.1 to 0.4, depending upon the loop gain of
the system. In all cases one of the negative real roots is
almost exactly cancelled by the root S - w of the numer-
ator of Equation 56. The other real root rs of considerably
larger magnitude and may therefore be considered negligible.
If an accelerometer damping ratio of 0.25 is selected, the
high frequency pair of complex conjugate roots of the de-
nominator is approximately cancelled by the remaining roots
of the numerator. Obviously, this cancellation effect
diminishes as CA is increased.

For the above reas ns, it follows that, with a highly
damped accelerometer (17A - 2.0), there will appear a high
frequency, lightly damped oscillation in the system when

*, the loop gain is set for a 3db gain margin. A lightly
Sdamped accelerometer (CA - 0.25) will essentially cancel.

"out this high frequency oscillation; but, as was shown
previously by dual Nyquist diagrams, the system gain margin
(for a given loop gain) is decreased as 9A Is decreased. _.
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The above discussion serves to show that selection of
accelerometer characteristics based entirely on obtaining
the highest gain margin, for j given loop gain, does not
necessarily produce the most desirable closed loop dynamic
characteristics. The magnitude of the high frequency
oscillation mentioned above increases with 9A" However,
"since wA is much greater than wl, the magnitude of this
oscillation is necessarily small in comparison to that of
the short period oscillation. Before selecting an
accelerometer damping ratio5 the designer must determine the
amount of this high frequency oscillation, superimposed
upon the short period motion, which can be tolerated.

Selection of Design Short Period Undamped Natural
Frequency - There exist many factois such as resonances
resulting from structural flexibility, maneuverability
requirements, and handling qualities (if the vehicle is
manned) which influence the choice of design short period
undamped natural frequency. The above factors should be
given primary consideration in any new application. In
addition to these factors there is considerable murit in
choosing the design frequency near the middle of -.he free
airframe frequency range. When this is possible, it is
evident that approximately the same degree of compensation
is feasible at all flight couditions. On the other hand,
the design frequency should be selected to be as large as
possible within the limitations of the above consi.derations
because stability margin increases with design frequency.
The higher w1 is set, the more loop gain can be tolerated
and the closer the design frequency can actually be ap-
proached. A reasonable compromise among all of these factors

* :can probably be attained for most applications.

Pilots have expressed the opinion that a design short
period natural frequency of 3 radians per second seems

* desirable (Reference 3). In addition, the natural frequen-
cies of the free airframe discussed herein appear evenly
distributed about this value. For these reasons a fre-

- quency of wl - 3 radians per second was selected.

Selection of Design Short Period Damping Ratio - It has
been established that the design short period damping ratio
is not influenced by stability considerations. A damping
ratio of .707 is considered ideal in almost every appli-

"* cation. The free airframe considered in this example is
very deficient in damping with respect to the ideal. There-
fore, at all flight conditions, the airframe with a self-
adaptive control system will approach the ideal damping
ratio from lower values of damping ratio. Since the differ-
ence between actual damping ratio and the design damping
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ratio depends on the loop gain, the selection of • depends
upon the amount of gain that the system can tolerate. For
this reason, it may be desirable to select a design damping
ratio, t1, that is larger than 0.707 so that the clooed loop
damping ratios will be distributed about 0.707. It will be ON.
assumed herein, that a closed loop damping ratio less tha,.
0.707 and greater than some other value (.45 is a realistic
minimum according to Reference 3) gives the system accept-
able performance characteristics. For this reason, a design
damping ratio of exactly 0.707 was selected.

Estimate of Short Period Characteristics of Final
System Y-AITercomponen hardware dynamics And design short
period characteristics have been selected on the basis of
stability considerations and other related factors, the next
step is to examine the deviations occurring in the closed-
loop, short period root loci resulting from the inclusion of
component dynamics. For the component dynamics which are
being considered in the final system selection, reference to
Figurea 9, 10, and 11 indicates that the deviation of the
root loci from the ideal is small enough for computing a
first approximation of the closed loop damping ratio, natural
frequency, and steady state gain by using Equations 11, 12,
and 13.

The results of using the above component frequencies
and of letting wl - 3 radians per second and ;l - .707 are
shown in Table II. There are three sets of results listed
representing three different choices of accelerometer damping
ratio ( A"0. 2 5 , 0.6 and 0.707). Shown are the closed-loop
characteristics calculated from Equations 11, 12, and 13 for 5.
the three flight conditions previously defined.

f."

Figure 24 is a graph of the results presented in
Table II. The points represent the characteristics that are
obtained for loop gains which produce a gain margin of 3 db
at flight condition (3). It follows, then, that flight con-
ditions (1) and (2) will have gain margins greater than 3 db.
It is evident from this figure that all three values of
accelerometer damping ratio give excellent results.

Considerations of Effects of Component Dynamics on Short
Period Characteristics of final System - The final system
characteristics obtained in the preceding section are not
difficult to calculate from Equation 9. This equation rep-
resents the transfer function of the closed-loop ideal system.
By referring to Equation 23 or 56, it is seen that the exact
characteristics are considerably more difficult to calculate
since a sixth order polynomial must be factored. An estimate
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of the exact characteristics may, however, be obtained from .
a consideration of the effects of the component hardware
dynamics upon the location of the short period roots. From
previous discussion and the graphical results shown in
Figures 9, 10, and 11, the following conclusions may be
summarized in regard to a vehicle of the type studied.

1. As the hydraulic servo frequency decreases, the
closed-loop roots shift from the ideal roots in a
counterclockwise direction about the design point.

2. As the rate gyro frequency decreases, the real part
of the roots shift farther into the left half plane.

3. The angular accelerometer natural frequency has
little effect upon the roots if it is at least as
great as 250 radians per second.

4. As the damping ratio of the accelerometer increases,
the natural frequency associated with the roots
decreases, but the damping ratio appears to remain
essentially unchanged.

5. The above deviations of the roots from the ideal
root locus are most pronounced in the midrange of
values of loop gain.

By applying the above results to the root loci illus-
trated in Figure 24, the following deductions may be made
regarding the exact closed-loop short period characteristic
roots. For CA - 0.25, the roots will have a very slightly
greater frequency and a more noticeably higher damping ratio
than the ideal root because of effects (1) and (2) above.
For CA - 0.6, the roots will again be higher in frequency
and damping ratio than the ideal roots for the same reason,
but the i jcrease in frequency over the ideal will be less
than for 6A- 0.25 since effect (4) becomes more apparent,
and the total shift will be less pronounced because of
effect (5). For 9A - 2.0, the total change from ideal to
actual amounts essentially to an increase in damping ratio
because the increase in frequency resulting from effects (1)
and (2) is essentially cancelled by effect (4); again the
deviation is considerably smaller than for the other two
values of CA resulting from effect (5).

In each of the preceding cases, the shift of the root'-
from their location with an ideal system is greatest for
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flight condition (3) because in this condition the loop gain
is the smallest of the three. By similar reasoning the
smallest root shift occurs for c9ndition (1). 4

Exact Short Period Characteristics of Final System -
Factoring the denominator of Equation 56 was programmed for
digital computer solution for each flight condition and three
values of accelerometer damping. The final closed-loop short 2
period roots are listed in Table 11; and illustrated graphi-
cally in Figure 25. A comparison of Figures 24 and 25 reveals
that the inclusion of sensor and servo-antuator dynamics in
the calculation of shorw pe':.iod chara-.toristics has actually
produced desirable -esults i, spite of 'he gain limitations
imposed thereby. 'V. 9s -mprovement as been effected because
all of the flight cvnditioue ;ho-wn reproeant cases where the
free airframe is origin"J.3,, d'eficient it -tamping. Since the
effect of the compon•.•ts o, zhMift the .nots generally L..

Stowards greater d&mpi•-', &- _Nprovzaent sh-.ul" be expected
for the conditions se: rtu.,

For the system i!.t,-strated i. PtO' '-port Ihe following
component and design •-rame.-.-e &.pp•. %r p u be o, _mum:

Wl•1- 3 rad." ins per secont4 V.

-0.707

-HS 20 radians per second

"wRG- 40 radians pe,. second

-A 250 radiP~zs per second

'A - 0.6
| ~ ~K2 .-.

L .- 4.,55 -.-

K1
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CONCLUDING REMARKS S ,

A method of self-adaptive control has been shown to be
feasible and applicable in a flight control system for the
automatic stability augmentation of the short period re-
sponse of a typical, powered, air-to-surface missile. The
system comprises linear feedback of pitch attitude, pitch
rate, and pitch angular acceleration with fixed gains. A
second order representation of the airframe short period
characteristic was assumed. Typical, present-day, stock
control instrumentation (rate gyro, angular accelerometer,
and hydraulic servo-actuator) was selected, and the dynamic
characteristics of these components were included in the
calculations. By using the above representation of the air-
frame, control instrumentation, and particular feedback ar- '
rangement, the following conclusions may be obtained:

1. Extreme feedback loop gains are not esses--
tial to reach near ideal short period
characteristics at all flight conditions.

2. An adequate margin of stability can be
maintained despite dynamic interaction
of the control instrumentation with the
control system.

3. The selection of sensing and actuating
instrumentation is not critical, and it
is only necessary to keep the following
points in mind. The servo actuator must
have a low characteristic frequency,
preferably near 20 radians per second.
The rate gyro dynamics (whether represented
by first order characteristics or by
second order characteristics) are not
critical. The angular accelerometer
should have a damping ratio near 0.6
and must have as high a natural frequency
as possible although 250 radians per I'
second appears to be adequate.
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APPENDIX A

THE THEORY OF R DUAL NYQUIST CONCEPT

iThe dual Nyquist diagramin a graphical procedure for
determining the atgbelsty of feedback systema. This pro-
cedure has advantages over the ordinary Nyquist diagram
in certain cases. The dual Nyquist diagram may be used in
all instances where the denominator of the transfer function
of the system can be written as the sum of two frequency
dependent functions.

A detailed discussion of this ;?rocedure is outlined in
Reference 2. A short introduction to the method is given
below.

To illustrate a point pertinent to the dual Nyquist
concept, consider the simple feedback control system shown
in Figure A-1.

90 00S• ,--• Go(S),

H(s)

Fig. A-I ILLUSTRATION OF SIMPLE FEEDBACK CONTROL

The closed-loop transfer function relating the output
and input variables of this system is given by
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_- (A-1)
eC(s) 1 + GO(s)R(s)

The factor O(s)H(s) usually consists of a ratio, a sun or a
product of frequency dependent functions, or some combina-
tion of these forum. By using several of these forms, the
following examples can be utilized to illustrate the manner
in which the denominator 1 + G(s)H(s) may be written as a
sum of two frequency dependent functions.

P(s) G G(s)
For Go(s)H(s) - (- - (-2)

Q(s) () P(s) + Q(s)IC

e0(S) G(s)
For Go(S)H(s) - P(s)+Q(s); s (A-3)

eC(s) [i + P(s)l +Q(s)

G(s)00(s) P(s)
For Go(s)H(s) - P(s)Q(s); .....- (A-4)

ec (a) 1 + Q(s)

In any of the above cases, the denominator of the closed-
loop transfer function assumes the form A(s) + B(s).

The ordinary Nyquist criterion in which the above form
- is used may be stated as follows: "The number of clockwise

rotations of the vector A(Jw) + E(jw), on the complex plane,
as the complex variable s traces a contour enclosing the
positive real half of the complex plane but excluding singu-
larities on the imaginary axis, plus the number of poles of
G(s)H(s) with positive real parts must be zero for stability."
For most systems, the condition of physical realizability
(The £unction A(s) + B(s) must approach zero as a approaches
infinity.) reduces the necessary plot of the s contour to
that portion along the imaginary axis. In such systems the
portion of the contour which is the infinite semicircle in
the right half of the s plane maps into the origin of the
A(s) + 13(s) plane. In this discussion such a system has
besa assumed.

WADC TR 59-49 332

-7
.. 5

,' ... a ..... " ..... ... .... * -. .."".". , - ...... ." -" .," .* ... . - "n".,. ... . .... . .



It must be understood, however, that certain algebraic
manipulations of the transfer function, such as separating
the denominator of the transfer function into the functions
A(s) and B(s), may result in functions which no longer rep-
resent physical elements or loops of the system. In such
cases, the functions A(s) or B(s) do not approach zero as
s approaches infinity. Such a phenomenon is considered in
the stability analysis of +he airframe under examination in
this report. The discussion which follows in this Appendix
should therefore be extended to include the entire contour
of s along the infinite semicircle in the right half plane
in order to apply the dual Nyquist technique to any system
of the type discussed in this report. Since the poles of
G(s)H(s) are usually known in advance by inspection of the
transfer functions of the forward path G(s) and the feedback
path H(s), only the rotation of the vector A(jw) + B(jw)
need be determined. In the dual Nyquist diagram the locus
of the vectors representing A(jw) and B(jw) are plotted
separately. The information regarding the rotation of the
sun of these two vectors is obtained by inspecting the
points of intersection of the two loci.

To illustrate the general method,, consider a closed-
loop system whose transfer function is of the form

e0 Fo(s)

A(s) + B(s)

The following procedure is used. The function F (jw) is
plotted for values of c from 0 to co. The function -B(jw)
is also plotted (Fig. A-2a). It is seen that if a vector
is drawn from the -B(jw) locus to the A(jw) locus, with
each end of the vector at the same value of w, this vector
will have the magnitude and direction of A(Jw) + B(jw). In
this manner it is possible to visualize the locus of the
function ACw) + B(Jw) without carrying out the summation
and plotting of the functions. It is also possible to
determine the number of clockwise rotations of this vector
by visualizing its successive angular positions as w is
varied from 0 to oD.

Information regarding the stability of the system can
be obtained more rapidly (without drawing the vector) by
inspecting the points of intersection of the two loci.
Figures A-2b and A-2c were drawn to illustrate the two basic
ways in which two loci may intersect. In Figure A-2b the
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locus of A enters the region enclosed by the locus of -B
at a frequency which is greater than that of -B at the
point of intersection. As a result it is seen that the
vector A(J w) + B(j w) makes zero net clockwise revolutions
on the complex plane as w' varies from 0 to oo. In Fig-
ure A-2c, on the other hand, the locus of A enters the re-
gion enclosed by the locus of -B at a frequency which is
less than that of -B at the point of intersoction. As a
result, the vector makes one full rotation clockwise as w
ranges from 0 to co.

When the dual Nyquist diagram is plotted, it Joes not
matter which of the functions, A or B, is plotted negatively.
A general rule may be stated ae follows: Whenever one
locus enters a region enclosed by the second locus at a
lower frequency (or leaves at a higher frequency) than that
existing on the second locus at the point of intersection,
the vector A(jw) + B(Hj) makes one full clockwise rotation
on the complex plane. ' The ordinary Nyquist criterion is
then applied, as mentioned previously, by using the number
of clockwise rotations obtained from the dual locus diagram.

Further remarks on the interpretation of the dual
Nyquist diagram in various applications may be found in Refer.-
"ence 2. In applications to multiple loop systems, the dual
Nyquist technique is especially useful since it allows
the effects of a minor loop parameter to be obtained ay'
plotting the Nyquist diagram of the characteristic equation
of the minor loop as one of the two loci. Thus the sta-
bility of the inner loop may be obtained at the samo
time as the over-all stability is being determined. This
procedure permits a more rapid determination of the effects
of the inner loop parameters on the system stability.

o .I"°°
2H
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The University of California at Los Angeles (UCLA)

PROGRAM IN BASIC RESEARCH IN ADAPTIVE CONTROL THEORY

G. Estrin, 0. C. Hsieh, C. T. Leondes. . Margolis
N. Richardson, M. Schwartz, E. B. Stear

UCLA has been the recipient of an Air Force Office of Scientific Research

(AFOSR) contract for basic studies in Adaptive Control Theory. Work com-

menced on this contract on September 22, 1958.

At present there are five main subjects under investigation:

(1) Synthesis of multipole control systems with random signals
as inputs.

(2) Time domain synthesis of wultipole sampled-data systems.

(3) Synthesis of linear systems with arbitrary deterministic inputs.

(4) An exploratory study of nonlinear methods in mechanics and
mathematics for possible application to control systems.

(5) The learning model approach to the design of Adaptive Control
Systems.

The areas of investigation as listed above will be discussed in more detail

a little later in this paper. But first the approach to the design of Adaptive

Control System as taken by UCLA will be discussed.

Philosoplyof Adaptive Control

Most of the papers presented at the Symposium were specifically concerned

with flight control systems. As such, the work done as outlined in these papers

was directed towards the fabrication of systems that would satisfactorily con-

trol aircraft. There was neither the desire or the time to generalize the tech-

niques presented.

All of the College of Engineering, University of California at Los Angeles.
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The UCLA program not being constrained to the design of any particular

system can afford to take a more general long range view.

Given a complete and accurate description of the vehicle or process dy-

namics, synthesis techniques exist which permit the design of controls for

these vehicles or processes. These design techniques range from intuitive

methods to very sophisticated synthesis procedures based on minimizing

certain performance indices. But they do depend on a very good description of

the dynamics of the system to be controlled. If the system dynamics are not

accurately known or if they change during the life of the system poorer per- r

formance can be expected.

It is the purpose of the class of Adaptive Control Systems being considered -

here to somehow compensate for any change or lack of knowledge in the plant

(vehicle or process) dynamics in such a way as to optimize system performance r

at all times. The many different methods proposed at this Symposium are

certainly ingenious. But they are tailored to fit a specific situation.

The UCLA approach is more general in that we propose 1) to measure the

plant dynamics. 2) use these measured values in the proper control equations

to control the plant and 3) update the measurements if the plant dynamics are

changing with time.

One of the more difficult tasks in the above procedure is the measurement

of the plant dynamics. The measurements are made with the use of a learning

model. The same signals which are fed to the plant are also the inputs to the

learning model. The output of the ].earning model is compared with the output

of the plant and the difference which we can term the error serves as the forcing

function to an adjusting mechanism. It is the duty of the adjusting mechanism

to adjust the parameters of the learning model so as to minimize some function
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of the error.

If the plant dynamics are changing with time the learning model becomes

a parameter tracking model. Certain important questions must be asked of

the performance of the learning model measuring technique:

(1) What are the ways in which a learning model can have its
parameters adjusted?

(2) Is it stable? Will the learning model have its parameters
adjusted so that they are a satisfactory representation of the
plant dynamics?

(3) What is the dynamic performance of the learning model? How
fast does the learning model respond to change in the plant
dynamics? Is the learning model response (i. e., changes in
its parameters) suitably damped?

Questions 2 and 3 are difficult to answer because the systems proposed are not

only time varying but highly nonlinear. Some progress has been made in the

short time devoted to this effort. The really heartening fact in the entire in-

vestigation is the new areas in feedback control being opened up by the

questions we are asking. In fact, it seems that each question raises two more.

There are additional problems that have not yet been mentioned. One of

the most serious of these problems is concerned with the operation of the

learning model in a noisy environment. Finally, studies, will be made on

how to treat the overall design of an Adaptive Control System.

Progress of Work to Date:

(1) The synthesis of multipole control sytstems with random inputs lor a

completely free configuration has been solved. The input signals and noise

may be cross-correlated or uncorrelated. This work will be presented at a

forthcoming IRE national convention in New York City, March, 1959. A

technical note is also being prepared for the AFOSR.

o- .5
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The free configuration means that a filter problem has actually been

solved. At present, attention is being given to the semi-free configuration,

the more nearly realistic control problem. Further investigations will

include polynomial inputs in addition to random inputs and the use of finite

data instead of assuming an infinite time history of the incoming signals.

(2) Time domain synthesis of multipole sampled data systems. The

investigation in this area makes use of the modified Z-transform for the

time domain specifications at other than sampling instants.

The multipole control problem is receiving considerable attention

because we feel this area has long been neglected from an academic point

of view. But more important is the fact that many of our control problems

are of the multiple input-outp..ut variety and are not being tackled as though

they were. In particular aircraft autopilots and jet engine controls are

truly multipole systems. All of the problems pertaining to realizability

conditions, nonlinearities and the like that have been investigated for single

input-output systems deserve attention for multipole system.

(3) Synthesis of linear systems with arbitrary deterministic inputs.

Here the input signals are not considered to be simply expressed as a poly-

nomial. Upper bounds on allowable error are one of the specifications. The

effort at present is on graphical techniques in the time domain.

(4) An exploratory study of nonlinear methods in mechanics and mnathe-

matics for possible application to control systems. The emphasis is equally

distributed between searching for methods applicable to synthesis as well as

analysis. Specific problems have turned up in our study of adaptive systems.

In particular, we are much concerned with a class of nonlinear, time varying
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differential equation of the following type:

x + a, (x,0t)x + ao (i, xt) = f(t)

(5) The learning model approach to the design of adaptive systems has

been described. The use of the learning model causes the simplest of these

adaptive systems to fall into the general class of multipole nonlinear feed-

back systems.

°•

,-I.
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CORNELL AERONAUTICAL LABORATORY, INC.
PRESENTATION

P. A. Reynolds

I. INTRODUCTION

Adaptive control systems were first studied at Cornell Aeronautical

Laboratory by Graham Campbell. The usefulneis of such devices was rapidly
becoming apparent in the fields of automatic flight control and also stability
augmentation. In June of 1955, the Flight Research Department of C.A.L.
submitted a proposal to the Flight Control Laboratory of WADC to investigate
servo control loops which could adapt themselves to produce a desired effect,
regardless of changing characteristics of the controlled element. This
proposal grew out of Campbell' s work, which was continued and eventually
published as a Master of Science thesis at the University of Buffalo and also
as a C.A.L. report. In this report, Campbell investigated the fundamental
technique of continuous adaptive control by comparing outputs of the actual
system and a dynamic model of desired dynamics.

In March of 1957, a study was initiated under the sponsorship of the
Flight Control Laboratory to determine the feasibility of using this servo
technique to minimize the variations in the dynamic and static characteris-
tics of high performance aircraft. It is this study which will be of primary
concern in this paper.

II. BASIC SERVO LOOP

The basic servo loop, described briefly above, is shown in Figure 1.
The input is fed simultaneously to both the controlled element and the model,
and

+ CONTROLLED

INPUT ELEMENT OUTPUT
Ka Ga

-ti

rqf

MODEL
K G

m m

Figure 1

the error fed back directly. (There are other ways in which the error could
be used, for example to simply adjust the feedback gain of a single loop system).
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The transfer function of this loop is

Outpu = KaGa + KfKaKmGaGmGf KG'
Input = KaGa1+KfKaGaGf

If Kf is made moderately large, the influence of KaGa on the closed loop be-

havior is reduced. In the limit, the overall transfer function approaches1((1
KbGm exactly. One can see, then, that although KaGa may vary, KaGa can
be restricted to an area around KmGm.

The particular advantages of this loop in aircraft control application
are the following:

(1) No unproven sensing, computing, or actuating techniques are
required. This system is very close to the normal stability
augmentation loop found in many aircraft and missiles today.

(2) With the model responding only to the selected input, the device
becomes a disturbance alleviator as well as an adaptive servo.

I11. CHOICE OF LOOP COMPONENTS

It was desired to apply this technique to the problem of control of
high performance aircraft by human pilots. Consideration of the character-
istics of the human controller and the necessity for simplicity and reliability
of implementation were the prime factors which determined choice of the loop
components. Both longitudinal and lateral modes of motion were studied,
altiough this discussion will be restricted to the longitudinal short period
mode because of its primary importance in control of the aircraft.

Within the framework of the basic loop, choices had to be made of
model static and dynamics, the flight variable to compare with the model
output, and the feedback gain and transfer function.

(1) Model Characteiistics - The model was chosen giving a steady
state output for a steady stick force or position input and
having a second order characteristic equation. This made the
model quite similar, in first approximation, to the normal
aircraft in the short period frequency range. The model steady
state gain was fixed at the median value of the aircraft gain so
that the steady state error between the two would be minimized.
The model natural frequency was set at .5 cps and the damping
at .7 of critical. This dynamic behavior has been found to lie
close to the optimum for human controllers as determined from
pilot opinion data gathered in variable stability airplanes.
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Choosing the model in this way would result in the most
desirable closed loop behavior, providing the feedback gain
can be made high enough to force the aircraft to closely follow
the model. However, if the aircraft does not closely follow the
model, these model dynamics might not produce optimum closed
loop response, and minor changes should be made to optimize
the system.

(2) Aircraft Output Variable - Considering aircraft variables which
might be compared with the model output, we have normal
acceleration ( nz ), angle of attack ( •( ), or pitch rate ( &- ),

all of which reach a steady value in the short period mode follow-
ing stick force or motion input. To decide among these, the
transfer functions ",/5•, ! and &-/&" were examined for the
F-101, the F-102 and the F-104 over their entire flight ranges.
Pitch rate was chosen for the following reasons. First, it is the
most advantageous to measure, requiring notilng external to the
aircraft as does measurement of angle of attack and being les:;
:;usceptible to high frequency noise than an acceleration measure-
ment. Second, its response to elevator motion had the least
amount of phase lag at high frequencies. Third, it had less
variation (although slightly more than angle of attack). An
objection might legitimately be raised here that the pilot flies
by stick force and it would be desirable to keel) the stick force
per "9 " constant over the flight envelope. Given a flight control
system which produces stick force and elevator deflection pro-
portional to stick position and a servo loop which forces pitch
rate per elevator deflection to be constant, the stick force per
pitch rate would be constant ar-1 stick force per "gj" inversely
proportional to velocity. One can see, however, that with the
slight complication of making the stick force per elevator
deflection directly proportional to airspeed, the stick force per
"9" is also made constant.

(3) Feedback Gain and Transfer Function - The feedback gain is, of
course, limited in any realistic servo ',)op. The limitation in the
adaptive serv'i loop should be of the same order as that in the
conventional stability augmentation loop. This has been shown
by manipulation of the block diagram as in Figure 2.

Model -eedback
KmGmr 1 KfGf

+ Controlled
Input 4,Lement Output4 r'-aGa

LL

* WADGf "- 53
Figure 2
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Therefore, it was decided that adaptive servo performance should
be determined using loop gains (KaKf) no higher than the maximum
which has been attained in flight or a reasonable extrapolation of
present stability augmentation practice. Based on experience at
C.A.L. with variable stability aircraft, a maximum loop gain of
five was chosen.
The feedback transfer function used was (1 +?-s). The lead was
necessary to prevent the normal instability at some value of
feedback gain when a loop is closed around a third order system
(second order short period mode and first order power control
lag). The value of r was .2.

V. PERFORMANCE IN ANALOG F-101, F-102 AND F- 104 AIRCRAFT

In Campbell' s earlier work, simple second order systems were used
for both controlled element and model. Moderate variations in the character-
istics of the controlled element were made. Natural frequency varied from
.25 to .75 cps, damping ratio from .3 to 1.0, and static gain from .5 to 1.5.
With moderate feedback gain, these variations were almost completely nullified.
In the recent study, actual aircraft data were used covering the entire flight
ranges of the F-101, the F-102,and the F-104. The variations were much wider,
especially those of static gain. Natural frequency varied from .2 to 1.7 cps,
damping ratio from .06 to .53 and static gain by a factor of 60 to 1. Since the
feedback gain had to be se" so that the loop gain at maximum forward gain was
equal to 5, this meant that the loop gain could get as low as .08.

At this point, it was realized that a desirable complication to the
basic loop would be some method of making the feedback automatically varia-
ble. But investigation of the performance with constant feedback gain showed
that the system, even in this form, has promise. In seven extreme flight condi-
tions, the variations in natural frequency and damping ratio were considerably
reduced. The steady state pitch rate per elevator deflection varied considera-
bly, since the low loop gain in some conditions permitted a large steady state
error between the model and the aircraft. However, it is felt that this will not
cause major difficulty in achieving constant stick force per " 9 " in view of
recent advances in the design of feel systems which produce stick forces b,
directly sensing the aircraft motion.

VI CGNCLUSION

Although this study has not been extensive enough to make firm
conclusions, the results are definitely encouraging, especially in view, of the
possible operational simplicity of an adaptive flight control system of this typa.

WADC TR 59-49 346



THE SELF ADAPTIVE FLIGHT CONTROL SYSTEMS
SYMPOSIUM

bo''

SESSION VII

Dr. John Aseltine, Chairman
Space Technology Laboratories

I,
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Dr. Sohn Aseltine
Space Technology Laboratories

I was thinking in connection with the varioas definitions that have been
made of what an adaptive control is, of a book I read a few years ago called
Weismannship by Potter. One of the terms in there was the OK word. You
may recall that the OK word is a phrase or word that one uses in the practice
of " Weismannship" to gain an advantage. It is a word of which no one is quite
sure of the definition, but everyone feels that he should know it; therefore,
when corfronted with it, everyone feels a sense of embarrassment. I feel a
certain ambivalence about destroying the utility of the word adaptive, but from
the technical point of view I think that it might be well to work in the direction
of defining it well enough so it could be taken off the list of OK words.

b

Professor Truxal this morning gave us as a definition of an adaptive
system, one that was designed from the adaptive point of view. I think this is
a pretty good one. I would like to say what I think the adaptive point of view is.
I think you need three things in this design of an adaptive system. First, you
must have a measure of system performance while the system is operating;
second, you must have a means for converting this measure of performance
into numbers or some measure of how good the performance is; then, finally,
you must have a means of using this number to change the system itself.

I think that most of the systems that we call adaptive have these proper-
ties at least inherent in them. I would add this to Professor Truxal' s definition.
The system designed from this point of view would be an adaptive system. I
think maybe we will have a little more to say about that during the panel
discussion.

5

Ib
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THE AERONUTRONIC SELF-OPTIMIZING AUTOMATIC CONTROL SYSTEM

G. Win. Andersa, R. N. Buland,
and G. R. Cooper

Aeronutronic Systems. inc.
Glendale, California

SECTION 1

INTRODUCTION

L
Aeronutronic System's participation in the adaptive auto-

pilot program began with a contract award in February 19,7. This
contract called for a feasibility study and analysis of the stability
augmentation system to be outlined in this report. Successful demon-
stration of this approach led to a contract extension for further
study and for the fabrication and flight test of a portion of the
self-adaptive system. This equipment to be flight tested is designed
to continuously measure a system's dynamic performance under normal
operating conditions. An experimental model has been fabricated and
is presently undergoing shakedown tests. Flight tests in an F-100
aircraft will begin in May of this year.

1. 1 BASIC CONCEPTS

The concept of the self-adaptive control system is based
on the premise that either implicitly or explicitly such a system must
perform the operations shown in Figure 1-1:

1) Continuous measurement of bystem dynamic performance.

2) Continuous evaluation of performance on the basis of
some predetermined criterion.
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3) Continuous readjustment of system parameters for
optimum system performance in accordance with the
measurement and the evaluation performed.

Our self-adaptive s'astem consists of an explicit mechani-
zation of these functions.

The measurement of performance should be accomplish-d with
minimum disturbance to the system being optimized. Furthermore, the
measurement itself should be relatively immune to the effects of
corrupting noise signals. These considerations, in general, lead to
the rejection of such standard techniques as are used in the laboratory,
including the direct measurement of step or impulse response or the
determination of response to steady sinusoidal excitation.

Evaluation of the system's performance can be accomplished
by generating a figure of merit from the performance measurement. A
figure of merit is defined here as some mathematical function of the
measured response, the function being chosen to give emphasis to the
specifications of dominant interest.

The most desirable type of FM is one which has zero value when
tht basic system is "optimally" adjusted and assumes positive or
negative values depending on the direction of deviation as the adjust-
mert deviates from "optimum". Such a FM can serve as thz adapcive
loop's error signal in the true feedback sense and is to be preferred
over a FM which has a maximum or minimum at the "opdimum" condition.
The selection of the proper figure of merit depends mainly on the
definition of optimum system performance.

The third operation required of the adaptive loop will vary
somewhat with the system being "optimized". Some function (or functions)
of the FM must be used to adjust one or more parameters of the "optimized"
esystem.

1.2 PERFORMANCE HEASUREHENT

Several measurement schemes were considered, hut the method
finally selected depends on a correlation technique usually attributed
to Y. W. Lee. If a physical system having an Impulse response, g(t),
is excited by a noise signal having an autocorrelation function,
pii(r), then
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q o(T) - g(t) -t) dt (1. 1)":..

where •. (T) is the crosscorrelation function of the system input and
output. If the excitation noise has a bandwidth considerably larger
(three to ten times) than that of the system under test, then q()
is effectively an impulse and

'io(r) - g(r) (1.2)

Hence each channel of crosscorrelation provides one point on the
impulse response of the system in question.

This approach appears to be ideal for our purposes. The
correlation function should be imnune to both command signals and to
the corruptive signals since the outputs will be uncorrelated with
the random noise input. Furthermore, the use of noise excitation
allows the excitation energy to be spread over a band of frequencies,
and it is expected that the noise amplitude can be kept low enough so
that it will only cause a minimum disturbance to the system and pilot.

1.13 IERFORMANCE EVALUAT ION

The idea of a figure of merit is a fairly common one to the
control systems engineer. The most ccmmon example is probably the
mean square error criterion applied to systems with statistical inputs.
A figure of merit which we have considared in some detail employs the
damping ratio or relative stability as the criterion for systems per-
formance. As shown in Figure 1-2, it is based on the ratio of the
1areas of the positive and negative portions of the impulse response and
results in a positive or negative quantity as the system damping
becomes greater or less than some desired value. By varying the con-
stant K the figure of merit can be made null for different damping
ration. Since the figure of merit reduces to a null for the desired
damping ratio and i& essentially phase sensitive on either 3ide of the
null, this quantity Is a suitable error signal for the optimizing
syst-m.
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1.4 PARAMETKR ADJUSTMENT

Controller design may vary somewhat from system to system.

In an attempt to develop a universal controller, we investigated the

pitch mode of two century series aircraft. A control system which 2A

seemed suitable for both aircraft is shown in the block diagram of *

Figure 1-3. In addition to its being more amenable to a single con- '

trol parameter, the system was chosen because it behaved more nearly,.1

like a second order system. The pole-zero ccnfiguration is shown for

a typical flight condition. Damping of che dominant pole pair is

maintained constant by varying the gain parameter Ks and the compen-

sation time constan Tg.

1.5 SUHKARY

The major emphasis in our program has been placed on the

development of the system response measuring equipment. As noted,

approaches to the problems of performance evaluation and compensa-

tion control have been investigated and found to be feasib)e, however,

considerable work remains to be done in these areas. In !:he balance

of this report, we will present a rather detailed discussi,' of the

theory underlying the approach set forth here, followed by a dis-

cussion of the hardware developed eand the simuiation studies conducted

to support this program.

•--
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SECTION 2

THEORETICAL DISCUSS ION

2.1 CROSSCORRELATOR THEORY

When a linear system is excited with a random input, the
system output and the input will be correlated to an extent that.
depends in part upon the nature of the system. The relationship
between this crosscorrelation and the system impulse response forms
the theoretical basis for this method of measuring impulse response.

Consider a linear system having an impulse response gl(t),

as shown in Figure 2-1, and an input x (t) which is a stationary
random variable. The system output x, (t) is easily obtained from
the convolution integral as

x1 (t) * j x,(t - X)g,(X)d% (2.1)

The crosscorrelation function of x1 (t) and x is defined as an

ensemble average of their product. Thus

I-i 1(T) = E[xi(t) x 1M(t + T)] (2.2)

For stationary inputs, the sequence in which time and ensemble
averages are taken can be interchanged and this leads to the result

i( = f/o qi - X)gl(%)d% (2°3)
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where is the autocorrelation function of the input.

If the input random variable is sufficiently wide-band so
that it may be considered to be white noise, then

(P -r) - N b(T) (2.4)
x

and the crosscorrelator function becomes

K I(') = N g1(r) (2.5)
x

where N is the spectral density of x (t). Hence, it is clear that
determi~ation of the system impulse r~sponse can be achieved by
measuring the crosscorrelation between the system output and a
suitably wide-band random input.

The crosscorrelation function can be measured, in
principle, by the method shown in Figure 2-2 which involves the use
of ideal delay, ideal multiplication and ideal filtering. The output
of the multiplier, x (t), has an average value which is equal to the
desired crosscorrela~ion function at i = . That is,

m

X0 Ex i(t - 'm) x1 (t)] * U ) (2.6)xo i in(m

Hence

o f o ( - X)g 1  )d (2.7)

from which it is clear that the average output is simply the con-
volution of the impulse response and the autocorrelation function of
the input random variable.

A graphical representation of the convolution is shown in
Figure 2-3. The average value x is simply the area under the product

0
of the two curves shown. If the input autocorrelation function is
sufficiently narrow compared to the impulse response of the system
being measured, then the average value of the multiplier output will
be a good indication of the value of the impulse response at t i

m
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Obviously, if the impulse response is to be measured at several
different times, it will be necessary to use different values of
delay T -

The multiplier output also contains a random component
which must be filtered out in order to observe the desired average
value. The autocorrelation function of this random component is -
given by

o -(•o) E x (t) -x lx (t + T) -x],
00 0 00

E[x o(t) xo(t + -0 - (Xo)2 (2.8)

Since x (t) can be expressed in terms of the input by

So(t) x (t - ' ) xi(t - ?•)g 1 (X)dX (2.9)0oi m •-

the output autocorrelation function can be written as

'P *oo fo d0 X f0 E[xi(t - -m)xi(t + - 'r m)x (t " X1 )x (t + % - X2 )"

g1 (%1 )g 1 (X2 )dX2 - (x) 2  (2.10)

The fourth product moment required in (2.10) can be evaluated only
after the probability density functions for x (t) are specifiedi I ...

and this will be done in the following section.

Since the smoothing filter will have a bandwidth smsall
compared to that of the noise out of the multiplier, it is
sufficient to find the spectral density of this noise at very low
frequencies only. In particular, the spectral density at zero
frequency is simply-

N 0(0) =f: cpoo r) d- (2.11) .--

If the spectral density is assumed to be flat over the bandwidth of

'.7:F-7
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the smoothing filter then the mean square value of the output noise
becomes k..

02 2B2 N (0) (2.12)•, ~0 = 0 -'

.V.O.

where B2 is the equivalent noise bandwidth of the smoothing filter in
cycles per second. A convenient measure of the goodness of filtering
is the signal-to-noise ratio which may be defined as

X)2 2X)3) 2.
0 0

o 2 (2.13)0 o 2B2 N (0)

This may also be expressed in terms of smoothing time, or settling
time, as

Cx )2

z cT 0 (2.14)o SO (0)
0

in which the smoothing time

T (2.15)

has been taken arbitrarily as the time between substantially
independent samples of the output noise.

In addition to the response to xi(t), the output of the
system being measured will also contain responses to command inputs
and to external disturbances. So far as the measurement of impulse
response to concerned, these contributions represent more noise arid
may be considered as occurring at the output of the system as shown
in Figure 2-4.

The component of multiplier output due to external noise
only is simply

x = x (t - r) n1(t) (2.16)

I' -.5
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Since x and nj are statistically independent, the autocorrelation
function of x is just the product of the autocorrelation functions of
the two factons. Thus,

@nn( P = ~ir) cp n -0• (2.17) ..
p....__

where Pnn, is the autocorrelation function of nj.

The spectral density at zero frequency for this cimponent of
L noise is

Nn(0) 'P -o ii) n()dT (2.18) --

and the mean square value at the output of the smoothing filter is

2n 2 2B_ N (0) (2.19)fl n

2.2 SYs'TEM EXCITATION

The results presented thus far have been completely general]
in that the nature of the excitatioui input, x.(t), has not been
specified and can, in fact, be any stationary random process. From the
-Itandpoint of ease in mathematical analysis, the assumption that xi()W
is aoitnaliy distributed would be highly desirable. However,
considerable simplification of hardware, particularly in the delay and
multiplication, can be achieved by using an input which has only two
states (that is, binary noise). Although there are many different
types of binary noise which might be considered, only two will be
discussed here

The iirst type, which might be called random-interval

binary noise, is iV ..'trated in Figure 2-5(a). In this case, the
transitions frord one state to the other occur independently and the
number of such transitions in a long interval is Poisson distributed.
These conditions are very nearly fulfilled by a flip-flop circuit
operating on pulses from a Geiger counter exposed to a radipactive
Sample.

If ti- average number of transitions per second is 3, then
it can be shown that the autocorrelation function of the random-
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interval binary noise is

CP (' ,, x2 (2.2oi0):.-

where + X are the permitted values of xW(t). This autocorrelat(on
function is shown in Figure 2-5(b).

The secLond type, which will be called discrete-interval
binary noise, is illustrated in Figure 2-6(a). In this case the
times at which transitions can occur are explicitly specified and
the state for the succeeding interval is chosen independently of
the state in any preceding interval. This type of binary noise
might be generated by sampling a very wide band noise source every
t. seconds and setting xi - X £i the sample is positive or x, = -X
if the sample is negative.

If the minimum interval width is tj seconds, the auto-

correlation function of discrete-interval binary noise* is gi" en by

(,T) f X2 -1 .

a 0 II > tj (2.21)

Thio autocorrelation function is Ahown in Figure 2-6(b).

In the discuosion of the above two types of binary noise it
has been assumed that the input noise sample is of infinite duration.
Howevvr, there are both practical and theoretical advantages in
using an input noise sample of finite length and repeating it
periodically. In the first place, the noise sample can be stored in
some device which produces the delay and thus eliminates the need
for a noise generator. Secondly, the filtering problem becomes
eastier because the average vaLue can be extracted perfect y (in the
absence o! external noise) by integrating the multiplier ;utput for
exactly one period.

In considering the effect oi the periadicity on the
measurement of impulsa response, it should he recalled that a periodic
function has an autocorrelation function which is also ptxiodic with
the ssnt.e period. Thus, it an ideal sample of discrete-interval binary

WA. 54V...
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noise, of length Nt), is repeated periodically, the resulting auto-
correlation function will be as shown in Figure 2-7(a). When this

autocorrelation function is convolved with g l (t) in order to obtain
the average multiplier output as was discussed previously, it is
clear that the periodicity will have practically no effect if Nt, is
greater than the length of the significant part of the impulse

16- response.

One problem which does arise, however, is that of Y-
selecting an ideal noise sample. If a sample is selected at random,
its autocorrelation function may differ greatly from that of the
ideal sample unless Nt1 is made quite large. This variation is a
result of the statistics of a given finite length sample differing
appreciably from the statistics of the ensemble. It is possible, of
course, to try a large number of finite length samples until one is
found which is satisfactory, but a more desirable approach would be
to synthesize a noise sample having specified characteristics. Such
a synthesis procedure is not available In general, but it is found
for snnie snecial cases of discrete-interval binary noise.

In particular, if N, the number of discrete intervals in
one period, is a prime number, it is possible to synthehize a noise
sample whose autocorrelation function is of the form shown in
Figure ý-7(b). Hence, if N is large (say, greater than 100) this
autocorrelation function is nearly as good as that of the ideal
sample. Since prime numbers are fairly evenly distributed, there
is usually little difficulty in finding one close enough to the
desired sample length to be useable. The synthesis procedure
consists of applying some of the concepts of number theory to obtain
Sa precise specification of the state of the random variable in every
interval throughout the period. The calculation required can be
easily programmed for a digital computer so there is no difficulty
in obtaining noise samples for even very large values of N.

2.3 TlE FILTERING PROBLEM

As has been discussed previously, the purpose of the
smoo-thing filter is to reduce the random component of the multiplier
outpoit to a value that is sufficiently small so that the average
component can be accurately observed. The computation required tc
deLerm'ne if this objective can be achieved started with the
evaluatAon of the autocorrelation function of the multiplier out-
put ag gi.ven in (2.10) and this in turn requires the evaluation of
the fourth, product moment of the input excitation,
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For the case of random-interval binary noise it is possible
to show that the fourth product moment is given in general by

E[x (tl)x (t 2 )x (t3)x (t 4 )] P q(t 2 - t 1 )qPi(t 4 - t 3 ) (2.22)
I".

when the time instants are ordered; that is, when

t4 > t3 > t2 > tl ..-

Thus, the evaluation of (2.10) requires breaking the plane of
integration into a number of separate regions in which the variables
are ordered and then using the appropriate fourth product moment for
each. In addition, if the excitation noise is assumed to be very ,
wide-band compared to the system bandwidth so that the approximation

•t(• =X2 C b- (T) (2.23)•_'"

is valid, then the output autocorrelation function becomes
'r.--.i

'Po(gL, + -~lT r + 60f gj(%.)g 1 (%+T)d).P2 mm 0.

+ 5(rj) fj g.(.)g.(% + .)&%.] (2.24)
T

From (2.11) the spectral density at zero frequency is
simply -'"--

NO %0) . qoo(-r)d-r ' g + •)g1 (-r ..)dr+jf g,2%
-g 0 - m m 0 C

(2.25)

which is seen to be a function of the delay time ' . By application of

the Schwarz inequality it is easy to show that the first integral of
(2.25) can never exceed the second for any value of T so that the
spectral density is bounded by

(0 - [fo g, 2 ()dX] (2.26)
0 2, •0
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The situation is considerably different for the case of
periodically repeated samples of discrete-interval binary noise. If
the system being measured does not change with time, then the
component of multiplier output due to excitation will also be a
periodic function of time and its spectral density will contain only
discrete components at the fundamental frequency and all higher
order harmonics. Hence, the average value can be extracted per-
fectly by any filter which has zero transmission at these discrete
frequencies and the smoothing time need not be greater than one
period. If the system does change with time, however, the
multiplier output will not be exactly periodic and some residual
noise will appear at the output of the smoothing filter. Under
most circumstances this noise will be small compared to that which
would be obtained with non-periodic excitation.

The use of periodic excitation does nothing to alleviate
"the difficulty of smoothing the output noise due to external dis-
turbances and this may often be the most important contribution.
If the w-.deband approximation to the input autocorrelation function
(2.23) is used, the low frequency spectral density of the multiplier
output is obtained from (2.18) as

X2 X 2.2
Nn(0) .- (0) =- (2.27)

j ".nn• .

where o12 is the mean square value of the external disturbance at
the output of the system being measured.

It is now possible to write a lower boutid for the signal-
to-noiae ratio at the output of a smoothing filter having an
equivalent smoothing time of T seconds under the assumption of non-
periodic, wide-band excitation and the presence of extern~al dis-
turbances. This is

X 4 g2
o 2i

7 (Xo)2 rP 2• (m) :.

Zo0 > N(O)+N() - (2.28)(0) 2:g,2.
o .•(X)dX + 01g,-..
0

p-..
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A more compact expression can be obtained by writing (2.28) in terms
of the ratio of mean square excitation to mean square external dis-
turbance at the output of the system being measured. This ratio,
which is • •

S0 ai 2  (2.29)
al ".. ,

gives a direct comparison of the relative importance of excitation and
external disturbance on the system response. In terms of this ratio
(2.28) becomes

g12 ( )
z >'T m (2.30)

_(2 + -) f "g2 (%) j
Z- 0

If the excitation is periodic, and if T is greater than one
period, then the 2 in the denominator of (2.30) can be omitted. This
assumes that a filter for the periodic component is used in addition
to a more conventional smoothing filter for the external noise.

As an indication of the orders of magnitude involved here,
assume that the system being measured is second-order with an impulse
response of

Cui 4 1 W~t91(t) s • in w., t1 •2 t (2.31)

_772
The value of gl(T ) will, of course, depend upon the value of Tr being

m m -'..•
considered but its maximum is very nearly

W1
Max[ g1 (-r ] (2.32)

m

when • 0.5. Likewise

gf•(2 (X)dX\ 1- (2.33)
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under the same conditions. The curves of Figure 2-8 indicate the
relation among the various parameters for this special case. For 0
periodic excitation the period is taken to be 5 seconds.

The discussion of filters so far has assumed that linear
filters will be used. Since the statistics of the noise are not b%

Gaussian it is reasonable to inquire if a nonlinear filter might not
produce better results. The situation has been examined as a
problem in statistical estimation in order to deter-nine the best
that might reasonably be expected without explicitly determining
the type of nonlinearity required. The results indicate that for
the excitation noise only the smoothing time could be reduced at
most by a factor of v in the non-periodic case and not at all in
the periodic case (since integration for exactly one period is
still required).

When external noise is considered the results depend upon
the statistics assumed for the external disturbances. If these are
taken to be Gauss2.an, as is usually done, then the multiplier out-
put will have a first-order probability density function which is
Gaussian and a joint probability density function which is nearly
Gaussian. Under these circumstances the minimum variance
estimator is nearly linear. Hence, it has been concluded thet
when periodic excitation is used, nonlinear filtering does not
offer sufficient improvement to justify its use.

It has also been assumed so far that the parameters of the
system being measured do not change with time and on this basis the
signal-to-noise ratio out of the correlator can be made arbicrarily
large simply by increasing the smoothing time. This assumption is
unrealistic, however; in fact, the major purpose of the cross-
correlation technique is to make it possible to measure changes in
system parameters. It is clear, therefore, that the maximum
smoothing times that can be tolerated will depend in some way upon
the maximum rate at which the system,, parameters will change.

If the system impulse response is considered to be time-
varying, it may be designated as gl(t, Q) which is defined as the
response at time t to an impulse applied at time %. When non-
periodic binary excitation is applied, the signal component out of
the multiplier is easily shown to be

Xo~)=• gi(t. t - )(2.34).-..
0 In
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which is also a function of time. The smoothing time of the filter
must therefore be small enough to reproduce R (t) with any specified

0
degree of accuracy. It is difficult to draw general conclusions
here but any specific time variation of tlL. impulse response can be
"investigated in detail.

It may also be noted from (2.34) that there is a lag of T
between the time a change in the system occurs and the time that -
it may be fully observed in R (t). As a rough illustration of this,
Figure 2-9 shows a hypothetical situation in which the impulse
response at r changes from one constant value to another constant
"value at tuO.m The average value of correlator output does not
completely reach its new value until t M

2.4 MEASUREMENT OF SYSTEM DAMPING

It has been demonstrated that the crosscorrelation pro-
cedure -akes it possible to measure the impulse response of a system
at a ni. er of discrete points, A possible application of this pro-
cedure ir. to determine how well the system is damped, but in order to
do this it is first necessary to relate some characteristic of the
impulse response to the system damping. A characteristic which
appears to be suitable for this purpose is the ratio of the positive
area of the impulse response to the negative area.

In the case of a second-order system such aG defined by
(2.31), it can be shown that the area ratio is

(2.35)

where A is the positive area of gl(t), A is the negative area, and
Sis +the damping ratio. It is clear, therefore, that R is a
monotonic function for j and is independent of the natural frequency
izw. Thus, a measured value of area ratio uniquely determines the
system damping ratio.

For higher-order systems there is no such simple mathematical
relation between area ratio and system damping but their physical
relationship is essentially the same. This fact moy be made more
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evident by recalling that the step response of a linear system is
simply the area under the impulse response. Hence, the overshoot on
the step response is directly related to the amount by which the
positive area exceeds the net area which can, in turn, be related to
the area ratio.

If the correlator is to be used as a component of an
adaptive system which is to control damping, then it is desirable to
create an error signal which is zero at the desired value of damping
and has opposite polarity on either side of this, Such an error
signal, which will be designated as the figure of merit, can be
formed by multiplying the negative area of the impulse response by
the desired area ratio and adding it to the positive area. Thus,

F -A + R A (2.36)
m + 0 -

where R is the area ratio corresponding LO the desired system
0

damping.

In the present case the entire impulse response is not 7_
available but only a finite set of discrete values. Hence, the
appropriate areas can be approximated by multiplying the known
ordinates of g1 (t) by the spacing between ordinates and adding. On
this basis, the figure of merit becomires

F E: A gl(T ) (2.37)m m m"ml .

where M is the number of correlators being used and

A a g! > 0
m m m..

:R a g 1(T) < 0

am m ....

2m" m+1 M-1

In actuality, however, the time valuesof gl(v ) are not
aeailable but only a set of random variables having average values
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proportional to gi(Tm). Hence, the computed figure of merit will
also be a random variable and subjezt to several kinds of errors.
In the first place, the output of any correlator is tc be multiplied
by Ro or not depending upon whether that output is negative or
positive. For those channels in which the average value is small,
the output will fluctuate across zero. Because all negative values
are multiplied by Ro (which may be about 6), the resulting average
will be biased negatively by an amount which depends upon the
magnitude of noise. Because of this bias the figure of merit will
go through zero at a different value of system damping than it
should.

Furthermore, the variations in figure of merit due to the
noise may be quite large because the noise out of all the correlators
is being added. In addition, for those channels in which gi(-Tr) is
negative, the noise is being multiplied by Ro.

Two steps can be taken to reduce the above errors in figure
of merit. First the weighting factor of Ro can be applied _o a given
channel on the basis of the sign of gl(Tm) rather than the sign of
the correlator output. This can be done by making an independent
measurement of natural frequency as discussed in the next section.
Secondly, those channels in which the average value is small can be
completely eliminated from the computation of figure of merit on
the grounds that they contribute little tc the result anyway. This
procedure eliminates the noise and bias errorsthat these channels
would otherwise produce. -

When the parameters of the system being measured change
with time an additional error in the figure of merit is produced by
the delay in the correlator. As was discussed in the preceding
section, there is a lag of tm in any channel, between the time a
parameter change occurs and the time its effect is fully apparent
in the correlator output. The resulting lag in the figure of merit
will depend upon how the delays for the various clhannels are
distributed. If the delays are spaced approxir-ateIy exponentially
(closer spacing at small delays), a step change in system damping
might result in a change in figure of merit as shown in Figure 2-10.
It is assumed in this sketch that the system damping changed at
. * 0 from some value less than the desired value to a greater value. -_

When the correlator and figure of merit computer are used
as part of a closed-loop system to control, damping, the resulting
errors in damping arise primarily from noise and bias errors in the
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figure of merit and from the lag introduced by the correlators. The
-. latter can be approximately compensated by a linear network but this

increases the error due to noise. The final compensation of the
closed-loop system therefore represents a three-way compromise among

*-'- peak error, velocity error and noise error when the system parameters ".-
are assumed to change at some maximum rate.

2.5 MEASUREMENT OF NATURAL FREQUENCY

It may be desirable to measure the natural frequency of a
system either for the purpose of controlling it or for the purpose of
imptoving the computation of figure of merit as has just been dis-
cussed. It is possible, of course, to determine the natural frequency
from a knowledge of the damping and the time that the impulse response
goes through its first zero. However, it is of interest to note that
"an independent measurement is also possible.

Consider a crosscorrelator of the form shown in Figure 2-11"
and note that this differa from the original correlator only in that
a differentiator has been added. It can be shown tbat the average
value vf the multiplier OULpUt IS

- LX d g-(0) (2.38)

when the excitation is non-periodic binary noise. For a second-order
system of the form described by (2.31), and for no delay (T 0),
this becomes

x -. j (2.39)

from which it is clear that the natural frequency can be obtained
"independently of the damping.

For higher order Pystems the initial slope of the impulse
response is zero and the measurement T a 0 gives no information.
However, by introducing a. small delay, it is again possible to obtain
the natural frequency. For example, in a third-order system with a
real pole at -Ca and a small delay of il, the average output becomes

. ,(2..40)
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This result is still independent of the damping •. but does depend
upon a which may or may not be known.

Essentially the same results can be obtained by introducing
the differentiation before the system being measured or before or
after the delay. In all cases, however, the signal-to-noise ratio
out of the correlator Is poorer than without differentiation.
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SECTION 3

CROSSCORRELATOR MECHANIZATION

Several approaches to the mechanization of the cross-
correlator have been investigated, including the use of analog, digital,
and combined analog-digital techniques. Figure 3-1 is a flow diagram
of the mathematical operations to be performed. These include noise
generation, time delay generation, multiplication, and integration with
respect to time.

3. 1 NOISE GENERATION

Complexity of the mechanization is determined to a great
extent by the waveform generated by the random noise generator. Since
there are no restrictions on the statistical properties of the noise
as far as the impulse response computation is concerned, there are
several techniq'tes for noise generation available to us. Of these,
binary noise appears to offer the most advantages as far as simplifying
the system mechanization. The resulting system employs a combination of
analog and digital techniques.

A typical sample of binary noise is shown in Figure 3-2. The
waveform has constant amplitude but random polarity and with a Poisson
distribution for the pulse lengths,2. Because the design of the time
delay generator is based on periodic sampling of the noise signal, it
is necessary to place a lower limit on the pulse length such that no
pulse occurs whose length is shorter that. a.
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Figure 3-3 L-' a block diagram of a suitable random noise
generator. Randomly occurring pulses are obtained from a Geiger counter
excited by a radioactive sample. These pulses are passed through a one-
shot multivibrator serving as the pul~se period discriminator. The one-
shot insures that successive pulses in its output do not occur closer
together than the minimum pulse period a. A flip-flop is triggered by
tne discriminated pulse train to generate the waveform shown in Figure 3-2.
Bandwidth adjustments are made by varying the count rate from the Geiger
counter and by varying the minimum pulse period.

An alternative to the use of a random noise generator is the
employment of a recorded noise sample which is repeated over and over
again. As noted earlier, such an "ideal" noise sample has some very
attractive properties which make it a more desirable noise source than
the random noise generator.

3. 2 TIME DELAY GENERATION

Turning our attention to the time delay generator, we note
that the time delay generator accepts the noise signal as an input anid
generates several outputs, one for each point on the system impulse
response. The question arises as to how many points to compute. Cer-
tainly a sufficient number of points must be included to obtain all of
the significant information available in the system response. In the
systems to be evaluated with this correlator, the natural frequencies
are ex1 'ect"~ to vary frcm 2 rad/soc to 12 rad/sec. As shown in
Figure 3-4, it appears that a satisfactory approach is to compute a
fixed number of points with exponential spacing between points. In
this manner, we can obtain a good spread of the points in the first
part of the response at both high and low frequencies. The low frequency
limit establishes the requirement for the maximum time delay at approxi-
mately four seconds. Experimental evidence indicates t1'at 12 points on
the impulse response will. give adequte information. Hence the time
delay generator must produce 13 outputs, one for the system excitation
and 12 delayed signals, with delays from 0.01 seconds to 4.0 seconds -

spaced exponentially.

A pure time delay of the order of several seconds without sig-
nificant distortion is usually difficult to obtain. 'However, the binary
characteristic of the noise signal permits us to employ some relatively
simple digital techniques to obtain many seconds of delay in increments
of hundredths of a second.
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a. 2 rad ;sec. m0.4 x. 12 rad/sec t~a0. 4

FIGURE 3-4. EXPONENTIAL SPACING OF CORRELATOR POINTS
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The scheme is based on sampling the random or asynchronous
input to generate t periodic or synchronous digital signal which is
propagated through a shift register. The shift register is in effect
a discrete delay line which can be tapped at several points. Recon-
struction of the sampled noise is effected in a one-bit storage unit,
a flip-flop, in the output of each channel.

3.3 MULTIPLICATION

Multiplication is also simplified by the binary caiaracter of
the noise signal. The noise signal passing through the time delay gen-
erator is normalized to an amplitude of + I, since the digital circuits
do not sense amplitude. Multiplication of the system response by - 1
simply means that we connect either the system response or its inverse
to the multiplier output. This is a simple gating operation that may
be accomplished either electronically or with relays.

3.4 AVERAGINC "

Computation of the average value of the multiplier output
completes the crosscorrelation computer. The alerage value is obtained
by passing the multiplier output through a low pass filter consisting
of one or two long time constant RC secti.ons.

*" 3.5 CROSSCORRELATION HARDWARE

A block diagram of this crosscorrelator is shown in Figure 3-5.

Note that one additional component appears in this diagram,
specifically, the readout coinmutator. This is necessitated by the design
of the shift register. To delay several seconds of information arriving
at rates of the order of hundreds of bits per second requires a shift
register of considerable capacity. For example, in the system under dis-
cussion, it is necessary to obtain ten seconds delay at an information
rate of 100 bits per second. This requires a shift register with the
capacity to store 1000 bits of information. A shift register of this
size assembled from flip-flops or magnetic cores proves to be quite
expensive, and the degree of flexibility afforded is not required. Con-
sequently, the shift register is mechaniz.•d as a precessing circulating
register on a magnetic drum. All of the information stored in the cir-
culating register is read out during each revolution of the drum. The
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readout commutator is required to distribute the proper bits to the

output storage flip-flops.

Figure 3-6 in a photograph of a breadboard model of the

correlator built for use with the Aialog computer. Figure 3-7 is a

photograph of the experimental model to be flight tested this spring.

Etched circuit boards and solid-state components have been employed

throughout the unit. However, no attempt has been made to optimize

the airborne package since the circuit boards employed were designed

for a g6neral purpose computer. Considerable saving in size and

weight could be made by employing components tailored to the applica-

tion.
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SECTION 4

'.* SIMULATION STUDIES

• 1.1

"Simulation studies have been conducted throughout this
program to support the theoretical analysis and hardware develop-
ment. Several of these studies will be discussed briefly to
illustrate that the Aeronutronic concept of adaptive control is
feasible and that the crosscorrelator is capable of measuring the
airframe response with good accuracy.

4.1 DEMONSTRATION OF ADAPTIVE PITCH DAMPER

A pitch damper with a variable compensation loop was "'
simulated to demonstrate that adaptive control could be achieved
by monitoring the impulsive response of the system. The stability
augmenter chosen for this demonstration is shown in Figure 4-1. "
The rate of change of flight path angle , is the control parameter.
This type of control was chosen because of simplicity of control
and the fact that the closed loop response was predominantly
second order. The gain K and time constant T are controlled by
the adaptive loop. The ratio of K to T is ffxed at 17.5. Thus

a aK and T can both be controlled from one shaft. The actuator is
represented by a single lag with a time constant of 0.05 seconds.
The airframe is represented by the short period mode with a
natural frequency which varied from 2 to 12 rad/sec within the
flight regime chosen. Note that the damping of the dominant roots
increases with increasing gain. For the conditions simulated, the
"compensation network gain varied from 0.2 to 3.5 in order to keep
the dominanL root damping ratio at 0.5.
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The self-adaptive system block diagram is shown in Figure 4-2.
The system impulsive response is obtained by forcing the system with
impuls,," supplied by a pulse train generator. The repetition rate of
the pu, -a was chosen so that the system response decays to zero between
successive pulses. The Figure of Merit Computer measures the system
damping ratio. When the damping is greater than the desired 0.5, the
FM signal is positive and visa versa. The FM signal is sampled at the
end of each pulse period and held until the end of the following period.
Just prior to the end of the following period and after sampling, the
Figure of Merit Computer output is reset to zero and a new cycle begins.
The Compensation Controller controls the rate of change of K and T
This rate is directly proportional to the output of the sampte and hold
circuit, FMs.

The system operation is actually an iteration process: Assume
* that initially the system is overdamped, that is, Ka and Ta are too

large. When the initial impulse is applied, an overdamped response
"results and the Figure of Merit is posisive. This signal is held
during the following cycle and the Compensation Computer decreases Ka
and T. at a constant rate. This continues until the damping ratio is
0.5 and FM is zero. Thereafter Ka and Ta track the changes in damping
ratio as the aerodynamic conditions change.

The results of a climbing flight are shown in Figure 4-3. The
velocity is held at Mach 1.2 while the airczaft climbs from sea level
to 60,000 feet. When the compensation loop is open, a large variation
in system damping is apparent. In contrast, when the compensation
control loop is closed, a fairly uniform 5 response is obtained when
traversing the identical flight trajectory. Thus an adaptive pitch
"damper has been achieved. ,

4.2 CROSSCORRELATOR CAPABILITIES

"The crosscorrelator is the heart of the Aeronutronic adaptive
* autopilot concept. If the ASI system is to function properly, the

crosscorrelator must measure the impulsive response of the system
continuously and accurately. Simulation techniques have been used to
demonstrate that this can be accomplished.

The accuracy of the crosscorrelator was determined by cross-
correlating a second order system and making twenty independent measure- .
ments of each correlation coefficient. Typical results are shown in
Figures 4-4 and 4-5. ..
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Figure 4-4 shows the impulsive response of a second order
system with a natural frequency of 10 rad/sec and a damping ratio of
0.1. The dots are the mean value of the twenty readings of each co-
efficient. The two bars above and below each point are plus and minus
one standard deviation about each mean. Figure 4-5 is the same type of
presentation but for a second order natural frequency of 2 rad/sec and
a damping ratio of 0.7. The standard deviation is always less than
10 per cent of the maximum amplitude of the impulsive response and is
about 5 per cent in most cases. The measured variance of the correlation
coefficients is almost entirely due to the statistical nature of the .
correlation signal and was predicted f:om theory. The croescorrelation .-

equipment does not cause any appreciable error.

ASI is currently engaged in preparing to flight test the

crosscorrelator. Studies have shown that it would be highly desirable

to obtain data in the air which could be used as a check of the cross-
currelator. However, the nonlinearities of the actuator plus mechan-

"" ization difficulties make it undesirable to attempt to apply impulses J
to the control surface and thus to obtain the impulsive response of the
system. On the other hand, the airframe response to a small step input 2
is easily mechanized. The system response can be measured by the cross-
correlation method by inserting a pure integration in series with the ,-.-..

actuator airframe and making the integrator a part of the system. . .*

Practically this is difficult, so a low pass filter with a twenty-second p.'-.

"time constant was substituted for the pure integration.

The crosscorrelation and the step response are compared in
Figure 4-6 for the simulated pitch mode of a supersonic aircraft. The
crosscorrelation coefficients have been corrected for the effect of
the low pass filter which makes the coefficients with the longer de-
lays decay toward zero. Thus the crosscorrelation technique may be
used to obtain impulse or step response whichever is easiest or most
desirable to measure.

The effect of nonlinear components in the autopilot system
"has been of some concern in studying the crosscorrelator. The effect
of such nonlinearities is also important in flight testing the cross-
co'relator because we wish to measure the airframe response as accurately
as is possible. For the above reasons a separate study was made of the

* nonlinear actuator which we will have in our F-IOOC flight test vehicle. --

The characteristics of the actuator are shown in Figure 4-7.

"The actuator is essentially a first order lag in closed loop
*[[ form. The open loop gain N1 is nonlinear as is shown- The result is
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FIGURE 4-7. NONLINEAR ACTUATOR CHARACTERISTICS"-"
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that the closed loop time constant I/N varies dir.ctly as the error 6.
Thus the actuator is sluggish for low fevel inputs and has a bhort
response time for large inputs.

- Figure 4-8 showe the crosecorrelation cf the actuator for
tour different levels of input. Note the first order impulsive response
decays faster as the input amplitude is increased. The time constant
for each input amplitude was measured from the crossccrrelation co-
efficients and was computed from the characteristic of N1 . Figure 4-9
shows the variation in N2 with the input amplitude C for both methods.
Thus the crossco'relator meastired the nonlinear characteristic quite
accurately.

"The F-100C pitch damper system has been studied when backlash -
and dead space are present. The effect did not appreciably affect the
crosscorrelation of the s.ystem. It appears that the nonlinearities
encountezed in the aircraft actuator will not present any problem to
the crosscorrelation technique.

The use of the crosscorrelation technique was suggested by
Bootan as a means of describing certain types of nonlinearities. Dr.
Rideout and his group at the University of Wisconsin have been using
the crosac. relation to obtain generalizei error fi xctions for linear
and nonlinear servos. It would seem that ,he crosscorrelatioii tcch-
nique has considerable potential in .hib field.

4.3 SUMMARY

The concept of celf-adaptive control by monitoring the
system impulsive response has been shown to be feasible. Also the
croascorrelator has been shown to have good accuracy and to hhve
acceptable capability in spite of nonlinearitte, encountered in air-
craft actuators. There remains the demonstration of adaptive control
with the correlator in the system. This has been done for a second %
order system and wav reported in the technicalliteraLure*,

In the near fut',re, the pitch damper loop will be simulated
with the crooscorrelator. However, major emphasis to date has been
'laccd upon the components of the system such av the Figure of Merit
computer, the control of natural frequency, and the developmerit of a
periodic noise getierator.

* 1956 IRE National Convention Record, Part 4 "A Self-Adjusting Systen"
for Optimum Dynami: Perforuance"
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(a) Ib

(a) INPUT AMPLITUDE 0. 5 DEC,. (d) INPUT AMPLITUDE 10.2 DEG.

FIGURE 4-8. CROSSCORRELATION OF NONLINEAR ACTUATOR SYSTEM
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ADAPTIVE CONTROL SYSTEMS PHILOSOPHY

Dr. Yao Tzu Li
Associate Professor of Aeronautical Engineering

Massachusetts Institute of Technology

INTRODUCTION

Literally, an adaptive control system or self-adapting system is a
control system which can produce a desirable performance under adverse
changes in the operating conditions. To be sure, all control systems are
designed to have some degree of adaptive ability. The glorified title of this
new interest in the instrumentation field is, therefore, to emphasize the need
for more adaptive ability in a system which did not have enough.

To accomplish this object, within the capability of the primary compon-
ents, one may have to use several known schemes instead of only one, as in the
case of simple control systems. When combination schemes are used in a
system, a knowledge is required of the exact role and proportion for each
scheme so that the overall performance may be improved while the physical
components of the system may actually be simplified. The object of the present
paper, therefore, is to establish from a basic philosophical point of view
most of the possible schemes and arrange them in a general patterni. Some of
the schemes are devised in existing works. By inquiring into basic philosophy
several new schemes are thereby generated. With the classification of the
design philosophy the true merits and possible limitations of each scheme can
also be compared.

OBJECTS AND METHODS OF ADAPTIVE CONTROL SYSTEMS

Control systems may be classified according to the objective for which
they will be used. For instance, a control system may be desinged to yield
an output following an input with a minimum steady state error as in the case
of an ordinary positional servo. It may also be designed to make some other
physical operating system yield an optimum efficiency index as in the case of
the cruise control of an aircraft. All these systems are designed to accom-
plish specified objectives under changing operating conditions and are
therefore adaptive systems or self-adapting systems. But the current practice
is to associate the name " adaptive control" only with the dynamic response of
a control system. This is because most of the simple feedback systems we
now have can provide enough self-adaptive capability for static performance,
but not enough for dynamic response. At the same time, with the advance of
modern aircraft and missiles, the system must go through an environmental
change much larger than in conventional situations so that tighter specifica-
tions regarding the dynamic response of any individual system involved are
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needed. Application to aircraft and missiles, in fact, has stimulated the growth
of current interest in adaptive systems. People in this field recognize that an
adaptive system is identified with the dynamic response of a control system.
But to people in many other fields some confusion does exist as to the exact
meaning of an adaptive system. For this reason, Table I is prepared to show
the classification of adaptive control systems based upon their objectives and
the possible methods that may be used to accomplish these objectives.

The objectives as listed in Table I are three, but these are neither
exhaustive nor mutually exclusive. The first objective is to obtain the static
performance and this is usually accomplished by feedback. Comparable
results may be obtained by programming the interferences and the input. The
second objective is to make some other physical operating system yield an
optimum performance as mea..ured by such factors as efficiency or economic
index. For this type of control, the optimum performance is often related to
the control inputs in a nonlinear manner and exhibits an optimum condition
which changes with environmental effects. Programming and optimailizing
systems are two possible methods to accomplish this objective. The third
objective is tc control the dynamic response of a system. Table I shows a few
possible schemes that can be used to improve the self-adaptive ability as
applied to dynamic response. A more detailed treatment is discussed after a
brief review of the characteristics of the reference system. -"

REFERENCE SYSTEMS

Once the objective is fixed in an adaptive system, the next thing to be
determined is the reference standard and the associated specifications
regarding the deviation of the actual performance from the reference standard.
For static performance, the reference is usually the input. For economic
index, the reference is the best possible performance. For dynamic response,
the reference may be described in the form of a reference system either analy-
tically or represented by an analogue model. In addition to the reference
system, a typical input test function and a method to measure the deviation of
the actual system output from the reference system output may be needed. ".-
For example, by the use of a random signal as a test input and the use of corre-
lation metaods, one can establish the dynamic characteristics of the actual
system or the reference system. For most analytical works the performance
of the reference system is often taken as unity. But for the operation of a :.:-
dynamic response adaptive system, the reference system should represent
the most practical and feasible performance consistent with the consideration
of the types of the disturbance input signal. Generally speaking, there are
two types of disturbance input. The first type of disturbance input produces
an output which may be considered as noise. The second type of disturbance
may change the response of the system to the command input, but ",'oduces no
output directly. When the disturbance is an active input signal, thc,; -•Le
reference system should be one which yields the minimum combined error due
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to the dynamic effect of the input signal plus the noise output. If the dynamic
characteristics of the input and the disturbance are known in a convenient
form such as a frequency spectrum then the desirable characteristics of the
reference system are theoretically known. For instance when signal and
noise are random in natural order, then the reference system would be the .p -
ideal filter formulated by Wiener.

p *4 ,•

When the disturbance is not a direct signal but a modifying input which , ,

changes the parameters of the actuating system, then two desirable conditions
may exist. In one case, the system is forced to produce the best possible
dynamic response for each environmental condition. In the other, the reference
system is chosen according to the capability of the system and the characteris-
tics of the output function under the worst environmental conditions.

ADAPTIVE CONTROL WITH LINEAR FEEDBACK SYSTEMS

Feedback is the most powerful scheme for increasing the adaptive
capability of the static performance. The same principle can. certainly be
applied to systems for improving the dynamic response adaptability with some-
what more difficulty. For static performance, adaptive ability is achieved
when the forward loop sensitivity is very high so that the overall performance
is dominated by the characteristics of the feedback component. To extend
this principle to dynamic response one should have a forward loop with a high
sensitivity and low phase shift over the desirable operating frequency range.
In the feedback branch, a system equivalent to the reciprocal of the reference
system is installed as shown in Figure 1-a. Thus the overall system perform-
ance is forced to be equal to the reference system despite the possible change
in characteristic of the variant parameters in the forward loop. As a varia-
tion of this scheme one may h: ve a reference system in cascade with a unit
feedback system as shown in Figure 1-b. In this latter arrangement, the
feedback system should yield a performance function of unity over the entire
range of operation in order to make the complete system behave like an
adaptive system. This can only be accomplished when the forward loop con-
tinues to give high gain and low phase shift under the entire range of environ-
mental conditions. One possible method to enforce this property is to use a
type of compensation which introduces signals as a function of the rate or
acceleration of the input to balance the forward loop lag. In doing this, one
must bear in mind that if the lag is due to a certain parameter which is
affected by environmental conditions, then only the part which is not affected
can be balanced. For instance, if the mars of an airplane constitutes a
certain forward loop Lag, and a large part of the mass remains unchanged,
then the lag due to thiis unchanged part of mass can be compensated for. When
the lag due to invariant parameters is all properly compensated for, then a
much faster system with a much higher forward loop gain can be established.
With this modification a practical adaptive system utilizing linear feedback
may be realized.
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ADAPTIVE SYSTEM WITH RELAY SYSTEMS IN THE FORWARD LOOP AND
A FEEDBACK TO OVERPOWER THE VARIANT PARAMETERS

As described in the last section, the system shown in Figure (1) would
operate as a dynamic response adaptive system only when the forward loop
gain is high. This may be accomplished by compensation. Another method K.
is through the use of relay control. A relay control can provide large ampli-
fication of power at relatively high speed. One basic drawback of this type of
controller is the inherent exaggerating of oscillation when the power drive
system has second or higher order performance characteristics. The oscilla-

tion may be illustrated by Figure (2-a) and Figure (2-b). In Figure (2-a), a
first order drive system is assumed. The output signal for this system is a
saw tooth function bounded by the switching zone. This type of oscillation is,
in general, considered satisfactory because the amplitude is no larger than .'-
the switching zone. In Figure (2-b) the output drive is assumed to be a second
order system. Now the amplitude of the oscillation is larger than the switch-
ing zone. Since an airplane is usually a higher order system, it would show a
rather exaggerated oscillation when controlled by simple two-way relay
system. For this reason when a relay system is used some scheme must be
incorporated to limit the oscillation; and the oscillation as shown iii Figure
(2-a), with the switching zone as a limit, may be considered as the ideal
condition. When this is fulfilled, assuming the switching zone can be squeezed
down smaller than a given tolerance, we have an adaptive system for all envir-
onmental conditions in which the output drive system has enough power to
maintain the small oscillation straddling the ideal output.

The above discussion shows that for higher order drive systems, such
as in airplanes, the use of relays as a means to get fast power amplification
must incorporate schemes to minimize the oscillation. The ideal result is to
make the relays approach a fast first order system. By emphasizing fast
speed, it insures the ability for the output to straddle the ideal output when
the latter is making a fast change.

To illustrate the possible schemes for minimizing ti nscillation of a
relay control used with higher order drive systems, a concept *")ck (agram
of this control system is shown in Figure (3). In this diagram, -':nimand
and the output is fed into a computer which in the simplest form wculd be a
comparator. The output of this unit controls the timing of the relay. In the
simplest form, a two position relay is usually used. The power is supplied
from a source through a magnitude adjusting device. The output from the
drive system is split to show an average output per cycle and the associated
oscillatory component.

The concept block diagram of Figure (3) illustrates the basic charac-
teristics and ingredients involved in the operation of a relay servo. One
primary requiremr. mt is to keep the average output within the switching zone.
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The other is to minimize the oscillation. Oscillation is caused by the dynamic VN.
characteristics of the drive system and is affected by the magnitude of the
drive power and the relay switching timings. To achieve the design objective
of a closely controlled average output and minimized oscillation, the following
schemes may be used.

1. Programming

a. Compensate for the invariant parameters of the drive system
to make it behave like a fast first order system. Compensation may be done
by feedback from the output signal to modify the drive power magnitude as
shown by the dotted line of Figure (4). Equivalent drive power magnitude
modification may also be achieved with constant drive power but gated to give
an adjustable duration.

b. Use multiple relay having switch timing of fixed relationships
with error functions. As a typical example, the relay action may take place
when the error is equal to zero and when the error rate is equal to zero. For
each relay engagement the drive power may have fixed magnitudes at various
levels. The purpose of the multiple control can be shown by Figure (5). In
this figure one typical cycle of thM oscillation is shown. The desired charac-

teristics are to make section " a" of the output to be driven back toward the
ideal output with highest power, and section " b" to coast over with sufficient
speed to minimize the time and yet without too high an approaching speed at
the crossing point. A similar situation is repeated at section" c" and " d".
The overall criterion is to minimize the integrated error with some constraint
such as the maximum acceleration of certain components.

c. Fixed multiple relay timing with magnitude of the drive power '
is programmed according to input function as shown in Figure (6). The F.-..
sensitivity used in the programming is based upon the drive system invariant
parameters. Figure (7) illustrates the situation for three hypothetical cases.
Case " a" - the input is moving slowly and a normal output oscillation results.
Case " b" shows the output lagging behind when the input expe3riences a fast
acceleration and when only normal drive power is used. Case " c" shows the
desirable output condition for similar inputs as shown in case "b" when the
drive power level is properly adjusted.

d. Use fixed multiple relay timing with the drive power pro-

grammed according to the output, as shown in Figure (8).

Schemes " c" and " d" aim at the same problem, namely to make
the system follow a certain command signal faster. In doing so, the power
drive for the various sections of output function, as shown in Figure (5), would
be asymmetrical with respect to the average output. When scheme " d" is
used, the output signal used to actuate the programming should be the average
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output instead of the instantaneous output. This is one reason why scheme d".
is not as easy to execute as scheme "c".

The logic of the relay servo developed by Flugge-Lotz nrid Taylor,
involving the switching of the feedback sensitivity, seems to be based upon an
intuition to achieve the goal as outlined in scheme " V". In their system,
however, a certain part of scheme " d" is also involved, and yet is not blended
in the most desirable proportion.

2. Non-Linear System with Feedback Regulation to Limit the
Oscillation Amplitude

The undesirable oscillation of a relay system depends upon the
magnitude of the drive power and the timing. It is possible to arrange a feed- "
back system to regulate the oscillation amplitude to a tolerable limit by means
of the following two schemes.

a. Oscillation amplitude limited by controlling the magnitude of
the drive power, as shown in Figure (9).

b. Oscillation amplitude limited by controlling the relay engaging
timing with respect to the error signal as shown in Figure (10). Figure 11
shows that the relay engaging timing may be shifted ahead by the following
three methods.

(1) By a controlled bias added to the zero error.

(2) By a controlled bias added to the zero error rate.

(3) By a controlled delay time applied to the zero error rate.

All the above feedback schemes must derive the feedback signal from
the oscillatory output amplitude. Some suitable scheme would be needed to
yield a signal proportional to the amplitude. Other constraining factors such
as acceleration limit of certain control members may also be added when
desired.

Like all feedback systems there is a dynamic stability problem that
requires limiting of the loop gain and therefore the response speeds; whereas
the programmed types, as outlined in Scheme 1, are not subject to this limit.
Since programmed schemes can only be applied to the nonvariert parameters,
a combination of the two schemes may prove to be most advantageous.

In all the systems thus far presented, the adaptive ability of a system
is achieved by a strong forward loop paired with a feedback to render the
effects of the variant parameters in the drive system relatively unimportant.

WADC TR 59-49 412

. . . . . . . . . . . . ... •• °, , • * . • °•. ....... °. .•. . .. -. o.••.°..•....o........o



Programming of the nonvariant parameters is recommended to strengthen N'

the forward loop whenever necessary. The schemes to be described in the
following sections approach the problem in a different manner. In these systems
the effects of the variant parameters upon the dynamic response of the system
is counterbalanced by the adjustment of some compensating parameters in the
controller. The first necessary condition is the realization of such an adjustable .
parameter or a set of parameters which can offset the effects of the variant
parameter. The next problem is to find a suitable scheme to execute the
adjustment. The easiest one to be compensated for is the sensitivity of the •'
system. This is because the overall sensitivity of the system is equal to the
product of the sensitivities of various components; and a change of the sensiti-
vity of one component can be compensated for by the adjustment of the sensitivity
of some other component. But the physical parameters of a component usually
effect all the dynamic characteristic parameters such as natural frequencies
and damping ratios. In other words, a change of one physical parameter may
shift the position of all the poles and zeros of a physical system. To compensate
exactly for these effects the controller should create a reciprocal dynamic
characteristic function of the system to be compensated for, so that the shifting "
of the corresponding parameter of the controller may counterbalance exactly the
effect of the variant parameter in the controlled system. In practice this exact
compensation is too complicated to be useful and some sort of approximation is
always necessary. For instance, the transient response of a second order system
with normal damping ratio may be approximated by the transient response of a
low damped system cascaded with a first order system. Generally speaking,
removing the effects of a variant parameter in a higher order system by param-
eters of a lower order system can usually be accomplished under the following
two conditions: (1) when some of the poles of the higher order system are not
effected significantly by the variant parameter, and (2) when the total effects of
the shifting of the poles of the higher order system yield approximately the
same effects, as the shifting of a set of poles in the controller of lower order.
The cascaded first and second order system, described before, illustrates this
latter condition.

ADAPTIVE SYSTEM BY PROGRAMMING OF THE COMPENSATING
PARAMETER

The first possible scheme to make the necessary adjustment of the corn-
pensating parameter described in the previous section involves the use of a
programmed control system which makes the adjustment based upon the actual
measurement of the variant parameter or the environment conditions which
affect the variant parameter. The programming control is designed based upon
knowledge of the relationship between the variant parameter and the compensa-
tion parameter. Generally speaking, a precise programming control is
difficult to realize; but a moderately accurate system is quite practical.
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ADAPTIVE CONTROL SYSTEM BY ADJUSTING THE COMPENSATING
PARAMETER THROUGH FEEDBACK

The adjustment of the compensating parameter would change the system
dynamic response. If a device is available to interpret the dynamic response
in terms of a performance index, and if a particular value of the performance
index is known to represent the desired dynamic response, then it is simple to
design a feedback system to adjust the compensating parameter to force the
system performance index equal to the desired performance index. The key to
the realization of this scheme depends upon the performance index generating
system. Generally speaking, it is difficult to express the dynamic response in
terms of a performance index on an absolute scale upon which the reference
system corresponds to a fixed value. On the other hand, a reference system
can be represented by an analogue model. The difference of the output between
the actual system and that of the model, when both are subjected to a suitable :.-
test input, may be minimized through the adjustment of the compensating param-
eter. Thus an actual model is used to represent the reference system instead
of a performance index. For practical reasons, the model can be made ...

corresponding to the dominating poles of the reference system. This simplifi-
cation is subjected to the same qualification as discussed before for the
adjusting of the parameters. Despite this simplification, a model can represent
the reference system much better than a performance index. The use of a
-nodel requires an optimalizing controller instead of a simple feedback
controller.

ADAPTIVE CONTROL SYSTEM BY ADJUSTING THE COMPENSATING
PARAMETER THROUGH OPTIMALIZING CONTROLLER

An optimalizing controller is one type of feedback control which makes
adjustment of certain parameters of a controlled system, to force a certain
output of the controlled system to reach the optimum level. The difference
between an optimalizing control system and ordinary feedbac': lies in the fact
that the optimum output level does not represent a definite output level.
Without a definite desired output level, it is impossible to generate an error
signal to be used in ordinary feedback control system. An optimalizing system
incorporates some suitable form of test adjustment and is followed by a
waiting period to observe its effect upon the controlled syste.m and to make
further adjustment after the correct direction of proper adjustment is
established. For this reason, an optimalizing controller may be regarded as
po._,-sessing one degree higher of intelligence than an ordinary feedback system.
For dynamic response control system, an optimalizing controller may be used
to adjust the compensating parameter under one of the three following
conditions.

(1) When the desirable dynamic response is the best possible
dynamic response a system can produce under a given environment. This
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means the reference system dynamic characteristic function is unity. If a
performance index signalgenerating system is available to convert the dynamic ,%
response of the controlled system into the performance index, then the optimali-
zing system may receive the performance index as the input signal to control
the compensating parameter and thus close the loop. A typical functional block
diagram is shown in Figure 12.

(2) When the reference system represents a compromised perform-
ance and the purpose is to make the controlled system behave exactly the same
as the reference systemn, but, because of practical reasons the compensating ..

parameter is not a perfect one, the performance index generating method can
only give an approximate value. For these reasons, the relationship between the
performance index and the compensating parameter may become quite nonlinear
so that the optimum value of the performance index represents the desirable
operating condition. An optimalizing controller should therefore be used for
this situation instead of the ordinary feedback as described earlier.

(3) When the reference system is represented by a model and the
controlled system is matched with the reference system by comparing the
difference of the output function subject to some suitable inputs. Several
methods can be used to compare the two output functions. All involve some
sort of integration of the function of the absolute value of the difference. As a
result, the best match is obtained when the difference between the functions of
the two outputs is minimized. For this reason an bptimalizing controller is
needed as shown in Figure 13. The adaptive system designed by M.I.T. is a -
typical example of this type. This system seems to be the most promising type
among all systems involving compensating parameter adjustment.

CONC LUSION

The above analysis shows that a large number of possible schemes may
be used to accomplish dynamic response adaptability. Since the characteristics
of an actual controlled system and its environment may vary very much from
one to the other, it is rather difficult to draw a conclusion to say which system
is definitely better than the other. A well-engineered feedback adaptive
system with relay control in the forward loop, as developed by a Minneapolis-
Honeywell group, and an equally recommended system utilizing an optimalizing
controller, as developed by Massachusetts Institute of Technology group, have
both produced satisfactory results. It is true that when changes in environ-
mental conditions are moderately severe and the desirable output is moderately
fast, many schemes can yield satisfactory results. But when the output derpand
is high and the environmental conditions are severe, then a real test of the
capability of a given scheme is on hand.

A suitable figure of merit may possibly be established to assess the
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achievement of a design with different types of input functions various
response speeds of the reference system, specified tolerance e• T• - -

deviation of the dynamic response, and variation of the operating conditions.
A good design is one which can achieve a high figure of merit anC yet not be
too complicated in construction through the use of a well balanced scheme of
the various principles.
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TABLE I

CLASSIFICATION OF ADAPTIVE CONTROL SYSTEMS
'.4•..

I. According to objectives

A. A constant static performance between command and output.

B. Optimum performance in the form of an economic index.

C. Matching the dynamic response of an operating system. against
that of a reference system, with the reference system dynamic
response established as following:

1. A fixed reference system representing the best possible
performance for the entire range of operating conditions.

2. A fixed reference system representing the best possible -

performance for the worst operating conditions.

3. A reference system with performance programmed
according to the maneuver requirements of the command
signal and the capability of the drive system.

4. A reference system with performance programmed
according to the types of command signal and active
interference signal.

II. Possible schemes for the matching of the dynamic response of an
operating system against that of a reference system.

A. Use feedback to overcome the effects of the variant parameters.

1. Linear system with compensation for invariant parameters.

2. Use relay control to manipulate the drive power.

a. Use various programming methods to minimize the
inherent oscillations.

b. Use various schemes of feedback to minimize the
amplitude of oscillation of the limit cycles.

B. Use adjustable parameters to compensate for the effect of the
variant parameters.
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TABLE I (CONT' D)

1. By programming with suitable computor.

2. By linear feedback with suitabie dyna. Ac performance
index indicator.

3. By optimalizing system, with either a suitable dynamic
performance index Indicator or a reference system model.
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Compensation
Input-device to Drive

provide high System Otr
gain and low
phase shift

SReciprocal of •.

reference system ...-

a. Use reference system in feedback loop.

0 ..

Compensation

Reference device to Drive
.- ', system provide high System

gain and low
phase shift

b. Use reference system in cascade with a
unit feedback system.

Fig 1. Basic schemes using feedback to overcome effects ofthe variant parameters in the d± ive system.

v/ADC TR 59-49 419

.........



input and
ideal output

_01 switching zone

a. Relay control with first order drive system

inu tand
ideal output

~~-total output

b. Relay control with high order drive system

Fig. 2 Input-output relationship with relay control system
for different types of drive systems.
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Section d same as b

Section c same as a

__ _ __ _ Section b. Need small drive
power to balance the desirable
short coasting time and undesir-
able approaching speed.

Section a. Need large drive power
to speed recovery from diverging
course.

Fig. 5 Power requirement at different section
when four way relay is used.
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•change bias to change
switch timing
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add time delay to change
switch timing

SFig. 11 Methods to change switch timing.
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CHAIRMAN: Dr. Y. T. Li, Massachusetts Instihute of Technology

PANEL: Dr. 3. Aseltine, Space Technology Laboratories

Mr. R. Bretoi, Minneapolis-Honeywell Regulator Company

Mr. E. R. Buxton, Autonetics Division

Mr. M. Dandols, Convair, Fort Worth

Mr. M. Marx, General Electric Company

Mr. S. S. Osder, Sperry Gyroscope Company

Captain R. R. Rath, Wright Air Development Center

Dr. J. G. Truxal, Brooklyn Polytechnic Institute

Mr. W. P. Whitaker, Massachusetts Institute of Technology
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OPEN FORUM

Dr. Li: Gentlemen, this is a panel discussion. Several of the members
have not made presentations; therefore, each of them will be allowed three
minutes to express his views. Rather than limit individual presentations, the

* three minutes will be taken as a statistical average time for the speakers to
* give their point of view about the subject matter. After the presentations,

anyone who has a question, please stand. You will then be recognized by the
chairman and the military guides will bring you one of the four microphones
located on the floor. Please state your name and association before asking
your question. I will ask one or more panel members to answer. I will now
ask Captain Rath to start this panel discussion.

Captain Rath: Thank you, Doctor Li. I think most people are familiar
with my viewpoint on adaptive systems. I have been with the program for three
years now and I would like to feel that the present state of the art is such that
these adaptive systems have demonstrated that there are adaptive techniques
which are capable of being utilized by control system manufacturers to provide
a control system which gives us the desired response throughout the flight
regime. The using people, airplane manufacturers, the Air Force, and so
"forth, should have enough confidence in the capabilities of adaptive technique3
so that they will use them in their airplanes. They will not have to go through
a long component development, because, after all, the mechanization of adap-
tive techniques, as pointed out in the last few days does not involve anything
radically new. It is only the idea that is new.

We are still using feedback techniques. We may have come to a point
where we are using a more sophisticated type of feedback technique, but it
doesn' t require anything new in the way of product development to utilize them
at the present time. I personally hope that in the very near future these types
of techniques are utilized to give control systems the capability that they

"* should have at the present time. Thank you.

Doctor LI: Thank you Capt Rath. Doctor -uxal.

Doctor Truxal: This will be the low side of the statistical three minutes.
My only reaction is, I think this is a very interesting, enthusing, and exciting
way to look at the design of the feedback system, to try to learn how we might
design systems that we could not have designed before. As a teacher who

- competes with my colleagues for graduate students for research contracts,
Sit is real nice to have something to go into the students and talk about that

will compete with plasma electronics and some of these other glamour terms.
* I think this is a wonderful development.

Dr. Li: Thank you, Dr. Truxal.
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Dr. Aseltine: I think I have already said pretty much what I wantea to
here, but let me say it again just to _mphasize it a little. I feel rather
strongly that the term adaptive ought to be defined. I have a fear that we are
tending to aefine it in such a manner that it becomes all inclusive and I really
don' t think that this is of any particular help to those of us who are working in
the field. I would like to tie it down a little bit more. As far as what is going
to happen in the future, it is a little harder for me to comment on this. I
don' t see any immediate remarkable progress in sight. In fact, we seem to be
moving rather slowly toward an objective which is yet to be clearly defined.
I do feel that work should be done on basic limitations. Once we know what we
want to do, we ought to be able to say more clearly just what we can do. The
things that I have in mind here are considerations wuch as the time necessary
to measure a system performance before anything can be done. I suspect
maybe there is an uncertainty principle operating in an adaptive system which
changes the performance to do a task and must use some finite time to do this.
I think these limitations must be tied down. I don' t see why theoretical work
in this direction cannot be done. These two points, definition, and some way to
bound the performance of an ideal adaptive system have a particular interest
for me. Thank you.

Dr. Li: Thank you, Dr. Aseltine; Mr. Bretoi.

Mr. Bretoi: There are two or three aspects of this conference that
have interested me particularly. One of them relates to the interest and
attitude of the aviation industry toward adaptive systems and non-linear tech-
niques. One of the big stumbling blocks which many of the control engineers
have - I shouldn't say stumbling block, it is more of a mental block really,
relates to their hesitance to consider non-linear systems. In my past experi-
ence there have been many engineers who were reluctant to consider something
other than a linear system because they tended to assume that a linear system
was, indeed, the best way of accomplishing a control mission. Probably this
stems from the fact that the non-linear parts of the control system are those
parts which have given them very much trouble in their past experiences.
For example, such things as control dead-spots, thresholds and so on.
However, wore recently I have gotten the impression that we are adopting the
philosophy of Christine Jorgensen that if you can' t fight it, join it. Well,
somehow, I feel that we are making a rapid rate of progress now in the control
field. There was much interest in automatic controls and a rapid build up of
effort about ten or fifteen years ago and in the early phases of this effort
there was rapid progress being made. I don' t know exactly the rate of progress
but it has slowed down in the past few years. Somehow, I feel that we are
just about to begin a period in our control development techniques and so on,
where we will probably have another rapid rate of progress. One of the signi-
ficant aspects of adaptive controls, among many of the other mentioned here,
relates to the fact that now we are at a point where we can achieve the
dosired performance goals i.aore conveniently and more easily than in the past
.,'rough the elimination of dependence on accurate dynamic data and air data
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scheduling. I think the significance of our ability to eliminate the dependence
on these quantities is that we can start concentrating on design criteria
relating more along the line of such things as reliability and simplicity of
mechanization. As for future efforts, I think that Dr. Li touched on those very
nicely - I would just like to mention that I think some of our futare programs
should be conducted, or at least people should be thinking seriously about,
what kind of performance we do actually want and what kind of criteria we
should use to get this performance.

An effort should be directed to study the effects of such things as noise
sources, parathetic and non-linear effects, and control of higher order systems.
We have been concentrating pretty heavily on the lower order systems and
assuming we can separate second order roots from the irnluences of the other
system roots. However, when we try to control vehicles of higher order that
have roots which are more nearly equal to each other in some applications,
we will have problems. I think, that we will be encountering vehicles which will
require this consideration. The design trend is in a direction where the
structural modes of the aircrafts have natural frequencies which are near the
control modes. So that we are not able conveniently to separate the roots of
the systems.

Dr. Li: Thank you Mr. Bretoi, Mr. Buxton.

Mr. Buxton: So much has already been said that IV m afraid I can add
very little to the ideas that have already been presented. I am on this panel
as a sort of consolation prize. We did submit a paper; however, Capt Rath
looked it over and thought it was fine but that it covered some areas that were
already being covered and so here I am. As a matter of fact, though, it is very
interesting point that the systems that we have been working with represented
actually a combination of two or three of the systems that were presented. We
find after looking at a great many of these systems that there are possibilities
of combining to an advantage a number of the principles of the basic techniques
or solutions, which recently have been presented. If one is ruthlessly objec-
tive, he is usually identified as a negative thinker. There has been much
discussion regarding the advantages of these systems, but there has been
little said about the disadvantages that might accompany a few of the techniques
involved. I am sure we will get into this area on questions from the floor, but
I would like to add one more advantage that nobody has yet mentioned and that
is the auto-pilot salesman must recognize that these adaptive gimmicks are
the best sales pitch in twenty years.

Dr. Li: Thank you very much, Mr. Buxton. Are there any questions
from the floor:

Question from the Floor: My name is William 0' Neil, Douglas Air-
craft Company. Instead of putting these in the form of a question I will put
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these in for form of a statement to be commented on. First of all, without
disrespect to the speakers or the quality of the papers, I feel a good deal of
what has been said here in the past few days has not dealt with the fundamental - .
theories of adaptation, such as the general process information required, and
the solution time which musE occur after acquisition of information before 7
action is taken by the control system. In other words, the really basic items
which we need to design any adaptive system, not just an adaptive airplane
control system. So I would state that I feel that investigation of fundamentals
is important and necessary. That is item one. Item two, no one has agreed to
mention the effect of changes internal to the control system. We allow the gain,
aerodynamic or otherwise external to the control systemto vary by large
factors, ten, one hundred, a thousand; occasionally this happens inside too!"
A complete adaptive control system program should look at every element of
the system as being the same in this sense. Every element can have a variable
gain, including, by the way, the germanistic models which we built. The inputs
should also be considered. That is item two.

Item three is people want or have given definitions of adaptation and I
would like to break them down - one is program adaptation such as we have in -

present flight control systems; the second is logic adaptation including non-
linearity, attempting to achieve some specified condition; and the third, a
random method which has been discussed mainly by Ashby. I think the general
theory fundamenials that I discussed should be emphasized more strongly
regarding all three methods in the future.

Dr. Li: Thank you, Mr. 0( Neil. I wonder whether Captain Rath would
like to comment on these statements?

Captain Rath: Well, I am the first to agree with Mr. 01 Neil that more
work in the basic theory is required. However, we started out with the idea
that we wanted to get techniques that could be applied immediately and then
after we had demonstrated that adaptive controls are feasible, to support these
techniques with the basic theory so that you Can actually synthesize systems
rather than build them on an experimental basis using the empherical data
that we had gotten from experiments. I think a review of the work that we in
the Flight Control Laboratory have planned would show that we are going to do
more basic research. There have been questions raised about whether our
plans are really for basic research. The best I can say is this. We welcome
having people or organizations that feel that they have legitimate approaches
that should be pursued to send in proposals to us. We intend to evaluate these
fairly and try to prevent duplication of effort, if possible. Then, based on
what comes out of that, those that can be funded are funded, so I would say
then that if you have proposals that you think will help us, please send them in.

Dr. Aseltine: I hate to let Ashby get by without taking a crack at him.
The homeostat that Ashby built is perhaps a pioneering step in a long range
direction; however, there are a couple of things about it that I think perhaps
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explain why it has not been applied on the programs that we have been hearing
about. In the first place this is a device which searches in a random way for
a stable operating condition and in general the steps that it goes through in
order to get to a stable condition may lead it violently unstable for a sizeable
time. This is one of the problems that Ashby was worried about and he does
have some solutions, but the system may be badly behaved and objectively so
if it were an airplane. The other point about Ashby' s system is that it serves
no useful function and I think I am quoting him almost directly, " Except to
run to a state of equilbrikm, it demonstrates purposeful behavior but it does
not do anything else". I have thought a lot about how you could make it do
something else, IP m not deprecating this, I think it is a device that is nice to

*• look at and it is a nice device to get ideas from but we shouldn' t be mistaken
in thinking that it can be put in an airplane, yet. I agree that this is a good
area to look at.

Dr. Truxal: To go back to the comment on the program itself, the basic
theoretical questions that are involved .iere are exceedingly diffflcult. I think
if you look at bther fields of science you don' t find general theories on engineer-

* ing that are built up early in the game. We didn' t have a feedback theory until
we had a lot of feedback systems operating. We didn' t have communication
theories until after a lot of radios were operating. It seems to me we need a
lot of different types of adaptive systems operating before the poor theorist
can decide what the theory ought to provide. You can' t go to a university
person or a basic research person and ask horn to develop a general theory on
the grounds we have so far established. That doesn' t mean that we shouldn' t
work on it but I think this will be a longer time coming than the applications

. of these techniques.

Mr. Whitaker: I might only say that in answer to the second part of
your question certainly no one believes more in Murphy' s law of random
perversity than I do. Anything that can go wrong will go wrong, but I didn' t
gather from any of the presentations that anyone was excluding the failure
inside the loop either. Particularly, if you have a measurable criteria perform-
ance of some kind then no matter what is upsetting the performance then

. presumably that index is going to change. You aren! t limited just to environ-
mental changes.

I might also comment on the third one. There has been some philosophy
. that we could make an aircraft system completely self organizing; however, I

feel that this requires too much predetermined mechanics and it seems to me
this is unwarranted complexity. I think in most cases you definitely know what
you want the airplane to do. To make the system decide what its loop corligura-

* tion is is unwarranted complexity.

Mr. Buxton: I might comment on the first one. Mr. Barron from Dodco
gave a very interesting and very fundamental approach I thought in some of the
basic principles. Variational calculus is a powerful tool to attack at least the
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optimization problem and surely represents at least one area where some
fundamental development work is being done. I, for one, would be anxious
to follow the work that these people are doing at Dodco.

Dr. Li: Mr. Ot Neil' s opinion about inside and outside is all relative.
All your trouble comes from the outside. You may always name some region
which is not inherent in the system. And if you draw a black diagram, depend-
in g upon where you put an error it can be outside.

Question from the Floor: Mr. Frank Barnes, Missile Electronics and
Controls Department of RCA. One of the things that I haven! t heard very much
about here is the effect of disturbances on adaptive control systems. In
particular, I am concerned about the kind of system that adjusts itself on the
basis of the difference between the model performance and system' s perform-
ance in the presence of a continuous series of disturbances at a time when there
may not have been much of a form of a desired input to the model. Since the
model doesn' t know about these disturbances I am wondering if the error
criteria that is used to optimalize the system will drive the parameters of the
system in a direction to optimize the system in these cases. I feel that there
should be some attention put on what kind of performance the system has when
affected by these disturbances, especially in the simulation and computer work.

Captain Rath: I think I understand the question. The systems under
consideration are those in which the adjustment takes place based on some
criteria applied to an error between the model and the actual output. He feels
that in those cases where you have a disturbance i.to the airplane other than
through the model you would generate an error signal which, in turn, would
call for some adjustments, although the system may already be at an optimum
setting. Actually, I think there are two typos of system that we have considered
to date. One is where we do actually have L. physically adjustment of a gain
based on this error. I think Mr. Whitaker could best answer the question
regarding this type of system. You dc not get any adjustment unless there is
a command input to the model. He will probably amplify that if there is any
further question. The second type of system could be represented by the
Minneapolis-Honeywell technique where, except for the gain change based on
the amplitude of the limit cycle, there is no physical adjustment in the system
other than the more or less spontaneous gain change due to the non-linear
characteristics of it. Therefore, when there is an error between the model
and the actual airplane response the performance parameters do not change
in the respect that the question referred to. Is this right?

Mr. Bretoi: As long as the disturbance is not at the same frequency
as the characteristic frequency of the limit cycle oscillations then the effect
of noise is not expected to have a strong influence on the performance of the
system except as it might relate to providing so much noise input to the
system that the signal is too small relative to that noise. I might mention
that work has been done in another area which is called an adaptive noise
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filter which we are using in connection with automatic beam following systems
and this work does relate to the question posed here. The problem was to
follow a beam, in this case an ILS beam, to an airport. This beam, however, is
not necessarily straight. It contains bends and it varies with respect to time
in many cases. The best gains for the system depend upon the bends in the
beam and the time variation of the beam center. If you can measure the noise
characteristics of the beam it is possible to adjust the lead and gain parameters
of the system in such a way that you do get a satisfactory performance. Some
work has been done along these lines. It will be interesting to see how some of
these same ideas could be adapted or applied in conjunction with some of the
adaptive techniques which are being investigated at this time.

Mr. Whitaker: I think I had better comment on this one. One of the
fundamental features of the type of system that we are proposing was that you
were making adjustments to an existing control system to optimalize its
performance. Now, I was somewhat crushed by Dr. Truxal' s comment much
earlier in the day when he said that he had to redraw the diagram in order to
show that we in fact had a linear system. I tried to draw the diagram so that
this was obvious in the first place. The only thing that we are doing in this
particular application is changing the parameters in the system on a basis that

* is closed loop with respect to its performance index. Now we had exactly the
same system and we changed exactly the same parameters before only they
were changed on a program basis. In relation to this particular question, we
were happy with the response of the programmed flight control system before
when it was flying through gusts; there is no reason why the system has
changed. All that has changed is the manner in which you adjust to the optimum
state. Now in getting to the flight condition in which you encounter a particular
turbulence then presumably you have put inputs into the system that have
caused the system to seek the optimum response. From then on the controller
is there as a closed loop system and still has the same characteristics of
service as the programmed system. Does this answer the question?

Mr. Osder: I think I ought to comment on that too because one of the
first problems we considered was the effects of turbulence or noise on our
performance computor which attempts to measure our so-called high frequency
oscillations. From the very beginning we applied atmospheric turbulence to the
problem and tried to develop techniques which could discriminate between the

* impulse we were applying and the turbulence. Actually, there is some slight
, effect in the system we worked with. It becomes more appreciable at high
speeds where the spectural densities of turbulence appear in a higher frequency

* range. The worst effect that we ever got due to the turbulence at a high gain
level was a slight change in gain of about two DB. Actually, it lowered the

* flight control system gain two DB' s in turbulence and some people think it may
*' be a good idea to lower the gain of the control system in turbulence. So from

that point of view, as far as turbulence is concerned, we have not encountered
any problem.
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Dr. Li: Thank you very much.

Question from the Floor: Lieutenant Hoffman, Dynasoar Project Office.
I had three questions but you have covered two already. That makes it very
simple for me. I wondered if any of you gentlemen have any feeling regarding
the relationship between the inner loop or stabilization loop adaption and the
outer loop adaption. For example, the flight path or guidance loop adaption and
what the relative payoff might be.

Mr. Marx: I think the reason why most of the people here have
considered inner loop adaptation rather than outer loop adaption is that for the
most part, your gain changes or variations are in the inner loop. For instance,
if you are controlling attitude and you make the attitude or the rate loop

* adaptive you have included the effects of elasticity, change of c.q., Mach
Numbcr, and what have you on the performance of the system. If you extend

* this to tl.. flight path loop, really, the only parameters which change are the
airplane path-time constant and an airspeed term. The path time constant
usually can be neglected if you have complete control of your inner loop.
The airspeed term can best be provided by a program. The only payoff you
you would get by using adaptive control then in the outer loop would be compen-
sation for this airspeed variation. Now, it is necessary to answer a question -

here, can you actually measure.the airspeed or do you have to resort to
* adaptive techniques?

Mr. Bretoi: Our particular approach to this aspect of the problem is
to provide an inner loop which has the kind of dynamics which we desire.
Then, depending upon what type of outer loop control that is desired, the
inner loop is either an acceleration control or it is a pitch rate control. The
closing of loops about either one of these is straightforward if you choose the
right one. In the case of pitch attitude control, pitch rate inner loop is a good
one to use because pitch rate is displaced just 90 degrees from pitch attitude

* and there is no gain compensation required if you have the same pitch rate
response throughout the entire flight regime of the airplane. In the case of

* normal acceleration control, normal acceleration is quire directly related to
flight on a vertical flight path, depending on the units with which you measure
or define the flight path. If you define your flight path in terms of linear
quantities such as feet per second or feet per second squared, the normal
acceleration does have a constant relationship between these quantities. If
you define your flight path in terms of an angle, then it would be more conveni-
ent to use an angular inner loop such as pitch rate.

Dr. Aseltine: I have just a short comment. I suggest that, if I under-
stand the question properly, in many cases the guidance loop is almost an

* adaptive system by my definition already, because it measures performance of
* the vehicle regarding its orbit by comparisons through terrestial or inertial

means and it does something about correcting errors. Perhaps, if you get too
far off you might tighten the loop up a little bit and then this would be purely
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an adaptive system in my estimation. I think we are rather close to this now
in an outer loop guidance system. This is what I understand the question to be.

Mr. Bretoi: I just want to point out that when you consider outer loop
control, together with the inner loop control, as a part of an adaptive system,
or when you try to make the outer loop part of a mechanism adaptive in
addition to the inner loop control, you are dealing with a higher order system.
This is an area where we should do more basic work. The question is, how do
you make a higher order system adaptive?

Mr. Osder: I think that this is a very important point because I think
it might indicate an area where possibly we try to push our adaptive systems
too far. There are certain gain schedules that we use, such as the airspeed
schedules mentioned before that are invarient; that is, they dont t depend upon
unknown aircraft characteristics. For example, take the case of the altitude
outer loop. Basically, you have a true airspeed requirement on a parameter
control if you have an inner loop which is a pitch attitude system. If, however,
you convert your inner loop to a normal acceleration system you possibly can
get away from needing true airspeed but the question is do we really gain
simplicity. We never had a problem if we had available the airspeed data and
it seems that in a manned aircraft the true airspeed doesn' t have to be too
accurate; as a matter of fact, Mach number always did the job quite well. If
the true airspeed data is available or the Mach number data is available, you
have a fairly simple system whereby you can vary the gain of your altitude
error and retain an inner loop pitch attitude system. If you use a normal
acceleration system, you will have problems such as how do you hold altitude
in a turn? Unless you compensate the normal acceleration data to make it
true vertical acceleration you are going to go into a dive. If you try to
inertially compensate your altitude error data you will use h error and h. If
h is derived from a normal accelerometer then it has to be compensated for
the one minus cosine function. Here in the compensation problem you run
into a lot of difficulties regarding accuracies. Small errors in the balance of
the circuit can give you errors to either make you dive or climb and it usually
results in complexities. This might look very clever and you might possibly
get away with it but the point here is that this has never been a problem before.
There are certain dangers in switching outer loops and inner loops. We have
the problem of reliability in switching and we have transient problems. The
transient problem occurs when we switch from a normal acceleration loop to
a pitch rate loop with an outer loop such as altitude control engaged. So the
word of caution that I would like to offer here is that we ought to try to apply
the adaptive techniques primarily to those areas where there is some
uncertainty in our gain programming or in those areas where there is absolute-
ly no chance of getting the kind of gain control information required. As long
as there are indicators that display speed to the pilot, such things as Mach
numbers, for example, are being computed and they should be utilized to the
best advantage in the flight control system.
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Mr. Dandois: I would just like to add one comment. One type of self
adaptive control that might be used as an outer loop would be a self optimizing
type which seeks a maximum or minimum. For example, in guiding an airplane
or a missile from one place to another we might want to maximize the range or
minimize the fuel consumption. Usually this is programmed but it might be
possible to devise some means of controlling the aircraft so that the maximum
range is obtained automatically by maximizing his climb.

Captain Rath: I would like to comment on Steve Osder' s remark. It is
true that for certain applications where we do have available air data that the
mechanization can be simpler and therefore more reliable and should be used.
However, it is necessary to look to those applications which are not too distant
in the future where we do not have the capabilities of getting accturate air data
information and we should now begin to try to determine ways of operating
without programming. I think although we may not use these techniques
immediately in the future they will definitely have application and we should be
working on them.

Mr. Buxton: I want to amplify on Captain Rath' s comment. Basically,
we are seeking a greater reliability in these systems. In most cases we have
to use adaptive techniques when we dont t have anything with which to schedule
our knowledge at all. I would say a design consideration should be that if you
can establish any reliability at all over a system that formerly used scheduling
techniques then you should use adaptive techniques rather than try to use some-
thing that we haven: t had trouble with before. I can' t help but feel that one of
the major causes of our control difficulties has been our scheduling devises.
If we can improve the reliability I would sincerely vote for adaptive techniques
in the outer loops as well as in the inner loops.

Dr. Li: All right, I think we have had enough answers to this question.
I might add a little bit; that is, right now we are trying very hard to introduce
adaptive techniques to this outer loop. As a matter of fact, when the Russians
try to shoot at the moon, or we try to shoot at the moon, we schedule every-
thing. Why do we schedule everything? Because there is no feedback. Why
don' t we have the feedback? The reason may be that we don' t have a way
of measuring the signals. Just like in the old days, when the house is too cold
we put a shovel of coal in the stove. Later on we invented the thermostat and
so we had feedback. If you don' t invent the thermostat then you don' t have
feedback. If we can measure the so called ballistic missile and close up the
loop we certainly would be glad to do it. Sometimes measurements are very
important.

Question from the Floor: R. N. Clark, University of Washington.
I would like to say three things: First, I think this conference has provoked a
lot of material for discussion, but I will spare you gentlemen my opinions on
most of this material and limit my remarks to two things. First, I would like
to say if anyone is in Seattle, I would be very happy to continue this discussion
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in the electrical engineering department there and could probably arrange for
a seminar type of discussion. Secondly, I would like to direct a question to
Mr. Whitaker. Would you discuss the problems which you have encountered,
if any, in making your system work with inputs other than stlp inputs, perhaps
ramp or sine wave or statistical type inputs? A third thing that I would like to
mention concerns performance criteria. Performance criteria have not been
discussed here and I feel we have need for work in this area in the future. I
think that we have to search for a criteria beyond that which is found in our
text books now. In particular, we have to find a criteria that is compatible
with realisti( type input signals, in the aircraft business, the kind of signals
our auto pilots really do get. I think we should make an attempt also to
incorporate in our performance criteria the same sort of subjective evaluation
to which we subject our control systems on the analogue computor. In particular
we look at the response and say this is better than that. I think the attitude with
which the Dodco people have approached their work is a good indication that we
are getting out of the text books for a criteria.

Dr. Truxal: I agree we -need more knowledge. I agree with that whole-
heartedly.

Mr. Whitaker: I am not sure how things are on the frontier in Seattle
but we would be happy to have anyone come up to the hub of civilization in
Boston. In regard to the second question, the questions of input, I knew that if
we tried to show you something here that, as Dr. Li says, has some sex appeal -
that we would be accused of having a system that only works with step functions
and I would like to assure you that this is not the case at all. In probably the
most typical operational use, environment is changing in a continuous manner -,
ard the parameters would also change in a continuous manner. Actually, it
isn' t very glamorous to see the same response all the time. In order to have
something that would show what would happen if the parameters were way off,
we are using the step function to define a parameter called convergence time.
You could define convergence time as the time it would take to come back to
the optimum state from some non-optimum condition. Similarly, you could
define a similar time for changing an environment if the conditions were fixed
and then the environment was changed, and the system allowed to converge.
It is not necessary to only have step function inputs. This is the prime reason
why the sampling for the system is keyed to the input and output relations of
the model. Ui the input changes the sampling also changes. Now our flight
test program had 3ome of the characteristics of an Egyptian Mummy, we were
pressed for time. We werent t able to present you with complete quantitative
data on the other types of input. However, we have some flights in which we
just let the pilot fly around and do normal maneuvering. I can' t give you
quantitative information on these flights; however, the system appeared to
give satisfactory flight response as he did that. Another type of test was one
in which we simulated a dive bombing mission. If we just asked the pilot to
nose over wings level and not touch the stick, then, of course, there would not
be any input in and the system would not change, but if we give him the task of -- "

WADC TR 59-49 443



tracking a target on the ground, then his tracking inputs will be sufficient to
I'. give the system enough information to find its own optimum point and to keep

the gains changing a-, the environment changes. A dive bombing mission is the
. most severe type of environmental change you will get. It involves starting

from high altitude at a low Q and getting down to sea level in a hurry.
. Unfortunately, dive bombing isn' t very popular anymore and I am not quite sure
S-.what the most stringent environment change would be or what the most stringent

requirement for this system would be. In summary, it is not necessary to have
step inputs and what input data we do have indicates the system works quite
well on the basis of just the normial flying input that you would have in travers-
ing the sky. We did do some simulator work in which we used a cockpit simula-
tor and scope presentations, and had someone sitting in the cockpit trying to
track the scope in an effort to simulate the same type of thing.

Question from the Floor: G. G. Moss, Convair, Pomona. Something has
* impressed me about the design criteria. It seems that we all want something

that is adaptive but there is a slight difference in some of the approaches. One
that Minneapolis-Honeywell has taken is where the switching occurs and you
try to get a sort of a least time optimization. The approach by Dr. Aseltine
and others is to adjust the system rather slowly so that we have perhaps a
least square criteria. Now the two different approaches seem to have different
merits. For instance, in the least square criteria, where we slowly change the
parameters of the system, you d6n' t introduce erratic signals and perhaps
excite modes that you don' t know anything about, but at the same time you don' t
take full advantage of the least time approach where you can respond more
quickly to large errors. I would think that these differences should be empha-
sized and something said in defense of the particular approaches. Also, it seems

* that more could be said about the possibilities of improving the reliability and
dependencc of the system on components, but I suppose there is no use in doing
that now. I prefer the contest.

Dr. Li: This is a very broad and general question and touches on almost
every type of system that we have tried to analyze and classify; however, I
will turn this over to the panel for three answers and ask that the answers be
limited so that we can get another question in.

Dr. Aseltine: I might remark that in reference to what was called
. "least square", this was really a method of evaluation which was based on

looking at the transient response and measuring areas above and below the
line that was obtained by noise variance and " least squares" played no part in
it. Incidentally, it is also a method which is not in any text book. It was an
attempt to find some description of the system. It is based on a property of
the system which is a measure of performance and that is impulse response.
In special cases it probably is true that the Flugge-Lotz method would be
faster and I think this is important. I think also that one ought to realize that
the general application of the switching method to an unknown system is some-
thing I dont t believe has been studied. When you get into a second order system,
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such as the studies that Flugge-Lotz and Taylor have made, you can probably
get very fast results, but I am not sure that with an unknown system this would
be possible. These responses are not based on anything that you know about
the system itself; they are based on the way it works. I think the speed is good
and I think Flugge-Lotz has a good way of going after it but a lot more work is
needed there. I just wonder again if there isn' t some minimum time that it
takes to do this job.

Question from the Floor: Hugo Shuck, Minneapolis-Honeywell. I ,uould
like to comment in that general vein and sort of second the motion that Dr.
Aseltine has indicated. We need to get down to a fundamental thing like

* m Heisenburg' s uncertainty principle to establish what kind of accuracy can be
obtained as a limit and as a function of the length of time required. There are
several techniques that have been mentioned in which integration is used, and
in a way, we are sort of shaping down to integration versus no integration, F
cross corrolation and so forth all implying that there is a time integration.

- In Fourier transforms you have an integration that must go on out into infinity
"which isn' t very useful because you want very recent information. So you have
to truncate to some extent. Now it is this truncation process which is signifi-
cant in this application as in many others. There hasn! t been too much study
on it and certainly the suggestion that we ought to try to get something definite
down is very much in order. In fact, to put a question tinge on to this, I would
like to ask if any of the panel members know of any optimization of form of
"the time waiting function which is applied to this integration process? In other
words, do you cut it off exactly on a square chop as you do when you try to
average breakfast food weight or do you use the exponential draw up that you
can get out of a simple RC circuit or is there some other optimum method?

Dr. Li: The heart of his question is that he would like to know in a
general way what is the best way of chopping off the so-called pulse response in
order to give you enough information. I wonder if any of the panel members
want to answer this question?

Dr. Aseltine: One brief comment is that in the particular method I just
* • talked about this thing is sort of taken care of because the thing you are

integrating tails off generally exponentially, at least if you are anywhere near
the operating point that you would like to be near, so there isn' t any necessityto worry about it.

Mr. Whitaker: I would like to make one comment. When using a model
* the characteristics of the model such as its rise time and exclusion time may
.. be used to regulate any sampling. Integration in that case actually is performed

in potentiometer servos. When you are integrating you are changing the gain
at that time and the change in the potentiometer poJsition is the value of the
integral. The criteria of the integral should be zero so that when you reach
your final state over any sampling time the actual change in the potentiometer
is zero. You are changing the gain while you are doing the integration.
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I don' t k,;.w whetV ,- this is quite what you had in mind or not. I know the
effect oi "he samp.,g time 's to weigh the error. I think Graham and Lathrop
suggested as a criterion the integral of timre times the absolute value of the
error. In a sense, using a definite sampling time is also using a weighing
function. It is a weighing function at a constant level for a given time and then
zero from then on, ' ,

Question from the Floor: Leo Chattler, Chance Vought Aircraft. I would
like to make some statements which can also end up as a question in regard to
the self adaptive systems that were discussed at this meeting, For one, I think
Ne have to divide our thinking between a manned vehicle and an immanned
vehicle, because for one I don' t believe that uny pilot in an aircraft of the type
where a pilot will hold the controlling lever in his hand, will accept any feedback
into his controller. That has been proven time in and time out and has been the
point of many discussions with many military flyers. So for those systems
where you contemplate that there will be feedback into the controller, would
recommend that you not seriously consider their use for fighter or attack typeairplanes. To use the systems that give you a saw tooth output or residual •'

amplitude at the output of the actuator to the degree that was discussed here.
I think we will have to get a new line of bearings for our aircraft. I think if
people will remember back when the acceleration switching servo valve first
came into the picture one of the problems with it - I am speaking of the time
modulated valve - was the fact that before you would even get the system
tested, if you had significant time modulation you wore all the bearings out.

Now the other point of consideration here is the fact that you still must
""- look at the mission of your vehicle. Do you really want to put all this equipment

"into a vehicle that may have a transient gain change and then spend a great deal
of time at a fixed gain that would give the vehicle the response and stability that
is desired for a point of the mission? It may be better to try to devise a scheme
that will affect a gain change from an optimum within a certain area of the flight
envelope to an optimum at another point of the envelope. [ think Mr. Osder car.
allay his fears about people going too far with the systems. I propxosed this or.
one of our vehicles. I said, 1 Wouldn't it be wonderful, we don' t nee! a!- data"
The answer was, "Who wvon' t, the pilot will still need air data" . So this will
still have to be in the airplane although the order of magnitude is different.

Actually as was pointed out here previously the vehicles that we are
looking at today can use this adaptive system and one very pointed question that
I would like to have answered is, are people designing some one of these schemes
into the vehicles that they are working with today? Thank you.

Mr. Bretoi: There are several questions, Mr. Chattier brought up the
fact that you have to consider manned aircraft ih a different light than you do
unmanned aircraft in many respects. One aspect of this relates to the fact that
you do have a pilot aboard and your performance criteria for the system will
depend on how you use that pirot in the system. He c-ould be used in a control
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stick steering mode or used to identify targets or track targets, or used to
provide a navigational function, so the performance of your system does depend
upon your pilot and it suggests that what we need to do is to know more about
what the pilot' s transfer function is. Work is being done by a number of
agencies under military sponsorship to find out this transfer function; and
maybe one of the values of non-linear techniques is that these techniques will
give the engineers a better feeling for non-linear systems and possibly permit
them to devise better approximations to pilot performance in terms of non-linear
characteristics. The pilot is, of course, a non-linear mechanism.

Another question related to the amplitude of a limit cycle motion when
you are using a system with a discontinuous signal. We, of course, have been
worried about this problem also and we have looked into it. One of our
approaches is to make this amplitude as small as possible and the amplitude of
the motion which we are shooting for is just barely above the threshold of our
instrumentation which picks up or senses the motion of the control servo.
The amplitude which we are shooting for is in the order of a tenth of a degree. -
To find out how objctionable these limit cycle amplitudes are we compared
them with the amplitude of motions that we would get from a conventional
system. This comparison was made from flight test results of both systems.
We have found, and this is somewhat surprising, that the amplitude of the
surface motions using the non-linear system are no greater than the amplitude
of the motions that you get with a linear system and in many cases they are
smaller. The linear systems we investigated included the control systems in
the F-94, F-100, and F-101 airplanes. We have quite a bit of data on these.
As far as the amplitudes of residual motions are concerned, the non-linear
systems do compare favorably with the linear systems.

Dr. Li: Thank you. Well, gentlemen, as the moderator of this last
session, I would like to represent you, the audience and the participants, to
thank our host, the Wright Air Development Center and especially Captain Rath
and Lieutenant Gregory for this opportunity to gather together. I am looking
f3rward to other opportunities to have this same type of meeting. I wonder
if Captain Rath has something else to say?

Captain Rath: I certainly want to thank everyone for their patience
and cooperation in making this two day symposium a success. Thank you very --

much.
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INTERNATIONAL BUSINESS MACHtNES CORP - R. K. Wa!ter, E. W. Smythe,
H. Markarian

ITT LABORATORIES - F. W. Iden

LINK AVIATION CORP - D. G. 0' Connor a..

KEARFOTT - R. Bordersen, James L. Sennis
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LABORATORY FOR ELECTRONICS - William Maughn

LEAR, INC - Martin Story, less Card, Pat Dark, Leonard Ambrosini,,..-'"

Graham Cassely, Kenneth Kramer

LEEDS & NORTHROP - Dr. Kenneth Goff

LIBRASCOPE - Lothar M. Schmidt

LITTON INDUSTRIES - Dr. D. 0. Ellis, F. 1. Ludwig

LOCKHEED AIRCRAFT CORP - C. H. Cannon

LOCKHEED AIRCRAFT CORP, Missile Systems Div - R. 1. Ransil,
1. W. Wilson

LOCKHEED AIRCRAFT CORP, Aircraft Div - W. E. Kerris

MARQUARDT AIRCRAFT CO - H. B. Coleman, David Isaacs

MARTIN CO, Baltimore - Orrin Kaste, Conrad H. Cooke, Arnold Black,
Laurence Gregory, Thomas C. Hill, Don Novak, Frank Muller

MARTIN CO, Denver - H. E. Nylander, F. S. Nyland

MCDONNELL AIRCRAFT CO - 1. R. Burton, D. W. Allen, C. E. Lemley

MELPAR, INC - Robert E. Marcille, Thomas S. Bockoven

MINNEAPOLIS-HONEYWELL REGULATOR CO - Hugo Schuck, R. N. Bretoi,

L. T. Prince, 0. L. Mellen, 1. Bradford, L, Hudson, D. J. Rotier,
R. Lee, C. Johnson, John Fitzpatrick

MOOG VALVE - Lewis H. Geyer, K. D. Garnjost

NATIONAL CASH REGISTER CO - George Zopf Jr, B. Cohen, Mrs. M. A.

Wallis

NORTH AMERICAN AVIATION, rNC - Boris G. Palary, Jarnes E. Campbell

NORTH AMERICAN AVIATION, INC - Missile Div - C. M. Mears

NORTH AMERICAN AVIATION, INC, Autometics Div - E. R. Buxton,
L. B. Manos, F. K. Shuler, R. Smythe, C. Kretchmer

NORTHROP AIRCRAFT, INC - John Love
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NORTHROP AIRCRAFT, INC, Nortronics Div - Mr. S. Call

PERKIN-ELMER CORP - Al Pirone, Walter G. McNeill

PHILCO CORPORATION - S. M. Berkowitz, N. C. Randall

RAMO-WOOLDRIDGE - John DeVillier

RAND CORPORATION - Myron C. Smith

RCA MISSILE ELECTRONICS & CONTROLS DEPT - Frank A. Barnes,
Carl W. Steeg

RCA SERVICE CO - C. E. Radke
I-

RAYTHEON MFG CO - H. B. Bristol, James Walker, 0. V. Goodwin Jr

REACTION MOTORS, INC - Douglas Jamba

REMINGTON RAND UNIVAC - R. C. Hanson

REPUBLIC AVIATION CORP - S. Kalson, D. DeNigris

RE PUBLIC AVIATION CORP, Missile Systems Div - H. Denacir

ROBERTSHAW-FULTON - W. J. Chadburn

RYAN AERONAUTICAL CO - Roger C. Finvold, Donald C. Inman

SERVOMECHANISMS, INC - John F. Lent, Vic Azgapetian

SIERRA RESEARCH CORP - Herb Mennen

SOLAR AIRCRAFT CO - Murray Shabsis

SPACE TECHNOLOGY LABS - Dr. John Aseltine, Charles W. Sarture
p

SPERRY GYROSCOPE CO - Joe Fish, S. Osder, J. J. Hess Jr, John W. Scott,
E. R. Tribken, C. H. Pulver, R. Andeen

STANFORD RESEARCH INSTITUTE - Lucien G. Clarke

SUMMERS GYROSCOPE - Charles Z. Becker, J. W. Brubaker, Erich Helbig

SYLVANIA ELECTRONICS SYSTEMS - George Biernson, Peter Krailo, R. Rees

SYSTEMS DEVELOPMENT CORP - Alvin Fehrman
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SYSTEMS TECHNOLOGY, INC - Duane F. McRuer, Lester Jay Seltzer

TENLO RESEARCH CORP - James C. Colburn, Tenny Lode

TEXAS INSTRUMENTS, INC - T. E. Landgren, Edward H. Andrew

TRAN-SONIC, INC - Robert Blanchard, Robert Siff

UNITED AIRCRAFT CORP, Hartford - Ralph Belluardo, Cosimo Bosco,
Henry E. Martin, Norman Gray, F. R. Preli, Elliott Siff

UNITED AIRCRAFT CORP, Hamilton Standard - Charles B. Brahm, William
Peck, Charles Myers, Joseph Yamrom

UNITED AIRCRAFT CORP, Norden - Rick Harris

UNITED AIRCRAFT CORP, Sikorsky - John Duhon, Al Wissinger

UNITED CONTROL CORP - r. M. Mix, Everette Vermillon

VERTOL AIRCRAFT CORP - B. Blake, D. Richardson

WESTERN INSTRUMENTS - A. C. Evans, R. J. Lender, W. C. Nearing

WESTINGHOUSE ELECTRIC CORP - G. S. Axelby, J. H. Gifford

P:7
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MILITARY INSTALLATIONS

AIR FORCE BALLISTIC MISSILE DIVISION - Capt A. L. Wood, Capt Robert
Mitchell, Capt H. H. Stevenson, Capt Abner Moartin

ARMY BALLISTIC MISSILE AGENCY - Wilhelm Rothe

BUREAU OF AERONAUTICS - Sidney Blatt, Ed Burner, George Tsaparas

CHIEF OF AIR STAFF, Canada - Fit Lt Marcus Henry

DIAMOND ORDNANCE FUSE LABORATORY - Oscar Mead, Raymond Warren

FEDERAL AERONAUTICS ADMINISTRATION - Ralph Holmes, D. Sheftell

FRANKFORT ARSENAL - M. Weinstock

HQ, AIR RESEARCH AND DEVELOPMENT COMMAND - Col Butman,
Col Lundquist, Col C. E. Riddle, Major Johnson, Capt Wm Hipple,
James Burke

HQ, USAF - Mr. Munnikhuysen

NASA, Ames Research Center- John D. McLean, G. Allan Smith, William C.
Triplett

NASA, High Speed Flight Station - Lawrence W. Taylor

NASA, Langley Research Center - S. A. Sjoberg, E. C. Foudriat, A. A. Schy

U.S. ARMY SIGNAL RESEARCH & DEVELOPMENT LAB - Lt 1. P. Gilmore

'U.S. NAVAL AIR DEVELOPMENT CENTER - 1. L. Lindinger, Cyrus Beck

U.S. NAVAL AVIONICS FACILITY - L. E. Griffith, J. L. Loser, A. Jansons,
W. A. Key

WHITE SANDS MISSILE RANGE - U. H. Polking, George Gale
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IF

SCHOOLS

AIR FORCE ACADEMY - Col G. C. Clementson

UNIVERSITY OF CALIFORNIA - Maier Margolls

CASE INSTITUTE - Dr. D. P. Eckman, Dr. I. Lefkowitz

UNIVERSITY OF DENVER - Prof Carl A. Hedberg, Eugene Grubin

GENERAL MOTORS INSTITUTE - Merle DeMoss, Harley Anderson

JOHN HOPKINS UNIVERSITY - A. G. Carlton, Ben Amsler

KANSAS STATE UNIVERSITY - Dr. R. G. Nevins, Dr. C. A. Halijak

MASSACHUSETTS INSTITUTE OF TECHNOLOGY - C. S. Draper, Dr. Y. T. Li,
H. P. Whitaker, 1. I. Cattel, A. Kezer

UNIVERSITY OF MICHIGAN - Prof Harry Carver

UNIVERSITY OF NEW MEXICO - Arnold H. Koschmann

NORTHWESTERN UNIVERSITY - Gordon Murphy

OHIO STATE UNIVERSITY - Dr. R. L. Cosgrif, Mr. R. B. Lackey, F. C. Weimer

PENNSYLVANIA STATE UNIVERSITY - Henry B. Harvey

POLYTECHNIC INSTITUTE OF BROOKLYN - Prof 3. G. Truxal, Ludwig
Braun Jr.

PRINCETON UNIVERSITY - Edward Seckel, Enoch Durbin

PURDUE UNIVERSITY - Dr. 3. E. Gibson, W. Norman

STANFORD UNIVERSITY - G. F. Franklin

TEXAS A & M - A. E. Cronk, Dr. W. S. McCulley

WASHINGTON UNIVERSITY - Dr. John Zaborzky
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FOREIGN NATIONALS

A. V. ROE & COMPANY, LTD - K. V. Diprose

NATIONAL RESEARCH COUNCIL - I. H. Mflsum, D. F. Daw
'a'.

S. SMITH AND SONS - P. E. A. Taibott, M. 3. Rant '� ':.



PUBUCATIONS

AUTOMATIC CONTROL, Reinhold Publ Corp - Robert H. Cushman

AVIATION WEEK - Philip 3. Klass

CONTROL ENGINEERING - Lewis H. Young

ELECTRONIC DESIGN, Hayden Publ Co, Inc - Laurence D. Shergalis

ELECTRONIC NEWS - Richard Atkins

JOURNAL-HERALD - Jim O' Connor

SPACE/AERONAUTICS - .im Holahan

* -jq
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WRIGHT -PATTERSON AFB PERSONNEL

W. H. Ahrendt, WCTECF

Lt D. P. Albert, WCLCEP

Capt C. A. Anderson, AFIT

Lt S. Bachman, AFIT

E. B. Balsink, WCLCXA

Lt Commander P. 7. Bartko, BAGRCD

D. L. Beam, WC LROO

E. B. Bell, WOOR

Commander D. I. Bellinger, BAGRCD

K. Biales, WOLOXE

Maj 1. H. Blakelock, AFIT

P. Bleizinger, WCLNS

0. Boonshoft, LMEG

J. D. Bowen, WCLDF

M. G. Bracht, LMEGA

Lt T. C.Brandt, AFIT

Capt E. 1. Brisick, WOTOC

Miss M. E. Brown, WCOMO

W. J. Brown, AFIT

Lt Buckelen, AFIT

A. 3. anoWCO

W. E. Caulfield, WCLRFC
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WRIGHT-PATTERSON APB PERSONNEL (CONTINUED)

Capt H. E. Chapman., RDZSDH

L. T. Charnock, WCO

Maj H. W. Christian, WCTOB

Capt D. C. Cole, AFIT

R. E. Conklin, WCLKC .~

J. C. Corbin, WCLJY

C. A. Davies, WCLITN

A. 3. Desnols, WCIJY

M. S. Feldman, WCLCEP

L. A. Ferguson, WCLCXC

G. Frost, WCLD

Lt W. L. Gaiser, AFIT

Capt H. M. Giesen, AFIT

Lt D. C. Gordon, AFIT

C. L. Greer, WCLCDI

Lt P. C. Gregory, WCLCXC

Capt V. 1. Grissom, WOTOF

MaJ V. H. Hannemnan, AFIT

Col Y*. F. Harris, WCL 7
Lt A. F. Harrison., WCLCEG

S. D. Hawkins, WCWCM

Lt T. C. Hays, WCLCXE
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WRIGHT -PATTERSON AFB PERSONNEL (CONTINUED)

Capt Hendricks, AFIT

D. Henricks, WCL.SSF

Lt Herres, AFIT

Lt M. A. Hoffman, RDZSXB

Capt G. M. Holden Xr., WCLCXE

Capt E, E. Ilosback, WCLCD

R. W. Ittleson, WCLOT-~

R. E. T~hnson, WOTEOF

L. Judd, WCLOR

1. King, WCWEC

11. F. Knecht, WC14CEP

E . "'otcher, WC L

Lt S. Kot. ,;k, WCLCEG

Lt R. L. lankford, WCLCXE

Lt J. P. F. Lambert, WCLCXC

Capt C. B. Latimer, WCL4CXE

V. L. Leiu..~ns, WCT"-CF

B. Levine, WCL4"X

H. S. Lippman, WCLS

A. J. Longiaru, WC LCXE

Capt 7. M. Lucas, RDZ'3EV

G. 11. Lum, W`CLJY
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WRtIGHT -PATTERSON AFB PERSONNEL (CONTINUED)

Capt 0. 7. Mancl Jr., AFIT

A. L. Martinson, WCLCO

D. G. McKee, WCLP

P. B. McKee, RDZST

C. E. McLaughlin, RDZSSB

Lt E. C. Mills, AFIT
Cap C.B io,*I
Capt C. B. Mnorga, AFIT

U Capt J. R. Morrison, WCLCXC

Capt D. D. Moss, AFIT

Col E. R. Neff, WCLCO

P. W. Nosker, WCLJ

G. W. Ogar, AFIT

Capt L. A. Palmnerton, AFIT

Capt E. C. Peake, AFIT

E. E. Perrett, WCLIY

Lt P. Polishuk, WOLCIA

-T. M. Pienkowski, WCLGS, -

Lt J. K. Potts, WCLCEP

R. R. Rasmussen, WCLF

Capt R. R. Rath, WCLCXC

R. W. Rautio, WCPCp
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WRIGHT-PATTERSON AFB PERSONNEL (CONTINUED)

Lt R. L. Ringgenberg, WCLCM

D. E. Ringwall, LMSB

W. M. Ritchey, WCTEC

Lt T. C. Robertson, WCLCXC .

EL G. Roche, LMSE

E. E. Rorer, RDZSSC

MaJ 1. M..Ross, WCLCEP

Lt E. C. Ruby, WCLCEP

Dr. M. W. Ruhnke, WCLCXA

G. C. Sayles, WCLP

E. Sharp, WCLD--

M. Shorr, WCLCO

Maj E. M. Sommericn, WCLCXC

-A. M. So 4ard, WCOOL-

D. M. Sovine, WCYJCXA

"R. K. Stout, WCLEQ

•'° ~Lt R. H. Sudheimer, WCLJY Y-

1. Sunny, LMUR.

Col J. S. Szymkowicz, WCO

Col K. E. Tavasti, WCLC -.

MaJ 1. D. Thompson, WCLCEP

C. A. Traenkle, WCLJH--
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WRIGIr£ -PATTERSON AFB PERSONNEL (CONTINUED)

L. A. Wack, WCL5SC

1. Weil, WCLPN

D. W. Young, WCLSSC

Lt R. W. Young, WCLGSSA
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