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SECTION 1

‘PROGRAM OVERVIEW AND SUMMARY

INTRODUCTION

NASA is conducting a flight control research program in digital fly-by-wire technology
using a modified F-8C aircraft. The first phase of this program used Apollo hardware

to demonstrate the pract1ca11ty of digital ﬂy-by-wire in an actual test vehicle. For

the second phase, conventional aircraft sensors and a large floating point digital
computer are being utilized to test advanced control laws and redundancy concepts.

For control law studies, the new computer's Speed memory, and ﬂoatmg point capabihty

removes most of the constraints imposed by more typical flight control machines.

As part of this research activity, Honeywell initiated work in 1974 under Contract
NAS1-13383 to provide a system of digital adaptive flight control laws for ﬂight test

in Phase II. These control laws were to be adaptive in the sense of altering the control
law on the basis of normal sensed information, One adaptive design was to be refined
for flight test from a comparison of several candidate concepts, As paft of the ground
rules, measurements were restricted to rate gyros, accelerometers, and servo position,
Air-data was excluded because aircraff hketheFBC Wﬁo-se perfdrrhaﬁcé ;'éqﬁirerr;ents
are: reachly satisfied with a1r-data-schedu1ed control laws, benefit most d1rect1y from -
adaptwe control through the elimination of air-data sensors. This will be particularly
valuable for future aircraft requiring flight critmal redundant control systems and
sensors. The control laws were further constrained to be compatible with the éxistin’g
airframe without structural modification. Hence, they use only existing elevator,

‘rudder, and ailerons as control effectors--each powered by existing actuators.

Three candidate control algorithms were'success'funy designed from distinct adaptive
concepts: '
° Gain adjustment based on self-excited limit lcy_qles,

) Gain adjustment based on explicit identification with Liapunov-gtable model
trackers, and ' ’ '

e Gain adjustment based onvéxplicit identification with maidm_um likelihood

estimation (MLE). N



channel impl‘ementatidn. Several Kalman filter channels operate at fixed locations in
parameter space. Likelihqod functions are computed for each. Sensitivity equations
are then solved only for the maximum likelihood channel and used to interpolate from

thefe to the correct parameter value,

Fwe parallel channels suffice to handle the F-8C a1rcraft over its entire operational
ﬂight envelope. They estimate three parameters- surface effectiveness (M5 )

pitchmg moment due to angle-of-attack (M ), and airspeed (V), Estimation accuracy .
depends strongly on the signal levels in the control loop, For the small test S1gna1s
tolerable in operational situations, errors of 10 to 20 percent in M and 20 to 30 percent
in M and V are typical in s1x-degree -of-freedom simulation runs. Theoretical accuracy
analyses confirm these error levels. The gain adjustment in the pitch and lateral
control laws is a function of estimated M only,

e

CONCEPT COMPARISON

‘The preceding three designs were compared on the basis of performance, growth
- potential, and computer requirements, An overview of the comparison is given in

Table 1. - The MLE design was selected primarily on the basis of growth potential.

TABLE 1. OVERALL COMPARISON OF CONCEPTS "

e ' o . . High-~gain Maximum
Characteristic Model tracker limit cycle likelihood

, estimation
Performance Acceptable to good - Good Good to excellent
Growth ' Low--limited to Low--limited to | High--multiple
‘potential single variable single variable parameter gain

R explicit gain - implicit ’ adjustment possible
schedule adaptation ' :

Computer Minimal . Low Medium
/requirements?'l '

2 These requirements are relative to AP-101 capacity,

The entire control system is expected to fit comfortably in the F-8C's AP-101 flight
computer, The control law plus adaptive algorithm (excluding redundancy management)
~ are estimated to consume less than one-half of the frame time available on that machine

(20 msec for a 50 Hz update rate) and to require approximately 2500 memory locations,

4



SECTION 2

INTRODUCTION

BACKGROUND

NASA ig presently ‘conducting research in digital fly-by-wire technology using a modified

F-8C aircraft as the f.es't vehicle, In 1972-73 during the first phase of this program, - ‘
the F-8C was successfully flown using an Apollo guidance computer, an inertial measure-
ment unit, an analbg (electrical) backup system, and an electrohydraulic actuation o
system; The purpose of these flights was to demonstrate the precticality‘ of a digital

fly-by-wire flight control system in an actual test vehicle. !

The second phase of the research program supports technology development of advanced,
reliable control systems for future aircraft. Primary objectives of the second phase

are to demonstrate benefits of advanced control' laws and to study redundant flight control
mechanizations. The test aircraft will use a triplex AP 101 digital computer and triply--
redundant aircraft gyros and accelerometers, Dual air-data measurements of angle-of-
attack, Mach number, and pressure altitude will be available as well as a single side-
slip sensor. Of special importance is the extensive computing power prov1ded by the
Large, floating point computer in the test aircraft. Thls capability makes it poss1b1e

to fhght test advanced control 1aws without the constraints nnposed by less capable

flight control computers .

To. date, two sets of control laws have been developed for flight expenmentatlon in
Phase II: a "CCV Package and an "Adaptive Package, " The first package is descrlbed
in Reference 2, It provides basic command augmentation functions, outer loops, and ~
control modes for various Control »Confi'gured Véhicle concepts applicable to fighter
aircraft, The second control law package is described in this report. It consists of
the same command augmentation functions found in the CCV package but adds explicit
on-line identification capability for adaptive control, In addition to these "packages;
_research has also proceeded on several other candldate adaptlve algonthms for the k

F- 8(‘,'3 45 and on sensor fault detection and isolation algorlthms. 6,7

Some of these :

. may reach flight expenmentatmn later in the program.



MOTIVATION FOR ADAPTIVE CONTROL

NASA's primary reason i"or studying aciaptive control laws for the F-8 aircraft is to
identify potential performance and system effectiveness benefits offered by modern
adaptation/identification concepts and to demonstrate these in an actual digital fhght
control env1ronment. Relative to these objectives," adaptive control is viewed in this
report as one of several competing ways to achieve successful control actions in the
face of aircraft plant uncertainties. Whether it offers benefits for a particular design
application then depends on two primary factors: 1) the nature and magnitude of plant
uncertainties, and 2) alternate methods available to achieve successfnl control, The
first factor determines feasibility,  Most adaptive techniques work well for some types
-of uncertainties but not for others. The second determines viability, Adaptive controls
may or may not be competitive with alternate approaches on economic or operational

grounds.

For inner-loop .stahility and command augmentation of iighters_, the feasibility factor
tends to be positive, . Plant uncertainties generally take the form of unknown parameters
in an otherwise known model structure (i.e., coefficients of 1ineariz,ed .equations of _
motion)., Their range of uncertainty is largely due to widely varying flight environments
(dynamic pressure, Mach, angle-of-attack) and large configuration variations (c.g.

; locations,. fuel and payload, geometry). However, individual coefficients are strongly
interrelated, and only a few must be known accurately in order to design good control

" laws. As a net result, the important uncertainties reduce to a small number of slowly
varying parametfers, They usually include M 6 sometimes also M o and occasionally
other surface effectiveness coefficients. Adaptive controls based either on explicit
identification or on impli¢it control gain adjustment stand a good chance of success
with these kinds of uncertainties. This is demonstrated by .three-separate F-8C adaptive

des1gns and s1m\ulator evaluatmns _presented in this report and will be verified, hopefully,

in upcoming F- SC adaptive f11ght tests.

Two alternate approaches for deahng with uncertain aircraft dynamics are to use low~
gain ﬂ1ght control laws which can tolerate the full range of uncertainties directly or

to provide external air-data for gain adjustment, The first approach is generally ruled
out on the basis of ’performance. Low-gain sys tems capable of flying the entire flight .
envélope are unsble to satisfy performance requirements for most of today's fighters
and will be even less acceptable for future conditionally stable relaxed~static-stability

aircraft, The s¢=cond approach is more successful . It exploits the strong correlations



which exist between externally measurable air-data variables (q, Mach.' o) and unknown
aircraft parameters. -Thanks to the‘;e correlations, control law gains which are originally
computed as functions of M & M. etc. ‘can be approximated in terms of q, Mach, and/or
a, Although not as good as the original functions, such approximated "gir-data schedules

are adequate to meet performance-requirements in most current flight control problems.

Given these alternatives, the competitionvamong flight control design techniques reduces
to a tradeoff between the economics, rehabllity, and operational features of a1r-data-
scheduled systems versus adaptive systems. Histortcally, this tradeoff has favored

’ adaptivev techniques because sufficiently accurate and»reliable air-data sensors were
difficult to build and maintain. In fact, the desire to avoid such sensors was the primary
motivation for most adaptive control development efforts of the 1960's, including NASA's
X-15 research program, & 8 9 10:11.12,13, 14 g0 5101 flight tests and X-20 simula- -
‘tions, 1% 16 the production F-111,7 ’
F-4.. 18,19, 20%

efforts. These have produced unproved air-data’ Systems which have now. reversed the

and several more recent flight tests with the

Of course, the measurement issue also motivated sensor development

tradeoff makmg air-data schedulmg the preferred approach in most current single-

channel analog autopilots.

The present status of the adaptive versus air-data trade-off is not expected to be permanent,
however, There are three important trends which uvill affect future choices. The firs't

of these is digital control, Flight control systems are now being mechanized in‘on-board
dig1tal !c'omputers21 whose steadily decreasing price tags per function promise to reduce

the costs of adaptation substantially.

The second-trend is redundancy. Future control configured fly-by-wire aircraft may
need dual triple, or even quad redundant flight control systems to insure safety of
flight, A1r-data-scheduled approaches will then suffer the added cost and complexity

of multiple air-data sensing systems, and they will also face the difficult problem of
finding suitable probe,v locations for adequate data quality and channel tracking (to permit

“effective redundancy management) but with enough dispersion to avoid common hazards.

* : : : , ‘
All of these aircraft can be flown quite well with approximated air-data schedules,
provided that accurate measurements are available, L ’



The fihal trend is increased control performance, Several anticipated flight control
applications appear to _require contrbl gain functions which cannot be adequately approxi-
mated by air-data schedules. Prominent ex,amplesvare active control of flexurezz’ 23

and co‘upled control modes, 24 Successful flexure control laws, for instance, have

been found to depend critically on accurate vehicle data: mode frequencies, mode.shapes,
rigid body/flexure/control interactions. Such data at structural frequencies are difficult
to acquire. The same is true for coupled control modes which actuate several surfaces
s:multaneously in order to achieve deliberate coupling or decoupling of responses

(e. ges fhght path changes w1thout attitude changes). Here the relative surface effective-

hess values and several other stability der1vat1ves must be known with hlgh accuracy.

These‘ flight control technology trends provide strong motivation for continued research
and deuelopmen.t in adaptive control. Studies with the Phase II F-8C are ‘particularly
appropnate because its redundant, digital, ﬂy-by-w1re configuration is a forerunner of
the ‘evolving technology, Of course, all concepts and design processes studied should

be general enough to apply to other aircraft as well, This is important because the F-8C
itself is not a siate-of—the art fighter nor is it d1ff1cu1t to control with standard air-data

) schedulmg methods.
CA‘NDIDATE(AI)A’PTI,VE CONTROL LAWS FOR THE F-8C

Th1s report presents de31gn deta1ls and s1mu1ator evaluation results for three candidate
adaptwe contro] laws for the Phase II aircraft. Each design provides basic command
augmentatlon functlons usmg only 1nner-loop inertial sensors (gyros and accelerometers)
and no ajr-data measurements. Hence, each'isa potent1a1 competitor with air-data- '
scheduled methods. The purpose of these des1gns is to establish feasibility of adaptlve
controls m a d1gr1ta1 ﬂy-by-w1re setting and to examine the relative merits of different

) adaptwe techmques. They are not intended to demonstrate control performance superiority
bover air-data scheduhng {the F-8C offers little hope here) or to show explicit economic,
reliab111ty, or operatmnal advantages. The 1atter must wait for detailed hardware
deslgns and trade-offs, The three designs ach1eve adaptation by combining existing
control laws from the "CCV Pa,.ck'age"2 with different on-line adaptive gain adjustment

rocesses, The gain adjustment processes are:
P J p ‘

1, . Explicit parameter 1dent1ficat10n via Llapunov-de51gned model tracking with

gams stored as functions of parameters,



2.

3.

Explicit parameter identification via maximum likelihood estimation (MLE)

with gains stored as functions of parameters, and

Direct gain adjustment to maintain self-excited limit cycles,

These spemﬁc adaptwe techmques were selected from the brief survey of apphcable -

adaptive concepts summarized in Table 2, Th1s survey categonzes various proposed

adaptive methods into four groups:

1,

3.

4,

Optimal Adaptive

~ Performance Adaptive (implicit)

These are concepts based on the ''dual control" problem originally posed by
Feldbaum, 25 They involve optimal identification and control done simultsneohsl'y
according to an overall criterion of goodness. This problem is so difficult

to solve that to date only approximate solutions are available even for trivial "

cases,

These are concepts based on on-line measurement and adjustment of performance
variables, Included are high-gain, model-following schemes and model reference

systems.

Separate Identification and Control (explicit) _ . . G e

»These concepts are based on assumed separability of the ident1f1cat1on functlon )

and the control function in adaptive control, While this ‘has been shown to be

‘suboptimal in the "dual control" sense, the assumptmn seems reasonable 1n - ‘

many cases., Table 2 lists several proposed approaches for the separated

functions of 1dentify1ng and recomputmg the control law.

Learning/ Self-Organizing

This group consists of concepts with "'memory." Once a control law has been
found to work well for a recognizable enﬁronment, the law is stored in memory™
and- called for again when the same environment reappears, The ''control law"
in this case includes not only gain parameters,ﬁbut the entire structure of the

relationship between measurements and control commands.
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TABLE 2, ADAPTIVE CONCEPTS

Optimal adaptive

—
—

Model tracking

[50,34, 51, 19, 20]

— Constant bandwidth

Dual control approximations- [26=29]
Performance éldaptive {implicit)
High-gain model following
—— Limit cycle control [8-14]
——  Energy balance control [15,16]
~— Damping ratio control [17]
—»  Test signal detection [18]
Model reference
Performance gradient design [30}
" Liapunov design [31-34]
Separate identification and control (explicit)
Identification ) Control
Batch processors Algébraic methods
Equation error least squares [35, 36} Deadbeat control [35, 44]
Output error least squares [37-40] Pole-zero placement [52]
Maximum likelihood [41-43] Equation coefficient placement [32]
Instrumental variables [44] Optimization methods :
Recursive processors Ricatti equation solutions [46,.50]
Lieast squares 45, 46] Single stage optimization [53, 54]
Extended Kalman filtering [47] .
Stochastic approximation [48, 49] Stored solutions

[19, 20, 55]

Learning /Self- organizing

Trainable controllers

Learning systems

[56,57]
[58]




Several references are provided under each category to describe particular techniques
more fully. These were selected to treat flight control applications where possible,
However, they should be viewed as representative references only. Given the vast

adaptive literature, no attempt was made to be all-inclusive.

The surveyed concepts range from ideas which exist only on paper to systems already
tested in flight, The latter are highlighted by solid arrows in the table. They include

four high-gain, model-following designs:

1. Limit-cycle control (operational on the X-158),

2. Energy balance control (flight tested on the Zl.*"-101]'5 and demonstrated for

the X-20 on iron-bird simulations with triply-redundant control hardwarem_),
3, Damping ratio control (operational on the F-11117),

4, Test signal detection (flight tested on an F—418);

and two explicit model-tracking identification schemes with stored gain functions:
1. The "Navy Adaptable System' (flight tested on F-419), and

2. A simplified "SIDAC" system (flight tested on an F-420).

Selections of candidate approaches from Table 2 were made to spana range of performance
and complexity, to maximize flight-test value, and yet to bound the risk of ach1ev1ng at
least one flight-test-quality design. No concepts were selected from the Optimal Adaptive
and Learning /Self-Organizing categories, for example, because these have only l1m1ted
development status with respect to practlcal applications, - A high-gain limit-cycle
system was selected because it offers very low risk (versions have flown) yet still has
ght—test value if the design can demonstrate that improved hmlt-cycle detect1on and-
trackmg logic can overcome weaknesses of earlier analog systems, * The maximum
llkellhood procedure was chosen as representative of recent modern estimation theoretic
approaches which promise very good identification performance at the expense of on-
board computer complexity, while the model-tracking approach was chosen to examine °

identification capability with more modest computer reqlJ._1rements.

>YThis is discussed in more detail in Section 10,

11



Successful simulator-quality designs were developed for these three selected adaptive
concepts, and each was evaluated on NASA Langley's F-8C simulator, 59 As expected,
control perforrnance for all three was roughly equivalent, Identification capability
turned out to be best for the MLE concept, Hence, this design was refined further and
streamlined to fit into the AP-101 flight computer, It is now.recommended for flight-
test implementation,

DOCUMENT ORGANIZATION

This report is subdivided into 12 sections. The next section, Section 3, presents a
list of symbols used throughout, Operational requirements and ground rules for the
adaptive designs are set forth in Section 4; aircraft models and simulations are summarized
in Section 5; and Section 6 presents basic theoretical identifiability limitations for the
F-8C which are imposed by the ground rules of Section 4. The common CCV control
law structure for all three concepts is then described in Section 7. Sections 8, 9
and 10 are dev_oted_to ;the individual design details for the maximum likelihoo‘d, model-

- tracking, and high-gain limit-cycle concepts, respectively. Concept comparisons and
selection of the most promising concept for flight test are described in Section 11, and

Section 12 presents the conclusions and recommendations,

12



Operators

Arg {nﬁinf(x)}
b4

E(s)

exp(*)

,Ln(s )

indet(s)

px/y)

=112,

SECTION 3

'SYMBOLS

minimizipg argument of funcfion ()
mathematical expectation

exponential

natural logarithm

natgral leg of determinant

c‘onditional‘ pr.ebability distribution of x given y’ '
Laplace operator |
delay operartor,‘

time derivative

increment .

gradieht veetor with respect to parameter vector {

second partial derivative matrix with respect to
parameters {

p-th eompohent of v(+)

summation -

- absolute value

gquadratic form xTMx

B



Superscripts

n

()
O
(W

(r

Subscripts

)

trm
Oy
( )WL

O

Upper Case Symbols

A

B

By

C*

14

SYMBOLS (Continued)

estimated value
one-stép predicted value
value for parallel channel i

nominal value

value at trimmed flight

(1) measured value

(2) model value
water line value

value at time tk "

discrete system dynamics matrix

(1) discrete system input matrix
(2) residual covariance matrix

sensor bias
discrete system constant input matrix

response variable Nz + Vco q



r

G, S Gy (S Gy

G G G

c¥ TLAT

Gl’ G2
H, Hx’ Hu’ Hw
I

J

K, X

Kp’ » kl » 2

Mq’ M. M6(M6e)’ M,

M
(o]

M5t

ROLL’ CRSS

SYMBOLS (Continued)

" (1) measurement matrix, y_due tou

(2) design parameter matrix in model tracker
equations

continuous system dynamics matrix

gust filter transfer functions

control gainé

continuous system input matrices for u, 1

measurement matrices

identity matrix

partial likelihood function L - 1/2 ZndetB

continuous ahd d_is.crete Kalman filter gains

control gains

critical gain

1ike11hood_ function

rolling moment coefficients due to indicated variables

gust field scale lengths

number of parallel channels

pitching moment coefficients due to indicated
variables '

trim pitching moment

true value of M6

15



P,
1)
Pr

16

SYMBOLS (Continued)

(1) number of data samples

(2) discrete sensor noise intensity matrix

Yawing moment coefficients due to indicated
variables

normal and lateral acceleration
weighting matrix in Liapunov function

a priori parameter covariance matrix
partitions of Po‘

probabiﬁty

continuous sensor noise intensity matrix

transformation matrix

thresholds in model tracker error nonlinearity

sequence of N control inputs

(1) wvelocity

(2) Liapunov function
true >airspeed

crossover velocity in C* response

lateral force coefficients due to indicated variables

sequence of N measurements

normal force coefficients due to indicated variables



SY MBOLS {Continued)

Lower Case Symbols

a L - hysteresis parameter
<, ci - parameter vector with components c;
S - a priori estimate of ¢
S - true value of ¢
g 1 9 - partitioned parameter vector
_Etl’ Cio -  true value of €10 &9
d | _ - senéor d;i.svpl.a(.:ement from c.g. (4.62m)
e - - model tracker error vector
A ‘ . - hbnlinear model .tracker error
fij -« ij=th elemént of matrix F .
& g, e | - gravity
g | . : a - ,’disturbancel process to represent gravity variations
- in maneuvers :
&5 : ' o "-_- ij-th element of matrix G
h - - altitude
S % o _ . . ‘ - index of the miﬁimum-L channel '
) | | - roll rate o
a L - dynamic préssure
r L o - (i) y'aw rate

' (2) number of measurements

17



SYMBOLS (Continued)

't - time

u S : - (1) ¢€odtrol input vector

(2) forward velocity perturbation

u, -~  elevator servo command |

u, » .~ test input

ug ' -~ forward gusf component

v - (1) _].ateral velocity perturbation

(2) error parameter in model tracker equations

Vg N - lateral gust component

w T =  vertical velocity perturbation

w g v -  vertical gﬁét compénent

b's - (1) forward position perturbation

(2) state vector

y PR - (1) lateral position perturbation

(2) measurement vector

z . _ - parameter errors in model tracker equations

G{zr'ee‘k Symbols

Upper Case '

r -  discrete system noise input matrix
] ' ) - . tracker error dynamics matrix

0 - subset of parameter spaée

18



i vL, vL2

v'L

Greek Lower Case

g

8,(8), 840 B B 6y

€s €45 e2‘
ek. Aek

€

SYMBOLS (Continued)

- partitioned gradient vector

-  partitioned second partial derivative matrix

-~ angle-of-attack
~  gust angle-of-attack
- angle of sideslip
- gust angle of sideslip
- aerodynamic surface positions
- error quantities
- generic likelihood filter statgs
- (1) damping ratio
(2) duminy argument for values of parameter
vector ¢ ‘
- white noise process
-  pitch attitude

- parameter adjustment gains in model tracker

- (i) eXp(-A'_c/T)'

- (2) design parameter in model tracker
- ‘Kalman filter residuals
- wl;ite r;oise pr‘ocess.
- correlation coefficient -

19



SYMBOLS (Concluded)

P i = - .~ parameter in Liapunov function
% Oy SR - standa;'& deviation of wﬁablg x
r | - (1) time constant
o © (2) datalength
6 SR - roil attitude
v . &aw attitudé
® B : o - hatu?al frquency
‘w!. Wy R ) - desfgp paraﬁxeters in model tracker



SECTION 4

DESIGN GROUND RULES AND REQUIREMENTS .

GROUND RULES

The aim of the design effort reported here was hc;t t6 develop new theoretical procedures |
or algorithms but to turn existing concepfs i‘nto .filight‘-x‘;vorthy control laws for the specific
test aircraft. The concepts and design processes, however, should be general enough
to _apply to other aircraft as well, Other more specific ground rules imposed on the. -

design are described in the following paragraphs,"

[

Inputs

The adaptive system must operate in the presence of normal pilot inputs and also when
such inputs are abseht. Any test signals required for the latter case must be small
~ enough not to interfere with the éircraft's mission., This generally means that test
! input normal accelerations, as sensed at the pilot station, should be below (0,2 ~

0.3 m/sec ), and lateral acceleration should be even lower in the range of (0.1 m/sec2

This ground rule establishes a crucial distinction between identifiers designed for

operational adaptive controls and those designed for post ﬂight-;test data processing

2,

3
In the latter case, test inputs are deliberately large and often

0,

optimized for identification accuracy.

applications.

For operational adaptive controls, the

emphasis must be to make these inputs small and, hopefully, unnot1ceab1e.

Sensors

The system was constrained to operate with the aircraft's existing surface (servo)
position transducers and inertial sensors (rate gyros and accelerometers), but without
attitude measurements and without air-data measurements (dynamic pressure, velocity,
angle-of-attack). These limitations are imposed by the sensor complement available

on the test aircraft and, in the case of air data, by the motivation in Section 2.

—

2l



Corriputer Capszcity and Sample Rate

Since control law calculations typicaily consume only a small fraction of the total
computational load in a flight computer (the majority is I/O, self test, mode, and
redundancy control), the adaptive law's goals were restricted to 25 percent of the available
frame time of the AP-101 and to a ''reasonable" allocation of memory. The sample

rate of the computer was pre-specified to be 50 Hz, This gives five msec real-time

per sample in which to complete all control and identification calculations., The sample
rate is also high enough (for the F-8C) to produce no substantial differences between
direct digital design (discrete-time control laws desighed for discrete-time models)

and continuous time design with after-the~fact discretization,

Control Surfaces and Actuators

The standard elevator, aileron, and rudder surfaces were available for adaptive control,
Leading edge and trailing edge flaps were assumed to remain undeflected or to follow their
open-loop scheduled minimum drag positions, Actuation systems for these surfaces

were represented by models incorporating projected characteristics of the improved

systems being installed on the test aircraft,
OPERATIONAL REQUIREMENTS

While no detailed specifications were written for the adaptive control laws, all algorithms

were requii‘ed to operate sétisfactorily under the following conditions:
1. Periods of quiesc;ence
2., Periods of high turbulence
" 3, Large (all-attitude) maneuvers

/ |
4. Landings and takeoffs*

Satisfactory operation was demonstrated by simulator evaluations under these conditions.

* , . e :
Satisfactory operation for these mission phases was assured by inhibiting the adaptive
process and using fixed gains.

22 ' i



PERFORMANCE CRITERIA

The performance criteria deliberately concentrated on identifier performance{ This

was done since overall closed—loop‘ performance for the F-8C provides a less sensitive
measure of adaptive capability.,« Four "measures of goodness' were used: 1) identifica~
tion accuracy in steady flight, 2) convergence characteristics, 3) tracking characteﬁstics
for standard flight transition, and 4) responses to major maneuvefs and configuration '

changes.

. Accuracy at Fixed Flight Condition

. Identification accuracy (and thus control gain accuracy) were verified by subjecting

the closed~loop adaptive system to a standard sequence of test conditions while in

‘ trimmed flight at fixed flight conditions which span the F-8C envelope, The test sequence

consisted of a period of quiet, followed by a 6 m/sec (20 ft/sec?) pilot doublet C*~command,

" followed by a period of atmospheric turbulence, and then againby a6 m/, sec? doublet

This entire sequence was repeated with and without sensor noise, The standard

| sequence was used to simplify data taking and comparison between concepts,

Convergence Characteristics

Convergence with identified parameters initially in error by + 12 db was checked during
both gust disturbances and pilot commands. Acceptable performance is recjuired within
three seconds after initialization, with the disturbance and system engagement occurring

simultaheously.

Varying Flighf Conditions

Time-varying flight profiles were used to exercise adaptation capabilities. These
consisted of acceleration and deceleration maneuvers without pilot stick activity. Since
all concepts emphasized adaptation to M 8¢’ the profiles were chosen to encounter large

variation in Mse.

Major Maneuvers .

The closed-loop adaptive systems were also tested with large maneuvers, including

rolling maneuvers, high-g turns, and step disturbances in angle-of—attack and slideslip.

23



SECTION 5

»

MODELING AND SIMULA TIONS

AIRCRAFT MODELS

The aircraft models used for the design work were derived from nonlinear aerodynamic
data for the F-8C supplied by NASA. Linear airplane models were obtained by ';,'numerical
differentiation techniques as described in the CCV control law final r-epor‘c.2 Tl{ie

resulting pitch and lateral linear models have the form

% =.Fx + G.Lu + sz (1)

Yy=Hx+Hu+H w
X u w

The structure and nuﬁxerical values of these matrices are given in Réference 2, The
state, x, is defined iﬁ Table 3. The control input, u,. is given in Table 4, and the
components of the disturbance, w, and output vectdr, ¥y, are listed inv‘ Tables 5 and 6,
respectively, Twenty-five flight conditions used for design are 1isteq in Table 7,
The aircraft modeling was completed by adding actuator dynamiés fori the control

surfaces, including the gust model, and by defining sensor noise.

TABLE 3. STATE DEFINITION

Symbol Definition

Roll rate (rad/sec)

[

Yaw rate (rad/sec) _
Lateral velocity (m/sec) Laterial
Bahk angle (rad) . axis '
Yaw angle (rad)

Lateral displacement (m) |

Pitch rate (rad/sec)

Vertical velocity (m/sec) _ ,
Forward velocity (m/sec) Longitudinal
Pitch angle (rad) axis

Vertical displacement (m)

M 5> o 8 g Q|9 <« 6 <

ForWard displacement (in)

24



TABLE 4. CONTROL DEFINITION

. Definition

Symbol .
L ‘Differential aileron deflection (rad) | [ .o
8p ~ Rudder deflection (rad) _ axis
Sxt Differéntial elevator deflection (rad) :
Se Symmetric elevator deflection (rad)
Sgb Speed brake (rad) Longitudinal
bg Gear (%) axis
8 Throttle (%)

TABLE 5. DISTURBANCE VECTOR

Symbol Definition
ilg Forward gust (m/sec) o
Vg Side gust (m/sec)
w g Vertical gust’(‘fn/ sec)
’ TABLE 6. OUTPUT VECTOR
S};mbol Definition
P Roll rate (rad/sec)
q Pitch rate (rad/sec)
;' Yaw rate (rad/sec)
N, Normal acceleration(m/ secz)
_Ny Lat'eral accelé;'gtion(m/ secz_)

25



TABLE 7, TWENTY-FIVE FLIGHT CONDITIONS

No. ”(Kfti) h ) Mach a(psf) El(n/mz) V (m/sec) Uy (deg) Condition
1 205 6.1 0. 670 305 14, 603 212 3.45 | Cruise
2 20, | 6.1 0. 670 305 14, 603 212 6.10 AN = 1g (climb)
3 20, | 6.1 0.670 305 14, 603 212 12,12 AN, = 3g (climb)
4 20,.E 6.1 0.670 305 14, 603 212 4,32 Cruise
5 20, | 6.1 0. 400 109 5,219 126 8. 86 Cruise
6 20.; 6.1 0.900 551 26, 382 285 2.18 Cruise
7 | 40 |12.2 0.700 134 6, 416 - 207 6,73 Cruise
8 405 12,2 1,200 395 18, 913 354 2,72 Cruise
9 10 | 3 0. 800 652 31, 218 263 1.96 Cruise
10 ()I 0 0.'700 725 34, 713 238 1.86 Cruise
11 031 0 0.300 133 6, 368 102 7.64 Cruise
12 o 0 0.530 4186 19, 918 180 2,88 Cruise
-13 20i1 6.1 0.600 245 11, 731 190 4,25 Cruise
14 26} 6.1 0. 800 435 20, 828 ' 253 2,54 Cruise
15 40[_, 12.2 0. 800 175 8, 379 236 5,15 Cruise
1 16 | 40 |12.2 0.900 222 10,_659 266 4.08 Cruise
17 o0 | o 0,189 - 53 2,538 64 7.48 Power approach
18 o 0 - 0.219 71 3, 400 75 2,76 Power approé.ch
19 20, | .1 0. 670 305 14, 603 212 2,12 aN_ = o sg (dive)
20 20 | 6.1 0. 600 245 1, w31 190 15,45 AN = 3g (climb)
21 40 |12.2 1,400 537 25 712 414 2.64° Cruise
22 o 12.2 1. 300 463 22,168 384 2,65 Cruise
23 30 | 9.1 1,200 633 30, 308 364 1.92 " Cruise
24 30. | 9.1 1.100 532 ' 25, 472 334 1,89 Cruise
25 30 | 9.1 0.600 158 | 17,565 182 6,09 Cruise
J
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ACTUATOR MODELS

Actuator models consisting of a first-order lag for the primary actuator and a second-order
lag for the secondary ‘a_ctu‘ator were inclided for the elevator aileron and rudder, The para-
meters were again takein‘from Reference 2 and are listed in Table 8. The secondary actuator
dynamics were apprvoxim;ated as a unity transfer function for the design of the model tracker
and the maximum likelihood estimation concept. The hysteresis values shown were estimates
- of the values expected in the Phase II hardware following modifications. The complete modél

is shown in Figure 2,

For the majority of the simulation runs, the hysteresis was set to zero, This was considered
since the adaptive algorithms used measured secondary servo position, and in flight the
hysteresis of the primary actuator is expected to be small., This results from the aerodynamic

loading of the surface,

TABLE 8. ACTUATOR MODEL PARAMETERS

Actuator Primary (first-order lag) Secondary (second-order lag)
T4 = 0.0800 w = 125,6 rad/sec
Pitch 2a = 0,00436 rad £=0.7
Rate limit = 0,44 rad/sec 2a = 0,00175 rad
T, = 0,0333 ,
Roll 2a =0,006 Same as above

Rate limit = 2,44 rad/sec

T3 =0, 0400 ) )
Yaw 2a = 0.00855 rad » Same as above

Rate limit =122 rad/sec

GUST MODEL

‘ ' 64
The gust model used has the form attributed to Dryden and contained in MIL~-STD- 8785A.,

Random gusts with the appropriate spectra are obtained by passing gaussian white noise
" through a linear filter. The filter transfer functions for the three gust componenfs
are given in Table 9, The scale length (Li) and rms velocities (ci) have the following

altitude dependence:
L =1 =145.0n'"3
u v ‘

h> 533.4m ‘ , 27



|
I
. |
Command —]

|
|
l
—

28

Hys teresi s
E1

TABLE 9. GUST MODEL

-
Secondary Actuator Model | | Primary Actuator Model
: I ': ‘j '
Li nea; | : ‘ E'l rs;iOrder
Second- | : ag Plus
Order Lag H%?:;gﬁiis | | | Rate Limits
| |
Input
A Output
iy
Hysteresis element
Figure 2. Simulation model of actuator.
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L =T, =1 = 1750 ft' =.533.4 m-
u v ‘ . ) _

A : h 1.25 . :
B :ow.;—s 25| - 1og10 3046 | B . hin meters

This expressmn approx1mates the MIL ST 8785A values from 30.48 to 18,288 m
For 0 <€ h < 30,48, the value of h = 30, 48 is used in the above equat1ons.

For design work, the transfer function for vertical gusts was approximated by a first-

order filter:

@)

For the MLE concept, the vertical gust model incorporated in the Kalman filter was
further approximated. Using the first-order differential equation model correspondmg
to (2),

2o _ S _ 3
The low frequency content of the derivative was increased to yield

&:% 2TV N ' (4)
SENSOR MODELS

Sensors were modéled as unity transfer functions plus additive noise. Sensor noise
effects were modeled for the rate gyros, accelerometers, and servo position transducers.,
The noises were mbdeled as White noise _shaped by a first~order 16w-pass filter.

The filter time constants and rms values are given in Table 10, This spectrum
approximates the 5andwidth of most flight control sensors, as well as thé nominal
pre-filter used on sampled CAS signals. There is some difficulty in defining "sensor
noise' because sensors in flight will measure unmodeled dynamics (body bending

effects) and unmodeled disturbances (engine noise, ete. ). The values presented here

are considered representative of internal noise only.
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TABLE 10, SENSOR NOISE PARAMETERS

Sensor éorrelatidn time® rms value
Pitch rate gyro 0.01 sec 0.0026 rad/sec
Yaw-rate gyro 0,01 sec 0,0026 rad/sec |
Roll rate gyro 0.01 sec 0.0131 rad/sec
Normal accelerometer . 0. 01‘ sec ‘ . 2m/ ssed2
Lateral accelerometer . 0,01 sec - 0.03 m/\rssec'2
Servo position .0. 01 sec 0.0007 rad

a Implemented as white noise shaped by a first-order lag with this
time constant,

DESIGN MOD]Z;LS AND SIMULA TIONS

The limit cycle, model tracker, and maximum likelihood estimation designs were
developed using several versions of the above models, Pitch and lateral-directional
designs were done separately using uncoupled models. The pitch axis designs used
only the short-period dynamics, elevator dynamics, and gusts. The lateral designs
used a _fourj_;h-order aircraft model, aileron and rudder control effectors, and gusts.
Other modeiing details peculiar to a specific design will be covered in their specific

sections of this report,

A different simulation was used for the design of each adaptive concept. Each simula-
tion used linear airplane equations of motion and constant parameters representing

a specific flight condition. The simulations were tailored to facilitate design tréde-offs
for a specific concept, Additional details and rationale are provided in the sections

devoted to the design details of each concept.

The simulation used for design verification was the complete nonlinear six-degree-of-
freedom simulation at NASA Langley Research Center. It operated in real-time on a
CDC6600 and jpemnitfed man-~in-the-loop simulation., Provision for driving actual
F-8C servos with computer signals was included. Details of this simulation are

contained in Reference 59,
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SECTION 6

FUNDAMENTAL LIMITATIONS OF ADAPTIVE
CONTROLS FOR THE F-8C

Like most physical control processes, adaptive controllers for the F-8C aifcraft cannot
work arbitrarily well, There are fundamental limitations imposed by aircraft physics,
measurement constraints, dlsturbances, and operational requirements which bound
achievable performance, It is important to recognize and to evaluate these limitations
before detailed adaptive designs are seriously undertaken, This establishes realistic
"levels of expectation" for the performance of final designs and helps to define promising

design configurations and initial design parameters for particular adaptive concepts. -

In the design program reported here, such fundamental limitations of adaptive controls
for the F-8C were evaluated with separé,te identifi_ability studies. The purpose of these
studies was to determine how acédré.tély parameters in the aircraft's linearized equé.fiohs
of motion can be explicitly identified in an operational setting--that is, with realistic
sensor imperfections, realistic atmospheric disturbances, and, most importantly,

with operationally tolerable test signal levels. Identification accuracy was selected

as the key index of adaptive capability because it translates readily into control-loop
performance for explicit adaptive concepts. It also bears a strong, though indirect,
relationship to the performance of implicit concepts and can be compu{:ed theoretically

without elaborate simulation evaluations.

Separate identifiability studies were carried out for the pitch and lateral-directional
axes, In each case, an identification model was first developed which included dominant
short-perlod dynamics, dlsturbances, sensor characteristms, and trim conditions.
This model was parameterized by expressing individual equatlon coefficients as functions

» Mach) plus a set of small perturbation

of certain dominant aircraft parameters (@, M §

parameters,

A linear system identification problem was then fprmulated to estiméte these dominant
and small perturbation parameters from on-line, closed-loop, input/output records.

. As shown vin the AIit‘erature, 63 the theoretical accuracies attainable in such identifica-
tion problems are bounded from below by the inverse "Fis'hern information matrix, "

Hence, it remained ouly to compute'this matrix for various operational situations and to
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use its diagonal elements as fundamental identification accuracy limitations for the

F-8C aircraft.

Results show very limited 1dent1f1cat10n potential, For example, out of six parameters
descnbmg pitch dynamics, only two can be read11y identified, These are elevator
effectiveness (M ) and a small perturbatmn parameter correspondmg to p1tch1ng moment
due to angle- of -attack (M ). The remaining parameters are known more accurately
from a pr1or1 data;than from on-line estimatien. The estimation process does not
siénificantly Jnedue-e“their a priori uncertainties . Also,> theoretical identification
accuracies ac"soclated with M and M are no better than 10 to 20 percent depending on

8
the 1ength of data samples used,

Similar results hold for the lateral-directional axes., In this case, only two out of

16 parameters can be identified, These are dynamic pressure (&) and the perturbation
.parameter correspondmg to yawing moment due to sideslip (N ). On-line identifica~
:tlon does not s1gmf1cantly improve a pr10r1 knowledge for any of the rest, Theoretical

. ?accurae;es for the identifiable parameters are again in the 10 to 20 percent range,

\ ’Iy'ﬂeprimary reason for these weak idehtifiabilify prop‘ertiee is the operational ground
rule governing test signal magnitudes (Section 4), This ground rule makes explicit
1dent1f1ca.t1on for adaptive control quahtatlvely different from, say, explicit identifica-
tion for post-flight data reduction. 42, 43 In one case we are free to choose the magnitudes
"and shapes of control inputs so as to optimize identifiability., In the other case we must
try to make fhe inputs as small as possible, hopefully to the pbint that they blend in and
get lost among natural noise and gust induced signals of the control loop. This difference
is fun‘da'mental‘to"f the! design 'work reported here,. It affects, the algorithms used for
identification, their structure, the number of parameters identified, and anticipated
identification accuracies.: '
The remainder ‘of this section provides support for the identification properties summarized
above, Identification models and their -'parameteri'zatiaons are presented for the pitch
and lateral-directional axes, together with identification accuracy resulfs as functions

of data length, test sighal.magnitudes, -and gust-and sensor noise conditions.
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PITCH AXIS IDENTIFIABILITY

The Identification Model

The following model was used for the pitch axis identifiability study:

- ha - - - - - ol b ™ A )
q Mq Ma 03 a M6 Mo 0
d _ v » 2 0
% a+ag =| 1 z, T °'+°'g' + 2, 8+ g/V‘ +| 1 (c_’wg_'VL‘:“
v ' L
a 0 0 - — o 0 0 1
.eg) L L,JLe] L S B W )
(5)
' ' "1 —~ ~ - o~ »
Q. 1 0 0 q 1 ()} (i %
Yy = | = ‘ | + | 8k+ +
N, dM,  dM~(Z,V) 0 || ave | | dM-(Z sV Mol | %z
m Kk : - - <0 W k
ag . _ , ,
R Jk | - o C o (8)
~t)=4

k=0,1, 2,0, (tk+1 Y
This is a simplified version of the aircraft models describéd in Section 5, It was

derived by partitioning the 12-state models obtained from numerical linearizations into
longitudinal and lateral-directional dynamics, - The longitudinal states (q. w, u, 6, h, x)
were then transformed to (4, @ =w/V, w,y = 6 = @, h, x) and partitioned into the fast
short~period ciynamics” (q, @) and the slower states (u, ¥, h, x). Coupling between these
two groups was ignored, To complete the model, a first-order approximation of the
Dryden vertical gust spectrum was appended; constant disturbances (M gIV) were

added to represent trim; and output equations were written for the gyro, q, .and

the accelerometer, N_
the 1 ter, 2m*
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the theoretical identification error levels reported in this section, provided that test
signal levels are not changed. Conversel§, they would permit the same error levels

to-be achieved with proportionately smaller test signals,

Model Parameterization

The aoove'identi:fication'model contains 11 parameters--

- six coefficients describing pitch dynamics:

;Mq’ Ma vV, (Z V), ls (Z V)

two gust level and trim terms:

FM,c‘
;0 wg

three in_iti'al conditions:

f:q(to). ot ) +ag(to)], ozg(to)

In the identifiability study, all 11 were treated as unknowns, However, because there
is a good deal of a priori knowledge about their values and correlations, the parameters
were not treated as mdependent. unrelated variables, Instead, they were modelled as
dependent functions of two dominant aircraft parameters (M and Mach) plus a set of

small perturbation parameters, The latter parameters (denoted by vector c) were then
identified.:

The functmnal relationships between new variables and old were obtained by approximating
scatter plots for the original parameters evaluated by 25 flight conditmns given in

Section 5, This gives very simple functions--linear (or quadratic at worst) in M with
two sets of coeff1cients, one for subsomc and the other for supersonic flight, Scatter
about these functions is small provxdmg tight a priori bounds for most of the new
parameter values, The functions are summarized in Table 11, and their associated
scatter plots are given in Appendix A,

It should be noted that this parameterization is airplane-specific, The functions in
Table 12 apply to the F-8C only. However, it is known that other aircraft also exhibit
strong correlations between model coefficients, and, hence, similar tables can be
readily constructed for other design applications, ‘
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TABLE 11. PITCH MODEL PARAMETERIZATION

Original parameter

New parameter

New parameter a priori
one sigma uncertainty®

= (1,53 + 02) ,Mﬁ

v = (200 +cg) V-Ms;
= (260 +cg) My

(ZaV) = (5__3 + c4) ,Mé

“altgh alty) + et @ )

M = -0.23 +0.028 Mg +c;

q

' = -0.23 +0.010 My + ¢
Ll . 1

M, - = (0.61+0.92 c,) My

M5 = 05

(Z5V) = (7.7 +06>) M6

wg = 3.0+c7~
) Mo - = 0.0_17 M6 +c8

Mach <1
Mach > 1

Mach <1
Mach>1

. Mach <1
" Mach > 1

All Mach

All Mach

All Mach

All Mach

Mach <1
Mach >1

€1

Same as original

0,065
0.135

31.5

0.02 rad/sec, 0.02 rad, -

0,01 rad

- B Taken tc be one-halffof'the imax _unéertainty range inthe figuj:'es in Appendix. A, . .




Accuracy Analysis Procedure

As reported in much recent literature,‘lz’%43 -one way to identify the vector ¢ is to
maximize the conditional probability density function of the observed outputs given the

unknowns and the inputs, i.e.,

max

g=arg {0 P N, ikl 2 000, N | e =g k=0,1,.00,N-1)]
(15)
Without repeating too much in the references, this maximization reduces to the
following minimization problem: '
3 = Ar {m.m'l/zm _I'vc.'||2v -1 + 1;1 (”v ||2 '+z d fB ')]} (16)
c TArgl . Sl p > ' -3 TAndet Bl
o k=0 B
- k
where
&, - initial parameter estimate vector,
P, = initial error covariance matrix (Table 11),
Vg = residual (innovations) sequence of Kalman filter computed for parameters
c=¢, and ,
Bk = comp‘_uted cofraria'nce matrix for the residual sequence.

Let, the term in brackets above be denoted by L({, N), the log likelihood function.
‘Then the reqp.i:-reql minimization operation can be 'accoinplished iteratively using the

following modified Newton-Rapidson procedure:

Initial estimate Sequence of observations
i_ _ . IS
C .- S_o ak) qu’szk’k-OI 1)...;N-»
R N -1
YL(C, M) =P (C - )+ Z OBy |
(17
2. i 1, N -1 T |
VI(C, N)=P_ "+ £ vy _B v
o k=0 k 7k k

| '

¢t - d o Pud, w7t vud, M

* These expressions assume high sample rates, so that By ~ R/Atvand ka =0,
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Under suitable 1dent1f1ab1hty assumptions, this procedure converges to the true parameter
vector, C - Sy The final iteration produces the second-partials matrix v2L (c ., N)
which is the so-called "Fisher Information Matrix," Its inverseis a theoretical lower
bound for the parameter error covariance matrix. Diagonal elements of the inverse

are lower bounds on the variances of the indwidual parameter identiﬁcation errors. !

The identificabiiity study basically consisted of carrying out the last iteratiox_z of the

above algorithm for ’various‘ noise, test signal, and data length conditions. The procedure
ig illustrated in F1gure 3. For each case, the 1dentification model (Equations (5) and

(6) withc =c¢ ) was used to generate a sequence of observations {q mk’ Nz mk’
This was done in closed-loop fashion, using a simple proportional-plus-integral pitch
‘rate controller. - The loop was excitedv by a small test signal ‘(ut) and, for some cases;
by a pseudorandom gust input (). The sequence of ‘observations was then used to
generate the 11ke11hood functlon. L(ct, N). its gradient, vL(c e N). and its second-

partials matrix, v L(c N).

- Max imum > '-(Et’ N)

- l . Likelihood
n : ’
7 q Identification vL N
ug Aircraf & 1 N, algordthm md (e¢» K
8 rcraft mode (Tast iteration | ¢2
'Q emg st e -f-va(gt. N)

k1>+‘k2 s th‘ h

Figure 3, Accuracy'analysis procedure,

t Strictly speaking, the actual identification error approaches the inverse from above
asymptotically (as N gets large). Hence, the inverse represents a lower bound for
the identification errors at all finite N, - ;

*m noise and/or gust- -driven cases, L, VL, 2L are stochastic quantities. For such'

cases, these quantities were computed as sample averages. of gseveral (usually five)
separate samples.
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'ZI'.‘hJ:'ePT different types Qf test inputs were used: square waves, sine waves, and random
%ignab. The first two were motivated by References 63 and 69 which indicate that

‘qyclic test signals near the natural frequencies of the plant are good for identification
éccuracy. The last was chosen to provide a test input which is difficult to distinguish
from atmosphe ric turbulence. ‘Magnitudes for all signals were scaled to produce rms
nominal acceleration levels in the range of 1 to 1,5 m/sec2 at the pilot station, These " -
levels fall into the "comfortable" range of recent ride quality studies (for example,
Reference 64) but are well above the so-called "threshold of detectablhty" which falls
around 0,2 - 0,3 m/secz.

The random test signal consisted of white noise shaped with the following linear filter:

Gls)-= 2 ks . (18)
s  +2Cfws +w

The frequency .<{w) was selected near the short period of the aircraft; the damping ratio
€ was set to 1, 5; and k was adjusted to provide the desired 1,0 - 1,5 m/sec2 acceleration

at the. pildt station.

The _étudy also addressed reduced~parameter identification, i.e., identifying fewer than
. ;1'error param.eters.v This is an important pragtical question since all 11 parameters
compriSe a i‘air ly high order identification problem whose solution is probably not
feasxble on boal”d ‘For reduced-parameter identification, the error covariance matrix,
(v L) P must be modified slightly to account for the errors produced by the presence
of mcbrrect umdentlfled parameters. The modified matrix is derived as described in

the followmg paragraph

: . T .
. Let the parameter vector ¢ be partitioned into two groups, [c 1 & ] . The first group

" is to be identified, while the second is to be neglected. Then the hkehhood functlon

near the true parameters, ¢ t [ Ci1° c t2] , can be written as
(G M) =Lic, N)+5 Llg- e 17, +8 (19)
-0 AR 2L .

WL.= VL (¢ - St“‘ €

N o . o . ;
. The first-order term vanishes because L(¢, N) is minimizedat { = ¢

=t*
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) |
el T P o ) S P + |-l S (20) .. -
: .
i

where 8 and ¢ represent higher order term and random errors.

‘ A reduced parameter Newton-Raphson m1mm1zat1on procedure will now 1terate on : ‘
; C 1 according to Algorithm (17) until the gradient components VL (not the whole vector _
.gL) is zero. This condition is satisfied when

i o 2r ylo2 L S : oo L e

Hence, the error covariance of the converged estimate will be

A i i T
Cov (9_1) g E[(E1 9—1:1) (Cl, -c—tl)w] . SO
' (22)
21 2 2 2. -1 R
= (v L)1'1 (VL) + (v L)yg Pyy (v L)21] (v L)11
where.P E[(C2 ) (52 ) ] is the a pmon covarlance matr1x of the umdentlﬁed

parameter. components and (v L)11 can be shown to be the covar1ance matrlx of el

Equation (22) agrees with the full parameter 1dent1flcat1on theory 1f P22 0.

Analysis Results

Results of the pitch axis aceuracy.study are summarized in Table 12 and Figures 4‘througt.1
7. The principal result is Table 12 which shows before and after accuracy comparisons
fora 0.13 g square wave test 81gna1 and true parameters correspondmg to thht o
_Condition 1. The table compares a priori parameter uncertainties from Table 11

(the "Before" column) with parameter uncertainties obtained after identifying with five
seconds and ten seconds of observed on-line data (the "After" columns). Scanmng these
| numbers shows that only Cos Cg» Cgs cg, and 10 can be improved by more than a factor

- of two. Among the first six dynamic parameters, only ¢ (M ) is improved dramat1ca11y,
(small perturbation for M ) improves marginally, and the rest are barely touched

at a11. The correspondmg percentage accuracy at ten seconds for M is

o ',4'1
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TABLE 12, BASIC IDENTIFICATION ACCURACY

0,13 g square wave test signal

S-t for Flight Condition 1

40 samples/second

One sigma uncertainty (t = data length)
Parameter Before After

T =0 sec T=5sec T=10 sec
'S 0. 065 0. 0630 0. 0620
o (M) 0.135 0. 0650 0.0560
3 (V) 31.5 30.5 29.6
s W 5.0 ‘4. 45 4,20
5 (M) 15.0 1,88 1,46
6 (ZgV) | 0.750 0. 750 0. 740
T T T T e T e
g (M) 0,125 _:o. 0063 0.0050
9” (C—l_o_) T o._015—‘— N o_.oo; R 0._006-7—_
10 (), 0,017 0.0058 0.0053
TR, 0.008 0.0063 0.0061




5 . 1.46 '
W " 143 - 10 percent , (Mat = true value of Ms)

and for Ma it is
%% " %
5

9 005 002 :
W, b o0e T Pege, TRD Grep) = 10 percent

If we look at' the M 5 parameter alone, its identification accuf‘acy depénds on data length
(as seen above) and also on the true parameter vector ¢ ¢ This is shown in Figure 4
which presents opg 5 results for thrge flj.ght ¢onditions plotted as a function of dal;a length.,
The most significant point to notice is that M g errors are more or less proportional to
the true M 5 values. This is consistent with the figures in Appendix A which show that

a priori uncertainties are also proportional to the true values,, It permits us to express
subsequent identification errors as normalized quantities. The data 1ength depeﬁdence
of M g €rTors is also worth noting, Errors are reduced to 20 to 30 percent almost
immediately and then improve very slowly with time from there on. As shown later in
Section 8, it is not possible to use more than five to ten seconds for identification because
the aircraft parameters can change significantly over such time spané. Hence, the
accuracies in Table 12 and Figure 4 represent practical lower bounds on explicité on-line

identification performance.

The possibil;ity of reduced-parameter identification is examined in Figure 5., This figure
was obtained by selectively deleting error paraméters from thelist of identified unknowns
but accounting for their uncertainty in subsequent M6 error calculations. The results
show that many parameters are in_significant‘with respect to apcurate M 8 identification.
In fact, only M 8 itself, M 0’ and the initial condition (o + ag)o really matter much to

the accuracy of M 5° This is an important conclusion because it justifies simplified

) identification procedures for use on board the F-8C,

The results presented so far include sensor noise and data uncertainties, but not gusts,

The latter are added in Figure 6 and improve identification slightly, Figure 6 also shows

* ‘ ' - y
It should be noted that the maximum likelihood procedure was in all cases set up to
expect gusts even when none were included in the true aircraft responses.
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Figure 4, Identification accuracy for M 5°
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Figure 5. Reduced-parameter identification.-
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Figure 6. Effects of gusts and test signal magnitude,



effects of test signal magﬁitudé. As expected, larger test signals improve accuracy,

at least up to a point. About 10 'percent error remains even with very large test inputs,
This is caused by errors in the unidentified model parameters. (Note that Figure 6

uses reduced-parameter identification,) For purely cyclic test inputs, these parameters
have identical effects on M g €TTor over each period of the input, and, hence, no improve-

ment occurs with time.

The latter effect can be reduced by gusi_;vinvput‘s and by using test signals which are not
cyclic. This is shown in Figure 7, where random test signals are 'compared with square
waves and sine waves, Both cyclic signals are seen to be inferior to random commands.

Compared against each other, f.hey are roughly equivalent.

0.40 J: A1l cases with reduced-parameter identification
v

4 and 1.82 m/sec RMS gust
0.20 - / g

S¢

'0.13 g's square wave
(1.28 m/sec’)

0.13 g's

0.10 |-

Normalized identification error oy /[M; |
8

sine wave 2
(1.28 m/sec”)
- 0.15 g's random A —r
(1.47 m/sec?)
0 1 ) 1 i ] ! 1 | ! )
0 5 Seconds - 10

Data length

Figure 7. Effects of test signal type.

LATERAL-DIRECTIONAL IDENTIFIABILITY

Similar accuracy arialyses were also conducted for the F-8C lateral-directional axes.
Results for this case are reported here in a:bbreviated form, They point to the same
‘basic observations--only a few parameters are readily id_e_ntifié.ble on-line and those

have only limited é.ccuracy.
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'I"he identification model for the lateral-directional axes is shown in Figure 8. Like
pitch, thié model was developed from the driginal 12-state aircraft linearizations in
Section 5. These were first partitioned to separate lateral-directional dynamics,
The later?I states (p, r, vV, ¢, ¥, y) were then transformed to (p, r, B = %, b, ¥ Y,

and the fast modes (p, r, B) were isolated.

Finally, the moc‘lél was appended with an approximate lateral gust model, a disturbance
térm '(E) to repres ent g cos 6 sing gravity inputs, and algebraic sampled output equations

_fdf' the roll and yaw rate gyros and for the lateral accelerometér.

Like the vertical spectrum, the lateral gust spectrum was approximated from the complete
Dryden model in Section 5. The approximation follows Equations (7) through (10) exactly
(except, of course, for symbols) but adds the following additional simplification:

d

- v 2
I eg(t) = -(L—v) Bg(t) + (cvg ﬁ‘;) N(t)

(23)
p)
Ovg VL, (e

In effect, this added simplification turns the gust derivative into white noise (i.e., a
flat spectrum). This is pessimistic in the sense that the actual derivative spectrum

is,jflat at high frequencies only and falls off below (V/ LV) rad/sec.

The gravity disturbance (E) was added in lieu of the bank angle state which was not
cénsideréd to be available for the study (Section 4). It was modelled as a first-order .
random pi-ocess with bandwidth a = 1 sec and rms level o~ = 9.8 m/sec2, The sensors
were agai';n assumed to have wide-band noise outputs so thgt low frequency sampling

will prod}'ice white discrete noise sequencés. The rms sensor noise levels were identical

to the pitch study,

The lateral-directional model was parameterized in terms of two dominant aircraft
péramete’rs--é] and Mach~-and a new set of small perturbation_parameters. The trans-
. formations are again simple linear functions (or quadratic, at worst) with different

coefficients for subsonic and supersonic flight, The functions are summarized in Table 13,
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TABLE 13, LATERAL-DIRECTIONAL MODEL PARAMETERIZATION

Originé.l. parameter

New parameter
one sigma®

(0.0013 + clz) q

New parameter - uncertainty
g c1 All-Mach c1 0.20 c1
A (41 + c,) q Mach < 1 ey 7.0
(54 + c,) Va ‘Mach > 1
L, -1.5 - 0,0071 gtc, Mach < 1 cg 0. 60
0.5 - 0.0071 a+c3 Mach > 1 0,30
L, 0.44 +c, Mach < 1 e, 0.26
-0,03 + ¢, Mach > 1 0.020
L -10 - 0,12 gte, All Mach e 5.0
Np -0,090 - 0,00012 c-1+c6 Mach < 1 e 0.025
-0,025 - 0,00012 Ei+ce Mach > 1 0.009.
N, -0,10 - 0,00090 61+c7 Mach < 1 c, 0. 040
‘ 0.02 - 0,00090 g+c, Mach > 1 0.030
Ng -2,3 +0.019 c‘1+c8 All Mach cq 1.20
YBV - (-0,52 + cg) q All Mach cq 0,060
Lsa (0.075 + clo) q Mach < 1 10 0.008
(0,032 + °1o)<‘-1 Mach > 1 0. 004
L. (0,029 +c ) q Mach < 1 c1q o.oog |
(0.014 +¢,,) g Mach > 1 0,002
. N&:1 ’(0. 0038 + 012) q Mach <1 e 0,0006
Mach > 1 0. 0004

"2 Taken to be one-half of the + max uncertainty range of the scatter plots.
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TABLE 13, iConcluded,

' Origi_nal parameter

New parameter
one sigma?®

- New paramgter uncertainty.
| Nsr = (-0,013 +¢;4) g Mach < 1 cy3 0.0020
(~0.005 +¢,4) q Mach > 1 0.0004
Y.,V = (0.0094+ e y) q All Mach 14 0.0028
YaiV = (0,110 + c15) a Mach < 1 5 0.016
(0,042 + ¢, ) q Mach > 1 0.004
o s mme | ey | eem
“plt,) = Cyn All Mach Cyq 0,017
Bt ) + Bylts) = C1g All Mach ¢lg 0,017
E(to‘.) = C9 All Mach Sy 32,2

’?' Taken to be one-half of the + max unéertainty range of the scatter plots,
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The primary accuracy results for the lateral-directional axes are summarized in Table 14,
This table provides a before and after comparison of a priori parameter uncertainties

(T = 0) with uncertainties obtained after identification with two, five,and 10 seconds of
;)né'lipe'data. As in the pitch case, only a few parameters are readily identifiable-~-two

out of 16 dyqamic parameters (qand c 8 (NB)) and three of four initial conditions.
Accuracies are again in the 10 percent range. These results were obtained for closed-
lodp operatibn with a simple roll rate control loop. The loop was excited by random

test signals generating 0.05 g's rms lateral acceleration, The lower level of lateral

acceleration is consistent with ride quality requlrements.64

F-8C IDENTIFIABILITY SUMMARY

The pitch and lateral-directional identifiability studies led to four major observations:

e Only a few F-8C parameters can be realistically identified in an operational

on-board setting, These include M 5 and Ma in pitch and a and NB in lateral,

" ®  Accuracies no better than 10 to 20 percent can be anticipated for the identifiable
parameters. This accuracy range applies only for the sensor nbisé, gust
levels, and test signal magnitudes assumed in the study, of course, It canbe
approximately scaled to other assumptions, however, by noting, in Algorithm
(9), that the covariance matrix is directly proportmnal to B (sensor noise

. variance) and inversely proportional to vv W (signal level squared). Using
thié scaling, for example, we can expect to get the same accuracy with lower

‘test inputs if we have proportionately cleaner sensors,

e Reduced-parameter identification can successfully find identifiable parameters
»w1th little loss of accuracy. The parameter set in pitch can be reduced to as
few as three parameters--M 8 and two initial conditions, Mo and (a + o g)---

and still provide good M estimates,

8

C e Random test inputs appear to be superior to cyclic inputs for reduced-parameter
1dent111cat10n.

These results have significant impact on the adaptive control concepts formulated in

later sections,
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TABLE 14, LATERAL AXIS BASIC IDENTIFICATION ACCURACY

One sigma uncertainty (v = data vlength)

0.012 rad/sec rms roll rate

0,005 rad/sec rms yaw rate

' Parameter T=9 T =2 sec T =5 sec T =10 sec
¢ (@) 60, 33, 26, 23,
cy. (V) 7.0. 6.7 6.6 6.3
cq (Lp)_ 0. 60 0.58 0.57 0.55
¢, (L,) 0.26 0.26 0.26 0.26
oy (LB) 5.0 4,1 4,1 3.7
' c6‘ ’ '(Np) 0.025 0.025 0.025 0.025.
Cy (N,) 0,040 0., 040 0,038 0,038
c'8 (NB) 1.20 0. 66 0,61 0.58
g (YBV) 0.060 0,060 0,060 0,060
1o L) 0.008 0,008 0,008 0,008
KPR S 0. 004 0.004 0. 004 0,004
Ciq (Naa) 0.0006 0.0006 0. 0006 _o.ooo'e
°13 (,,) 0,001 | 0. 0009 0.0009 0. 0009
ey, (¥, V) 0.0028 0,0028 0.0028. 0.0028
c5 (¥, V) 0.016 0,016 0.016 0,016
6 () 0,017 0.'01’1 0.011 | 0,011
Ciq (r,) 0,017 0.003 0,003 0.003
Ciq (e+sg)o 0.017 0,004 0.004 0.004
g (go) 32, 18. 18. 18,
FC1 - 0.052g rms random test signél
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SECTION 7

THE CONTROL LAW STRUCTURE

The optimal control laws of the CCV package were used as a basis in designing the
adaptive control laws, The major difference being that the gains scheduled with air-

data quantities are replaced with gains determined by the adaptive concepts,

The pitch and lateral-directional control laws will be described below. These designs

are explained in greater detail in Reference 2.
PITCH CONTROL AUGMENTATION SYSTEM

The structure of the pitch control law is shown in Figure 9. It is a C*-model-following
design that was designed with linear quadratic optimal control theory, Signal éhaping
and an integrator were included in the optimal control problem formulation to satisfy
design specifications, The optimal design has been redrawn here to illustrate the

sensors used and the signal shaping employed, The C*~quantity is formed by a fixed

p” + + Elevator command
Pitch stick ———p} y o0 > Gew >
+ _ +
q —p Veo —3p| Lead-lag ’ N\ Lag M— ¢
' NSS : €ss

NSS = Apparent neutral speed stability

z —P1 lLag

Figure 9. Pitch CAS structure,
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sum of normal acceleration ahd pitch rate multiplied by Vco (the "crossover'
velocity), a constant of 324 ft/sec. The normal acceleration is lagged and a lead-
lag compensation is applied to pitch.rate. Values for these filters resulted from
the qu’édratic design. Apparent netural speed stability is provided by generating
an integration in the forward path of the elevator control system. This is
mechanized by positive feedback of the elevator secondary servo position., In
actual operation, the average position is used since the F8-C has. a splif horizontal
tail surface, The loop gain (GC*) was previously scheduled with dynamic pressure
as shown in Figure 10. For the two explicit adaptive concepts, this gain is adjusted
from estimates of elevator surface effectiveness, For the implicit concept
(high~-gain limit cycle), the gé.in is adjusted to remain at or near critical gain.,

The specific values of the filters are given in Figure 11 for the digital pitch CAS
at a 32 sps sample rate, which was the rate on the F-8C simulator, The flight
computer will operate at 50 sps. The analog equivalents of the digital filters

are indicated in parenthesis.

LATERAL-DIRECTIONAL CONTROL AUGMENTATION SYSTEM

The structure of the lateral-directional CAS used with each of the adaptive
concepts is shown in Figure 12 in a standard block diagram form. This design
resulted from a reduced measurement solution of an optimal control problem.
The full-staté optimal controller was designed to follow an explicit roll rate
model and to minimize sideslip and lateral acceleration for roll stick commands.
The resulting design prodiuced good turn coordination and Dutch roll damping over

the entire flight envelope.

For implementation on the F~-8C, the full-state design was simplified to use a
reduced set of measurements. The reduced measurements consisted of p, T, Ga,
and Ny. For the CCV package, the feedback and feedforward ggin gschedules

were modified to be a . simple function of angle-of-attack. This eliminated any
need for true airspeed or attitude measurements. Details are contained in

Reference 2. -

For use with the‘ adaptive control laws, the feedback gajns of the reduced measure-
ment CAS were grouped into a single-loop gain that is now a fu._mctioh of surface

effectiveness (or dynamic pressufe). (Refer to Figure 13.)
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Figure 12, Structure of adaptive lateral-directional CAS.
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The two explicit adaptive concepts determine the loop gain from surface effective-
ness estimates in the pitch axis. The; limit cycle operates' with a gain changer in
the roll axis that keeps GLA'B néar critical gain, Tﬁé y}iw axis loop gain is |
slaved to the roll axis, The digital lateral-directional design is shown in

Figure 14 for a 32 sps sample rate,
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SECTION 8

THE MLE DESIGN

One of the three candidate adaptive concepts selected at the outset of the design program
was intended to explore modern estimation-theoretic methods for explicit parameter
identification. These were to be combined with simple algebraic gain updaté calculations
to make up the complete adaptive concept. After some initial experimentation with

two identification approaches, maximum likelihood estimation and nonlinear filtering

(the latter largely unsuccessful), it was decided to base the concept on maximum
likelihood methods. The resulting adaptive controller design is described in this section,

MAXIMUM LIKELIHOOD IDENTIFICATION

We have already introduced the general process of maximum likelihood 1dent1flcat1on
in Section 6. : The principle is to find parameter estimates which maximize the a
poster10r1 probab111ty distribution for the observed outputs conditioned on the unknowns

and the measured inputs, i.e.,

¢ = Arg '{n‘lrzx Py s Tgs ooes yNI-_c_ =g ug, Ups oo uN_l)} | (24)

. When the unknowns are constant and the plant dynamics are linear, this maximization
problem leads to the solution shown in Figure 15. 42, 43 The solution consists of a -

' Kalman filter designed for the true system structure but with parameters equal to an

| est1mate ¢ =C The f11ter tracks the true system outputs and generates a residual

| sequence {vk Vi = yk k =. 1,2, «vele “This sequence is accumulated into a

‘ 11ke11hood function,

|

L(C’ N) " - znp (yla yza ese 3 yN | C: u o° ul.l ees s uN 1) (25)

which is then minimized over the parameter estimate C,

At first glance, this solution appears ideal for on-board applications. - The Kalman
filter is relatwely simple and runs recursively, processing data samples as they appear.
| The same is true for the likelihood accumulation operatlon.' The difficulty, of course,

| is the last step of the solution: the minimization, ‘This: requires i‘epeated or parallel
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Figure 15, Maximum likelihood estimation.

processing through the data and adds significantly to computational complexity.

Approaches to ,r_ninimization and the equations involved are discussed further below.

Minimization Algorithms

Two algorithms were considered for the likelihood minimization operation: 1) iterative
Newton-Raphson calculations, and 2) parallel non-iterative calculations. The first
algbrithm is illustrated in Figure 16, It begins by collecting a sequence of input/output

data,

Y

N = pe Vg eee s Iyl :
(26)

Uy = {uge tgs eees Uy
The Kalman filter is then run with parameters ¢ equal to a priori estimates, ¢ = {°=¢C .

=0
This generates the likelihood function, L. At the same time, a set of sensitivity -

equations are processed which permit calculation of first- and second-partial derivatives,
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Figure 16, Newton-Raphson minimization (Algorithm 1).

9L and V2L (some form of approximation is usually used to simplify equations for the
latter). These derivatives are then used to obtain a new parameter estimate using a
standard Newton-Raphson formula, ‘The filtefing, accumulation, and Newtoh-Raphspn
operations are performed repeatedly for the same data set until convergence is achieved,
The data set itself is usually kept current by a A"s\liding window'' process which increments
the lower and upper indices of the input/output sequences (Figure 16) while keeping

the total number of samples, N, unchanged. The overfall algorithm has been implemented

successfully for various post-flight data processing applications .42’ 43

The second algorithm is illustrated in Figure 17, It achieves the same 'end result

as Algorithm 1 but replaces iterative calculations with parallel ones. The sequence
of input/output observationé is sent simultaneously to M Kalman filter chahnels, each
with its‘ov‘vn sensitivity calculations and likelihood accumula_.tionsl The channels are
distinguished by their assumed parameter ‘}alues. Each one operates With a different

= C(i) (i) 2, (i)

parameter estimate, ¢ , and hence computes, L(l). v, and v°L""’ at a different
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: %
fixed point in parameter space, The likelihood functions at these points are then
compared to find the approximate minimum point, and a single Newton-Raphson step

is taken from there to estimate the true extremum.

As in Algorithm 1, some proCedure must generally be e.dded to keep the processed
data current. This is done in Figure 17 by high-pass operatmns which prov1de
exponential de-we1ghtmg of past accumulated data samples. This can be: contrasted
with the above-mentioned sliding window process, which provides umform we1ght1ng ‘
for the past N samples and zero weighting for all earlier ones. While not proposed
in the exact format of Figure 17, general parallel estimation structures h'eve been

suggested in several references. 3, 26, 65, 66

Assuming that we have a well-posed' identification problem (i.e., L{¢, N) has a unique
minimum at. ¢ = ¢ ¢ 28 N » =), it is clear that both algorithms wiil perforin the desired
estimation function, They have important differences, however, which favor Algorithm 2

for on-board application._ The chief differences are:

) Recursiveness--Algerithm 2 is completely recursive. It processes data

samples as they appear and needs no data base storage and data base manage-

ment operations as requ1red in Algorithm 1.

e Iteration--Algorithm 1 is iterative. This leaves both the data processing
flow and computing time uncertain, and it raises convergence issues, In
contrast, the computation flow and time of Algorithm 2 are completely defined

and inviolate from cycle to cycle,

e Accuracy--Both algorithms caﬂ find the minimum with arbitrary accuracy
if given enough iterations or eneugh channels, respectively, However, for
equal computing time (the number of iterations eqﬁal to the number of channels),
Algorithm 1 is probably better. -

As criteria for on-board application, Items 1 and 2 far outweigh the importance of
Item 8, This is especially true because the location of the minimum of a realization
of L{{, N) is itself so inaccurate (Section 6) that errors made in finding the minimum
eont.ribute little to overall identification error. Hence, it was decided to proceed with
the pa_rallel MLE alg_or‘ithm. |

The enclosed superscript (i) is used to denote var1ab1es and parameter values for
Channel is
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Filter, Sensitivity, and Likelihood Equations

The basic data processing equations which must be solved by each filter channel are
summarized in this subsection, They are stated in terms of general symbols correspond-

ing to the following discretized plant equations:

X = Ax

ekl +Buk+1“’nk

k

27)
yk = Hx . + Du

y +N§k :

k

The matrices A, B, I', H, D, and N should all be thought of as dependent functions of

the parameter vector c. Then the channel equations are:

Filter equations,67

Xk+1 = Axk + Buk
Virl T Tar T Mgy " Dy ' (28)
K1 = Fern T ey Vi

Sensitivity equations for each component cp of ¢ (derived by differentiating (28)

with respect to cp),
vpxk 4 Avpxk +.(\7pA)xk + (va)uk
VoVid1 = THT Xy - (T EE L - (9 Dy (29)

)

To¥iet1 = Tkt T Bt VpVket F TpRkan Vi

Filter gains, 67

e _ T
Pk-i-l —A‘PkA +I'T

= T T
Ben '(H Pesr B *NNT)
(30)
L T -1
Kt TP BBy
P P, K HP

kt1 T Tkl T Tkl Kk+1
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- Likelihood accumulation,

, 2
Lyyq = wly +1/2 vy g I! ) +4ndetB, ] ) -
B (31)
k+1 v

VL .. =woL, +wv . B T +1/2T (v, oy Vo - B )v(lé- )
ktl P T Wikl P Yk TaCe Wil Ykt T Tkl! Tkl

S 2 . 2 T -1

VoL TRV L YW B YV

with p = exp (-At/ ) for exponential de-weighting of past data. The choice of 7 is

! discussed later in this section.

. These equations warrant two explanatory comments, First, there are no sensitivity
' equations for the filter gains. This is because the matrix VK was computed by numerical

differentiation throughout the desigh program, i.e.,
v K =[K(c+2xre)-Kc)]/r
o [ (e +re) = K@/,

where ep is a unit vector in the i-th coordinate direction and )\p was chosen small

compared to the range of c,

Second, since sz must be a derivative of vL, it is evident that the last equation in’

(31) includes approximations. All second-partial derivatives and products of derivatives
‘have been ignored. This is a common approximation for so-called modified Newton-
Raphson proceduress’7 and has the important advantage of eliminating second-partial
derivative sensitivity equations, It is also common practice to eliminate the last term

of the VL equation and to replace the filter gain equations with their steady state solutions,

These additional approximations are considered later.

IDENTIFIER .DESIGN FOR THE F-8C

In view of the identifiability results in Section 6 and the known séhedul’ing requirements
of the control laws (Section 7), a specific implementation of Algorithm 2 was developed

for the pitch axis only and for a reduced-parameter set with three components, Design

‘details and trade-offs for this identifier are presented below. Key design issues include:
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e Identification models,

e Channel selection,

e Kalman filter design,

e Adaptation to noise statistics, and |

. Likelihood filters.

Identification Models

Following Section 6, a simplified short-period model was chosen to represent the pitch
plait dynamics (27),

State equations:

q 4 « 0 1])[a M, 0 o o
5 a+o,g 1 z, 1 0 cv+a!g, Z, Yoy o. 0
o = + & + . n
glv 0 0 0o o |]g/v 0 0 Yas 0
LM, | Lo o o o] (Mo L O] L0 0 v
(32)
Measurements:
—~ - -\
a., 1 0 0 0 qQ 0 aq 0 0
Ve =l By | = dMq M-z V. 0 d a+ag +{dM sZsV| 8 *|0 o, O L
8. 0 0 0 0l||g/v ‘ 1 0 o % |
" A
My

k=0, 1, 2, ¢us (t = At

k+1 " b
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This model includes short-period dynamics (a, @), tufbulence (o: ), trim»stat'es
(g/V, M ), and noisy sampled algebram sensors for pitch rate, normal acceleratmn,
and’ elevator surface position, - Turbulence is again modelled as an approximated

Dryden spectrum without the low frequency drop-off in its derivative, i.e.,
v A2 2 L i
o = =(—) a +0o = Nxo = 1 (34)
g L, g wVVL wV VL_ - |
Hence = 2
| Y217 %wV VL

The trim terms (which according to Section 6 must be included for accurate reduc.ed-‘- B
‘parameter identification) are appended as slowly varying states with Brownian motion
-representations. The term g/V was given a variance growth rate proporticnal to 'i'oll
angle variance, and Mo has a variance growth rate proportional to the va;‘iance of the

_trim pitching moment due to control, Hence,

. go“
Ysz " % W .
. (35)
Y43 =9, Mg
trm

All sensor noises are modelled as independent and identically distributed random
variables from sample to sample, Their magnitudes Gq’ Tnz? as well as the

disturbance magnitudes T ch' o) were treated as design parameters,

Strm
Usiug Section 6, Table 11, the identification mcdei was parameterized in terms of M 5
and two small-perturbation parameters for Moz and V. The parameter M was'.chosen
because it is most identifiable and also most important for control, M was chosen
because it falls next in the hierarchy of identifiability, Velomty was 1ncluded because it
is desirable for lateral control. However, since V is not readily identifiable from the
pitch axis alone, we cannot expect much in the way of accuracy., The rest of the
perturbations in Table 11 were assumed to be zero for reduced-parameter identification.
The parameterization was also modified to account for quasiestatic flexibility of the
airframe (not included in Section 6). This phenomenon reduces all control effectiveness
terms at high dynamic pressure (high M ) and can be accounted for by expressing the
model in terms of an "un-flexed'" M parameter instead of M directly. The resultmg

parameterization is summarized on th/e following page.
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r~ -T ~— 2 “\
M | M, (1 +0,016 M_ +0,0002 M, °)
8 -1 ) 6o
i . o
Mq ; -0,23 + (0,028 - 0,017 c2). M60
Ma % (0,61 +Q.92 cz)M60 -
. (36)
v (200 + c3) M5_°
ng . »53‘ M60
st 7.7 M6
— - (- .
(~ I FM -ﬁ. ' ’ B
cil so ’ 0 subsonic
‘ Ca 9" 1 supersonic
£5 (%7 % | (37)
: N 0 subsonic
C3.g
c, gy - 60 supersonic
_ ¢ . -

Channel Selection

" The thr,eeﬁimensional parame;t.e‘rization above .generates a parameter space illustrated
in Figure 1§. The space consists of two regions, one for subsonic and the other for
supersonic flight, There is also a loose interconnection through which the aircraft
migrates rapidly in the tranéonic flight regime, The problem of channel selection is to
choose both the number and the location of points in this space at which to operate
Kalman filter and sensitivity equations. Criteria for this choice are derived from the

. interpolation fumcfion of the channels. We obviously want as few channels as possible,

- but they must be close enough together to be able to interpolate throughout the space.

For the F-8C problem, a bit of experimentation showed that the ¢y and cg dire:c'tions
"could be readily interpolated from channels located at their nominal values, i.e.,
(0, 0)or (1, 60), The M,

positioned so that 'it'i'nterpolates over an M 80 region which is a fixed percentage of

o direction, however, requires several channels, each_'

its nominal value. This follows from results in Section 6 which indicate that accuracy,

and hence curvature of the likelihood function, is proportional to true M 6‘va1uevs
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(ﬁercentage accux;acy‘is_.,constant). Using these findings and a 50 percent interpolation

rahge for each channel gives the following candidate M _ values:

8o
M. ® o _go/1.5 = 26,7
o -
@ @,
M, = m, #2,25 11.9.
o @ B
MM /2.;35 = -5,27
W L @)oo o
- vMso = M, /2.__35 = =2,34

These values must be combmed with (cl, c ) (0, 0) for subsonic flight and (cl, c ) =

a, 60) for supersonic. ;A total of five channels are required--one for supersonic,
(5) (4)
=M

which has an M range eentirely covered by interpolation about M 50

, and

four for subsomc. The resultmg channel locatlons are shown in F1gure 18,

Kalman Filter Design .

Accordmg to A]gonthm 2, a fixed set of Kalman filter and sens1t1v1ty equations must
be operated at each set of parameter values shown in Figure 18 While the design of
these f11ters is stra1ghtforward the followmg features of the F 8 design are Worth

noting,

Time Invariance--A i‘e‘w experiments showed that steady state filter gains achieve

almost the same speed of convergence (of the identifier) as time-varying gains. Hence,
Equations (30) were reblaced by their steady state equivalents (set k+1 = k) and solved

off-line, Stored va).ues"of K and vK are used in the on-line identifier,

Se1f=111itializati<>n--When the adaptive mode is engaged, the filter and sensitivity

equations in each channel are initialized on the basis of current sensor outputs

(qm. nzm’ 5m). This step avoids long channel transients associated with the slow
tr?im states, glv and M The initialization assumes that the aircraft is in equ111br1um
at the time of engagement (i.e., % = 0), which gives the following equatlons for each

channel. .
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q(0) a,

@(0) = [n,_ t (z6V)' am]/ z, |
" | (38"
E-@ = -[Ay) ap +(8gy = D X0+ By, 8,1/ Agg
MO(O). = -[(All-l) a, *A, «(0) + Byq am’]/A14
vq(0) =0
va(0) = -[(Z V) (0) + V(Z, V)8 1/(Z V) .
v%(O) = ~[vA,; a(0) + VA, a’(O)‘+A(A22;1‘) v(0) + vB,, 8 MAgs .-
M (0) = ~[vA;; a(0) + VA, «(0) + Ay, v_a(o). + 9By, 8.1/,
Noise Statistics~-The filter gains for each channel were designed for thefollowing & .. .

assumed noise stfatistics:

Sensor Noise o .. Disturbances
0q = 0.0026 r/3 - ‘= 6.01t/s (1.83 m/s).
2 . )
= 1 =
- 0,02 g's (0.2 m/s") o ccp 0.017\raf.<i.’
Opyppy = 0001 TAd

e ='0, 0008 rad*

. v _ .- , P o 3y . P
The Aj; symbols in these equations refer to elements of the discretized dynamics
matrix corresponding to Equation (32). ’ - Tt

t The Kalman filter Equations (28) treat u, = §,_ as perfectly known, The actual nieaéui_'gé-
ment, of course, is noisy. This was recognized by adding the control measurement =
ervor as an extra random disturbance in the discrete model Equation (27), i.e.,

Kig1 T Axk‘+ Bumk + (T ﬂk - Bgsk)- {27').'
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Sinc,e‘th‘ese numbers are fixed for all operating conditions (i, e., with and without sensor
ngise,_ with and without gusts, with slow or fast trim changes, etc,), they represent
experimental compromises over many simul_atioﬁ runs, As seen later in the performance
summaries, some performance benefit can be gained by adapting these statistics to the

environmental situation.

State Estimate Interpolation --Since each filter operates at a fixed location in parameter

space, no one of them provides proper state estimates unless the parameters happen
to fall close to one of the channels, This difficulty is alleviated, at least for the &
estimate, by interpolating between adjacent channels, Because trim angles-of-attack

are inversely related to M 50’ the following intefpolating function was chosen:

- 1
& (Mso) " tm

a, : (40)
o

The coefficients a, and a, for this function are computed from estimates of ¢ at two

adjacent channels (i, j) and then inserted back into (40). The resulting formuld is:

. (1), > .G G = s g ()
N M, ~M DHe(M', t)+ (M =M_)a(M_, t)
FM., t) = d0 8o 50 $o 50 80 (a1)

G _ . ©
(Méo M&o )

§o

Adaptation to Proportional Noise Statistics

We noted in the filter design section that fixed statistics were used to compute filter
gains, - This is desirable because it generates an in{rariant set of gains for each channel
which can be computed off-line and stored for on-line use. Invariant gains are actually
obtained under slightly less restrictive circumstances-—namely, when the disturbance
and noise statistics remain in constant relationship to one another. This means that

a filter for disturbanceé statistics (o W ccp’ c Strm’ G 8) and sensor noise statistics

(cq, cnz) remains. unchange§ when those statistics are changed to (oo W gccp, 9% 84 1nm?
co»s) and (cdq, crcnz) for arbitrary o. As a result, the total identification algorithm
desighed for one set of statistics can still be valid when those statistics are scaled
up or down, provided only that the likelihood functions are also scaled, This can be

done adaptively as deécribed in the following paragraphs,

Assume that all statistics are known to within a constant scale factor o. Then the

likelihood function, in terms of the usual unknowns (c) and the new unknown o, is given by
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: N T B}
‘L =1/2 ¢ (vk‘ =5 v tindeto B) ' - (42)

N -1 -1
0=vyL= I [w T B_ v, +1/2 Trace (v,_ v T—czB) V(E——)]
= Wk 7 “k k Yk . )
k=1 o o) :
' (43)
N -1
0=& = £ 1/2 Trace (v, v T—crzB) (-2 -B——)
bo - k 'k 3
k=1 ‘ o
The last equation yields the solution
32 = J/rN
with
N
semd g v Tty (44)
k=1 k k

where r is the number of measurements and N is the length of the data sample._ The .
product rN is the degree of freedom in the quadratic form (44) The ¢ 2. estimate
can now be used to scale the likelihood function; i.e.,

N
26%L= % (va B!

02 fn det B + constants) ‘ (45)
k=1 . . R S

\)k'l-

In the F-8 identifier, Equation (44) is evaluated at the minimum - likelihood channel in
2

order to estimate o, This estimate is then used to scale all channel likelihood function: -

via Equation (45), before subsequent comparisons of these functions are made,

Because the actual likelihood functions are being ﬁltered the degrees of freedom

in the identifier are different from rN, They are determmed by passing the constant
r through the same filters and hence rise exponentially to the steady state level
r/(1-p).
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Likelihood Filters

Figure 17 shows a high-pass filtering operation on the accumulated likelihoods in each
channel of Algorithm 2. This operation keeps the accumulations current by exponentially
de-weighting the past.. The rate at which de-weighting occurs (or the choice of time

constants for the high pass) is determined by two conflicting requirements:

1, A well-defined, correct minimum of the likelihood function requires slow

de-weighting, .

2, Small tracking errors when aircraft parameters change requires fast de-

weighting.

The first requn'ement exists because likelihood functions do not necessamly have
rrumma in the correct place (i.e., atc =c ) for short data samples. Some examples

of: this behavior are given in Flgure 19, The figure shows plots of experimental likeli-
hood fu.nctions taken during our identifiability studies., The functions were accumulated
w1thout de-wexghtmg and are shown at several time points. It is clear that times shorter
than three to five seconds can give dramatically incorrect answers. It should be noted
tne.t this phenomenon is not inconsistent with maximum likelihood theory. The theory

guarantees correct answers only asymptomatically.

The second'requirement is less esoteric, As the aircraft changes flight condition,

ife parameters change in ramp-like fashion. The accumulated likelihood functions

wﬁl then be out of data and cause parameter estimates to lag behind the true parameter
values., The faster we vde-'-'weight accumnlate'd data, the less the lag,

The design compromise for these requirernents is a de-weighting time constant of five
seconds. Th1s satisfies the experimental curves in F1gure 19 and produces 30 percent
lag errors in M when the aircraft is accelerated with full afterburner startmg at
Flight Condmon 5 (Traces for this maneuver are shown later in th1s section..) Errors
in M of the order of 30 percent are quite tolerable for scheduling the control laws in
Sect1on 7. . It should be recognized, however, that the F-8C can be maneuvered 80 as to
produce substant1a11y faster flight transitions, and hence we must mamtam tolerance

in the control laws for errors well above 30 percent.

In addition to low frequency de-weighting of accumulated likelihoods, it was also found

desirable to prevent very high frequency data (such as sharp edged gust or command
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responses) from being accumulated. This Was. done by adding relatively high frequency,
low~pass filter to the accumulati'on and high-pass network, The total likelihood filter

then takes the following (digital) form:

' - Ae . €
. k k
— Ae. =u Ae . ] - L= .
Aoy Boisg = Mooy Fifl-upbey [T B ey = Hey * Aoy - ue
Unity gain low pass Accumulation and
o high pass

T=0.65e§: ' T =5 sec

Wy = €Xp (-2/0, 86) w = exp (~A/5)

The symbols Aek, Aek, and € denote generic inputs, intermediate states, and outputs,
respectwely. The filter is actually used to generate all likelihood functions,

(1) =1, 2, ... 5, and all components of VL and v L.

CONTROL LAW ADJUSTMENT

To complete the adaptwe concept, the 1dent1f1er descnbed above was combmed with a
simple control gain calculatmn. Both pitch and lateral gams are ad;usted as a function
of the primary identified parameter, M 80° In th_e pitch axis, the basic CCV control law
gain schedule is utilized, but with a somewhat higher gain ratio. - The CCV schedule

{Section 7) calls for

0,158
q

Gc* =

This was replaced with the schedule

Gc*= 0.035 . 0."015 C “ o (47)
q : Méo

where the conversion from qtoM 50 is based on the F-8C!s very good linear § - M 8o
relationship shown in the scatter plots of Appendix'A (g = =23 M 60). The gain schedule
(46) is a little more than twice as high as the CCV schedule, yet it still provideslwell
above six db of stability mafgin. For addifional protectien, the schedule is restricted

to a maximum gain output of
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(=]

o _0.35 _
Gq* max - 100 - ©0-0035

and to a minimum gain of

0.35

GC* min = "800 = 0,00058

Similarly, the lateral gain was defined by the following schedule:

S 120 '
Gpa -;— L 343G | |  (48)

This is automatically restricted to the range

120 120 _
1.20 = 100 = Grat < 500 - 020

by the limits imposed on G

cX,
SIGNIFICANCE TESTS

Alfhough the abowve schedules proﬁde ample stability margin when the identifier is
working properly, they do not exclude system instabilities for extreme identification
‘errors such as might occur with no signals present in the control loop. To protect
against this possibility, a self-checking feature was added to the ifientiﬁer‘ which monitors
the statistical significance of M estimates. This self check calculates approximate
theoretlcal probabilities that the true parameter values fall into the range covered by
each channel. Whenever this probability exceeds a spe01f1ed threshold (10 ) for any
channel, the upper G 11m1t is reset to a gain value low enough to assure stablllty for
true parameters actua11y~in the range of that channel. The calculations associated with

the self-check operation are summarized below,

Probability Derivations

" Let Pr(.)
(1)

range Q

denote the conditional probability that the true parameters are actually in the

covered by Channel i, This probability is defined by
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“ R
pr = ) p(C| Yy, TUy) aC
(49)

[ p(¥ | ¢ Uy) plE) -
Q(i) p(YN]UN)

Here p({) is the a priori probability distribution for parameter vector ¢, This distribu-

tion can be assumed to be uniform with equal probability for each channel range, i.e. R

p(€) = W gorange o)

@ i
W e = M

Then (48) reduces to

0

i) _ ,
g i J‘Q(i) p(YNIC. Uy) d¢

(561)

@ :
o A (4))
P TU) p(¥ )1 Uy [ S ¢

pevygl <Y, vy
T MR [0

] * 9 ) . .
Next, it is convenient to divide through by Pr(1 ) - 1 (i* denotes the min-L channel)
and to take natural logs:
| | @
L Nl € Uy

@ _ e
(i*)
p(Yl ¢ Uy

Pr
Pr(»i*)

in Pr(i) = in fr(i) - 4n Pr(i*)

Yy L

(52)
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This final equation forms the basis for the significance test. Since we want to detect

i) 6

cases for which Pr'’ > 10™°, it suffices tp test for

Y L T N - (53)

and to reset G whenever this testfails,

c* max

Gain Limit Rééet

The actual limit imposed on Gc. 4« in the event that the significance test fails is given by

) @)
Gc* max - -0.039/1.5 M60 (54)

This is eight db above the standard schedule, Equation (47), evaluated at the maximum
M 60' value covered by Channel i. Of course, if the significance test fails for several

channels, then the smallest 1imit applies,
DESIGN REFINEMENTS

The identifier and control laws described above were tested on linear simulations in
Minneapolis and on the nonlinear F-8 simulator at Langley Research Center with a

high degree of success. They only posed one serious problem--computing time, On

the CDC-6600 computers at both simulation facilities, the identifier consumed approximately
four to s.ix msec per control cycle, Roughly scaled to the F~8C's IBM AP-101 machine,

this corresponds to 20 to 30 msec and exceeds the total frame time available at the nominal
50 Hz update rate planned for F-8C flight tests, A serious effort was therefore under-

taken to develop design refinements which would reduce running time of the identifier.

Three such refinements were developed:

1. Single~channel sensitivity calculations,
. 2. Multi-rate structures, and

3. Index~free Fortran code for primary channel calculations,

These refinéments reduce CDC computing times for the complete adaptive corcept to

approximately one msec/cycle. They are discussed in detail in the following pages.
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Single Channel Sensitivities

~ Since interpolation between channels of Algorithm 2 utilizes sensitivities from the miﬁ-L
channel only, it is clear that a great- -deal of redundant computing is being done in the
other channels, Redundant operations include sensitivity calculations for Vx and likeli=
hood accumulations for vL and V2L These operations have been ‘eliminated by providing
a data hand-off procedure which allows one channel's sensitivity calculations to be
started up and another's terminated whenever a channel change occurs, ‘The’ transition
occurs smoothly and without severe estimator transients. It is accompiished with the

following transfer sequence from Channel j to Channel i at time tk:

1. Initialize vx (t,) in Channel i

Equations (39) with states q(0) and «(0) replaced by their current estlmates
from Channel i, q ( ) (t,), « 28 (t, )

2.  Transfer Accumulated VzL Matrix from Channel j to Channel i
2L o 7 P o . (55)

where -
G)
T = diag {p(1 + ___(10_(1_5_)’ 1, 1}

80
with

=1,10 - exp (-tk/5)

Matrix T adjusts the implied estimation accuracy of the transferred second-'
partials matrix. Basically, the accu"racy is increased for every transfer in
order to avoid rapid estimation transients, Howevér, larger i‘ncre‘ases‘ are

used for transfers from high to low M ao‘ values, and actual decreases are

used early in a flight (through the parameter p)e The larger increases preserve
the identifier's constant percentage error property (Section 6), while the decrease

speeds initial convergence,
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3. Compute New VL Vector for, Channel i

LW - 2@ (E(l) - ék) (56)
This equation assures that-the identifier will interpolate to the current estimate
é k from the new chanrel immedié.tely after transfer, Hence the parameter

estimate remains continuous.,

After transfer:, the propagation of vx and accumulation of vL and V2L proceed as normal

_in Channel i, starting from the initial conditions vx (t, ), VL (1), and szk(l) defined

)
k" k
above. The same calculations in Channel j are terminated.

Multi-rate Structure

The second timesaving refinement of the adaptive concept consists of a rearranged
sequence of computation, ‘Since many operations do not need to be repeated at every
control sample time, the calculations were broken into six separate groups, each
containing those calculations which must be performed at every minor cycle plus a subset
of calculations which can be performed less frequently, These six groups are then
executed sequentially, one per minor cycle, The resulting multi-rate structure is

illustrated in simplified flow diagram form in Figure 20,

Fortran Implementation.

Other substantial time savings were achieved with modified Fortran code, In particular,
a separate subroutine was prepared to implement five Kalman filter equations and one
set of sensitivity equations in index-free Fortran, This subroutine accomplishes all

minor cycle calculations shown in Figure 20,

Figure 20 also illustrates several other features of the final identifier implementation.

These include:

1. Temporary likelihood accumulation for each minor cycle in order to prevent
data loss between likelihood filter updates (which occurs once per six minor

cycles),

‘2, Limits on az'to prevent excessively large noise level estimates induced by

model mismatch at the min-L channel,

84



Enter at .
\_ time tg
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Figure 20, Continued.
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3. Hysteresis on channel transfer decisions to prevent chattering when two channels

have nearly equal likelihood fuhctions, :

4, Addition of small diagonal-elemenfs to VZL in order to assure invertability,

and

5., Limits on é to pro'tec't against gross estimation errors.
MLE CONCEPT PERFORMANCE

The complete adaptive control conéept was vér_ifi_ed with extensive nonlinear simulation
trials on NASA Langley's F-8 simulator, 59 System performance was assessed with
respect to four "measures of goodness:" :

o Identification accuracy at fixed flight conditions,

o Convergence characteristics,

e Tracking characteristics for standard flight transitions, and

o Response to major maneuvers and configuration changes,

The controller was also "flown" under pilot control from the iron bird and under

simulated i‘elaxed-static-stability conditions,

Accuracy at Fixed Flight Conditions

Identification performance (and thus control gain‘accurac‘:y) were verified by subjecting
the closed-loop adaptive control system to a standard sequence of test conditions while

in trimmed flight at various fixed flight conditions. The test conditions consisted of a
period of quiet, followed by a 20 fi:/ks_ec2 (6.1 m/sec?) C*—comrhé.nd doublet, followed by
a period of six ft/sec (1,83 m/sec) atmo'spheric turbulence, followed by another command
doublet, This entire sequence was run w_ith and . without sensor noise, and each run

included a small random test signal inserted at the C*-command point.

Accuracy tests were run at five flight conditioﬁs: FC1l, FC5, FC8, ¥C10, and power
approach, FC17, Strip chart recordings for these flights are shown in Figures 45
through 54 in Appendix B. Each run is described by two pages of recordings. The
first page shows major aircraft variables, and the second shbws variables from the

adaptive control law,
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Performance summaries of the accuracy tests are given in Tables 15 through 18 for

FCl, FC5, FC8, and FC10, respectively. These tables show estimation error percentages
for the various test conditions. The errors were computed by comparing linearized
derivatives (M o M ) or actual quant1t1es from the simulation (q, V, a) with estimated

values. The est1mates M o’ M V and q were taken directly from the identifier,
and @ - was synthesized as follows.
. wk

The summary tables show basic accuracies of 10 to 20 percent, which are very consistent
with the predictions in Section 8, Poorest performance occurs at max-q "on-the-deck"
(FC10),. where M 50 errors and q errors are as high as 30 percent and velocity errors

are as high as 40 percent, These errors are well within the stability margins of the

control laws,

TABLE 15, MLE IDENTIFICATION ACCURACY SUMMARY AT
FIXED FLIGHT CONDITIONS

FC1

Parameter error (percent)

Conditions q . M 80 Ma v awL
Quiet . ' S -2 0 10 4 1
';ﬁfbg1ence only 8 oy 2 8
Sensor ndise only 5 4 10 15
Turbulence plus 10 7- 2 v1

sensor noise

"Pilot doublets 2 4 2 .6

Resolution of percent
error calculation
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TABLE 186,

FC5

MLE IDENTIFICATION ACCURACY SUMMARY AT.
FIXED FLIGHT CONDITIONS

P

Parameter error (percent)

:cdnditi’bns‘:" g M, | M, v a
Quiet 2 5 8 8 8
Turbulepce only 5 5 8 2
Sensor noise only 10 5 7 17
Tu?buienc_e plus 10 5 7 3
sensor noise
Pilot doublets 4 5 7 8
Resoutiontgereert || |5 | s | s

TABLE 17. MLE IDENTIFICATION ACCURACY SUMMARY AT
FIXED FLIGHT CONDITIONS

FC8

Conditions

Parameter error (percent)

M

M

v

error calculation

80 o wL

Quiet 16 0 2 1 4
Turbuience only 22 .-6 6 1

Senso'r noise only 15 0 2 4

Turbulence plus 30 12 2 4

sensor noise

Pilot doublets 15 0 2 4

Resolution of percent 1 3 9 9 16
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TABLE 18, MLE IDENTIFICATION ACCURACY SUMMARY AT
 FIXED FLIGHT CONDITIONS

FC10
... Parameter error (percent)
Conditions a | ™ o | Mg v @

Quiet 2 2 17 40 3
Turbulence only 20 23 | 9 23

Sensor nois; only 30 29 5 29
Turbulence plus 15 23 | 9 23

sensor nolse

Pilot doublets 4 6 | 9 29
Reeamsonstperest || | a | s |

Convergence Characteristics

To verify convergence characteristics, the initial L, VL, and v2L functions of the
identifier were set to zero . and the initial min-L index, i%, was set to a channel not
covering the true flight condition. This was done for several combinations of channels
and flight conditions and for various inputs., Strip ¢hart recordings for these tests are
given- in Figures 55 and 56 in Appendix B, and the perforniance resulis are summarized
in Table 19, Convergence times at or below one second were realized in all cases, It
is particularly interesting to observe convergence characteristics obtained for C*-doublets
without test signals (Figure 56, Runs 104 and 77). For these cases, the identifier
drifts until the first command occurs and then responds almost immediately with proper
estimates (and control _gains). Comparing the initial transient with subsequent ones
shows no major differences.. This rapid response to commands may make it possible
to operate the control loop without any test exitation. More experimentation will be

required, however, to substantiate this potential,
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- TABLE 19. MLE CONVERGENCE SUMMARY

ConVeré—ence
Time to
_ o , From To . 80%
Run Condition - channel PC (sec)
71 |  Cx-doublets 4 5 <1
68 99% turbulence 4 5 <1
103 C*-doublets 4 1 <1
104 C#-doublets 4 1 <1
no test signal . .
77 C*-doublets 2 1 8¢y
no test signal ' ‘
74 99% turbulence 2 1 | <«

a . .
Measured from occurance of first command.

Tracking
To verify tracking capabilities, the aircraft was flown through two standard flight
transitions: ’ o
1. Max accelerations with full afterburner starting in trimmed flight at FC5, and

2, Half-power deceleration starting in trimmed flight at FC8,

Both transitions were flown with the CAS engaged (with zero C#*-command), For the
first transition, this produces rapid acceleration and a gentle climb to about 27, 000
to 28, 000 feet (8, 5K m) altitude and barely supersonic speed. The second transition

produces slow decelerations to subsonic speeds with little change in altitude.
Each transition was flown in quiet air, in 99 percent turbulence, and with 99 percent

turbulence and sensor noise, All cases included a small C*-test signal. Strip charts
for these cases are again given in Appendix B, Figures 57 through 59 cover the first
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trans.i.tion, and Figﬁres 60 through 62 cover the second. Performance is summarized
in Table 20 in terms of q tracking errors only (these were the easiest to calculate since

q is available contirimously from the simulation).

TABLE 20, §TRACKING ERROR SUMMARY

Condition Transition 1 Transition 2
Quiet - 31% peak + 27% peak
99% turbulence - 28% peak + 38% peak
‘99% turbulence - 28%, +32% peaks + 38% peak
plus sensor noise (+50% with speed
brake applied)

Maneuvers and Configuration Changes

The adaptive controller was also tested under various maneuver conditions and configura-
tion changes. These runs are primarily intended to explore qualitative properties of the
concept in large signal situations and to assure that no drastic upsets occur in normal
operation. The runs are summarized below with figures given in Appendix B,

Figure 62, Speed brake extended

Figure 63, Roll maneuvers at FCl, FC5, FC8, FC10

.Figure 64. 360 deg. rolls at FC1

Figure 65, Step « gusts

Figure 66, Gear-down transient at FC17

Figure 67, Gear-up transient at FC17

Figure 68, Wing-up transient at Mach 0,23, 3K

No surprises were found in these tests. The identifier performs properly for standard
roll manéuveirs and alpha gusts. It developes tolerable 30 percent errors (in q) during
360 degree rélls, 10 to 20 percent errors .during gear transitions, and larger 50 to 70
percent errors during wing transitions. None of these errors havé major consequences

on the'controllability_ of the aircraft. Infact, when the wing transition was flown under
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pilot control from the iron bird, the pilot judged control characteristics to be c.omparabfe,. 4
to the CCV laws. . This same judgement was also rendered for the adaptive controller's, -

performance over the rest of the flight envelope.

Relaxed~-Static-Stability Flights

The adaptive sysfem was also flown with simulated aft motions of the C.g. For this
purpose, the pitch control law was modified to include a low-passed pitch rate feedback

path developed specifically for RSS flight in the CCV program. 2 This extra feedback

is illustrated in F1gure 21 It includes one additional adjustable gain, GRSS’ scheduled

as a function of M and M The identifier was changed only in the nominal ‘model -
parameterizatmn, Equatmns (36), where the M equation was replaced by M = (0, 3 +0. 92 c )
M, o, With larger a priori limits on c2( £ 0.86).

Flights were made at FC1 with zero and -2.0 ft c. g. displacement. The latter is
approximately neutrally stable. Transient traces are g1ven Appendlx B, F1gure 69,
The identifier is seen to have no difficulty with the large M , change induced by the
c.g. displacement, '

Stick +  Servo command :
} C* CAS 8

q | Section 7 | Tt e

) Gpgs ]

Gpe = 0.5 [1 - M /(0.61 M,)]

RSS

Figure 21, Relaxed-static-stability Vcontr;ol law,
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MLE PERFORMANCE ISSUES

As shown by the nonlinear simulation tests above, the MLE adaptive control concept
.performs well throughout the flight envelope., Its performance is not ideal, however,

and it is important to highlight basic limitations. These include:

e  Tracking errors,
® Effects of fixed statistics in the Kalman filters, and

®  Test signal requirements.

The tracking limitation has already been discussed in the likelihood filter design section,
We need a likelihood accumulation time of three to five seconds in order to assure
correct minima of L, yet this accumulation produces lags when the parameters vary
due to flight transitions or configuration changes. These lags are responsible for the
largest érrors' seen ih the .performance trials. They can be relieved somewhat by
additional cues-to the identifier, For example, we could tell the identifier thaf the wing
is going up or that velocity is increasing (forward acceleration) and allow it to adjust

accordingly. Further res earch is recommended along these lines,

Effects of the second limitation (fixed statistics in the Kalman filters) are evident in
most of the accuracy runs. The estimates change somewhat between quiet or sensor-
noise—bnly conditions and turbulence conditions, This is especially evident at high a
(FCIO), where the total change is as much as 50 percent. The problem is caused by
filtei' gainé which are designed for one condition (turbulence plus sensor noise) and
then operated at another, . It could be alleviated by providing additional data concerning
operation conditions (i,e., turbulence estimates) to adjust the filter gains, Research

is also recommended in this direction.

Limitations due to test signal requirements are less quantifiable at this point. Test
signal levels are primarily determined by pilot considerations and noise levels in the
actual ﬂight control system, so they will not be fully known until we fly the airplane.
For the simulations at Langley Research Center, a small random test signal was found
adequate. This signal used the spectral shaping network shown in Section 6 (with w = 6,
¢ =1.25) vand, was inserted at the C*-command point, Its rms magnitude was adjusted
to Cx = 4,0 ft/ sec2 (1.22 m/ secz), which produces the following approximate accelera-

tions at the pilot station:
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Test signal acceleraticn

FC rms g's - m/s'ec2
1 | 0.025 0.25
5 0.010  o.10
| 8 0.020 : | 0,20
f"io 0.040 0.0

" These signal levels can be lowered somewhé.t w1th toiei'able (bﬁt noticeable) performance
A 'degradation. An example is shown in Figure 70 (Appendix B) which shows an accuracy
test for ¥C1 'with half the normal test signal, Potentially, they could be ehmmated

o ‘-ent:.rely if operation w1th rapid gain résponse to pilot commands proves acceptable.

More experimentation is recommended to explore these poss1b111t1es.
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SECTION 9

THE MODEL TRACKER DESIGN

e

This sectiort pi‘eéents the design of an atlaptive gain adjuetment proce’dure‘based on
explieit parameter identificétien. The identified perameters are coefficients in a
81mp1e model of the hnear1zed aircraft equations of mot1on. They are adjusted on-line
to mm1m1ze a L1apunov error functlon. This sect1on will present the theoret1ca1 frame-=
work of model trackers. discuss the des1gn 1ssues ina practlcal model tracker, and
finally present the performance of a model tracker for the F-8C based on the p1tching
moment equatlon. The adaptwe gam adJustment of the pitch and lateral CAS is made

on the basis of an identified surface effectiveness parameter.
PROBLEM FORMULATION

The explicit model-tracking identification method is illustrated in Figure 22, The true

system is represented in state variable form as

¥ =Fx+Gu . ‘ (57)
" System to be identified | ’ a

A 4
o0
W —

Dynamic model

o)
|

-Figure 22; Model~-tracking identification based on Liapunov function,
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A model is chosen to have the same structure '
) = ol + 2 + . ‘ .
X  =Fx+Gu+v ‘ . _ (§83)
where the elements of matrlces F and G are adJustable. An error mput to the model

is denoted by v, Identification is complete when F = F, G G, andv = 0. The procedure

involves fmdmg a way to adjust the parameters to force v to zero,

A measure of the 1dent1f1cat10n error 1s the vector difference between the system and
the model states, e=x =X A Liapunov desigh approach will provide expressmns o
: for F G, and v which force convergence and guarantee stability. 50, 68 ‘The 1nput v

1s chosen to be v = D(xm -x) = De, where D is a matrix of deS1gn parameters. The

resultmg expression for the model _t‘racker can be written as

= [f" -DJx + Dx_ +Gu | o (58b)

The error vector (e) defined above satisfies

=De+(F-Fx+(G-CGu - o (59

The differential equations for F and G are derived usmg Liapunov' s direct method to o
provide asymptotic convergence of e, F-F, and G G to zero.. One way to achleve
this goal is to take the Liapunov function to be '
veliepe+r pzd] R e 1
, 2 i i1 _ . LR

with P as a positive deflmte symmetnc matrix, {p }a set of pos1t1ve constants, and zi

components of the vector z of parameter differences; 1.e., z! = (f11 f11, f12 2, ses)e

Then -
7= Lo :. ' s : . | o ’.
V=se (PD + D'Ple + I [pizi +hi(p, e X, u)]zi SR (61)

i

where h is a sum of terms of the form ekka ) q(1) or ekpkr(1) s (1) Choosing D such T

that PD + D'P is negative definite and : /
Z, = - pTl h, - L S ' S (62)
i i M ‘ o . S
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yields a negative semidefinite ¥, which is zero only if e = 0. Then sufficient variation in

u and x will yield convergence of the vécfor_-é e and z to zero.

If Pis a diagonal matrix, the hi simplify, and then the parameter adjustment given in
(62) becomes a function of only one error and either a state or an input, Therefore, the
individual elements of F and G should be adjusted using

Ty = *i;ez"; | 63)

By ™ %o | - -

where the "gains" )‘ij and @ must be positive numbers.
Note that the Liapunov function could have been defined such that the ei's in Equation (63)

are replaced by odd functions of the éi's such as’ sgn[ei]. or e3, etc. This will be
considered later,

Identification proceeds provided the system is being perturbed by some arbitrary inpdt

u(t) such that the para)mefer adjustments in Equation (63) are not identically zero,

-Recan the struc ture of’ Flgure 22, By substituting the expression v = De, the form of
the explicit, model tracker shown in F1gure 23 results. '

Adjust elements 3
by eq. (63) ’

(7 B

u ¥ & Avé B ™ %e

‘| Adjust elgments
by eq. (64)

p [€

(D 1s a design paramecer)

Figure 23. Model tracker structure.
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DESIGN ISSUES

Implementing the tracker of Figure 23 requires specifying parameters D, A ‘and .

Also, the states x and inputs u must be measured. for use in the parameter adjustment
equations., This section will present the design issues related to: -
. Modeling--définition of the states and 'in;;uts in terms of vmeasurable quantiﬁe#.
~ @ BSelection of D, A, and w parameters, ‘.
e Accommodating trim with the model tracker,
§ Effects of turbulence on the model tracker, and

~ o Effects of measurement noise on the model tracker,

Each of the above considerations influences the final design of the model tracker,
Finally, the final functional block diagram and its F-8 simulator performance are

presented, -

Modeling

The F~8C aircraft models presented in Section 5 were simplified for the design of the
model tracker, The linear model was reduced to the short-period perturbation equations,
The effects of trim values will be discussed later, . These can be written as

4 =Maanqq+M66e ‘ : ' o ‘ (65)
d=q+Z a+ L atz b : | e (66)
o L g e . A R ,‘

Pitch rate, q, and normal acceleration, N , are the measured variables where N is
positive down and measured "'d" 'm forward of the c. 32 and is given by

-Nz = Zava .+ sta - d4 - : f ? v' S ‘ (67)
(Here the notation follows the definitions of Section 8.)

To have the states be measured quantities, q and Nz are used as state variables, By
differentiating Equation (67) and using Equations (65) and (66), the short period can be

written as ,
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NeJ Lfar T2 ) LN, 81 B2 L% ¢

where the elements of F and G are obtained usmg a linear transformation as in Reference 2.
Values of f11’ f12 and 844 for the p1tching moment equation are given in Table 21 for
selected fhght cond1t1ons spanmng the F-8C fhght envelope. ' '

 TABLE 21, PITCHING MOMENT PARAMETERS

ey a B |

FC | (Km) - Macvh\ v‘(psf) (n/m") f11 ~f12 g3
i |61k |o67 | 305 |14,603 | -0.mos | o0.3218 -11, 400
“ 5 | 61k | 0.40 109 5,210 | -0.4445 | 0.4817 | -5.024
6. | 8.1K j 0.90 | 551 ‘26,382 -0.9972 | 0.3017 -21,980
‘9 |2k o | 134 | 6,46 | -0.3501 | 0.3157 | -6.790
g fazeek | 20 | ses 18,013 | -0.5466 | 1.6020 | -19.070
| ’”"?9" ‘3.0K‘ 0.80 B 652 ;31,218 11260 | 0.2896 | -23.680
10 e 0.10 | s |sems | -L2eso | 0.3200 | -25. 230
a1 {0 |oso | 1ss | 6368 l-b_._s_zb4 0.3566 | -6.032
i2lbe ot 0.55 416 | 19,918 | -1.0060 - 0.3405 | -15.860
6 12.2 " 0.90 222 | 10,620 | <0.5704 | 0.5802 | -11.040
17 | P.A. 0.18 e 53 2,538 _-0.3822 | o.i668 | -0.879

The components of the 1nput vector u (6 and 6 ) can be determined by 1nclud1ng the

differenual equatmn des cr1b1ng the prlmary actuator from Section 5.

: 4 < -12.5 8 +1'2'.5u’ - : o (69)
e it e T e : \ : : -

The secondary actuator dynam1cs are assumed to be umty. - Then u, is the command

to the secondary actuator.
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Parameter Adjustment Equation

]

The parameters D, A, and w in the model tracker were selected with the aid of a linear
simulation of Equation (68). Since we wish the error to reach zero quickly, D was set
equal to

D= - SR

This is a time constant of 0.2 second,

The ad;ustment "gains" A,. i and @ were picked to result in good parameter tracking i
for step and ramp parameter changes, " Values of x and w w j optimized for a step
parameter change tended to be low for following a ramp parameter change, In both f

situations the values were dependent on the magnitude of the test signal (u ).

Starting values for the parameter gains were determined using small test signals. )
Step parameter changes and ramp parameter changes were made to gather a data base
for further design work. Ramp parameter changes were generated by linearly inter-
polatmg between FC5 and FC10, Although this does not reflect the actual way the : ’
parameter changes, this approximatmn is sufficient for "tuning" the model tracker, | t
Typical parameter ad]ustment gams are shown in Table 22, The smaller ‘values worked
~ well for step parameter changes; the larger values were better for tracking parametgr

| ramp changes. These values were 1mt1a1 starting points. As each design issue is E
‘considered. these values are modified. ‘ : N
!
Some difficulty was expenenced in achieving "good" (monotonic) convergence of all 4
parameters’ sunultaneously. This difficulty 6ccurs even in the special case of” traclétng
two elements in the first row of the system equations assuming all other parameters

are known, This special case may be written in_the form

L
U

kl = fllxl + f12x2 + v(x3, coes XKoo u) ' | | ’. . (71)
§o= % FE R, Vg cees T W HAGy = X)) (72)
ky = Zhyx + Bgyte i>1 _ —_— e (T8)

where x is the true state andy is the model state,



TABLE 22, TYPICAL PARAMETER ADJUSTMENT GAINS®

Parameter Gain Range
6 9
f11 )‘11 0.1(10)" -~ 0,1(10)
6 8
f12 Mo 0.1(10)" - 0,1(10)
f ‘ A :  0.1(10)% - 0.5(10)°
21 [ 21 ¢ *
o 4 , 4 7
f22 _ 122 0,1(10) " - 0.=1(10)
» 1
g W, 0.5(10)% - 0. 1100
a Sensors at c.g. for these runs,
y‘_i = ijkxk + Egjkuk’_ ji>1 - (749)
R e e e T T R (75)
The tracker equations take the form
¢ =Detx,z, +X,2,, d<0 ‘ (76)
2= - ° »xle, Py > 0 ‘ - (Vi)
Z,= = p-l‘y e p,>0 ('78)
2 2 T2 T2 .

This set of equations may be viewed as the following linear system with time varying

coefficients: -
& e
20 = (2) 2 : ‘ (79)
Zg. Z9
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with

~ 9
D %y x2
3 = |-o7lx 0 0 (80)
171
-1
sz x2 0 0

The matrix A has two eigenvalues with negative real parts and a zero eigenvalue for
each value of Xy and Xoe Thus, it is not surprising that f@)r specific Xy and x, time
histories, the convergence of z1 and z2 is initial condition dependent., In some cases
one parameter will converge essentially monotonically as the other exhibits initial

divergence, To alleviate this difficulty, the following nonlinear tracking equations were

studied:
EREE (e ) " 0 h
. _ ) 2
S Y R TR L) A o (81)
. "~ 0
2] %2 ] AETRRETY

where fo11 and f°.1 z-denote nominal (constant) valués of f1 lv and f12’ respectively, The

convergence of this system is assured via the Liapunov function

2 (81)

2
Vel o oy,

' o 2 2
>0, 4, <0, by $0and DS [p p (€, = £77)7 + 0y yllyy - £35)°1/4.

Py
A priori bouncis may be used for (f11 - f‘l’fa‘nd (f12 - fcl)z)2 in the constraining inequality

if p1>0.

on D,

After some experimentation, it appeared that only limited improvement was noted,

and even this required ffj close to fij' As a result, no changes were made to the

parameter adjustment equations,
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Trim Considerations

As explained earlier, -only perturbation equations have been considered. - The trim
values, of the accelerometer and elevator surface will now be included. An additional
parameter. (Mb]i representing the trim pitching moment was added to the model where
Ni«-and- 6;e- now have non-zero trim values.. The adjustment equation used for estimating
M o Was

,1\71°=-x e : | (82)

Simulation runs were made to pick a A  such that Mo would account for changing
flight conditions, Early results show that tracking Mo degraded the tracking of the
remaining parameters. The Mo parameter was dropped, and high-pass filters were

added..to.i'emOV'e' the trim values of Nz and se to permit tracking the perturbation equations.

Early. results with first-order high-pass filters were favorable. However, in tré.cking

ramp parameter changes, large biases appeared as.a result of the high pass "differentiating"
the slowly varying elevator trim. This was alleviated by using second-order high passes,
.There is a trade-off in selecting the high-pass time constants, The time constants were
chosen to compromise rapid trim changes (such as roll maneuvers) with good sensitivity.

A one-second time constant is currently used. Finally, the same filter is applied to the
pitch rate gyro even though its trim value is zero, This is done to maintain the proper
php.ée relationship between q, Nz, and\6e.

Effects of Turbulence

The effects of ay (refer 159 Equation (68)) driving the true plant (but not measurable by
the:model) were determined using & linear simulation of the short-period dynamics,

The angle-of-attack gusts were modeled using a first-order approximation to the Dryden
-'fépectrurh as ex:blained in Section 5,

:-r»A:;s,imple C* feedback controller (with fixed gains) defined ue(t), and no additional
pilot inputs or extra test signals were used.

Simulation results indicated that identification of the first row of the model (fll’
fi s, and g1, in Equation (68)) proceeded satisfactorily, but the second row did not

appear to converge or converged to wrong values.
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This is not unexpected since the model does not contain a gust input, If angle--’df'-atta'ck'
were measured, then this problem would be allev1ated. 20 However, since we do not
wish to use air-data measurements (sucn as @); it does not appear that good trackmg
during gust disturbances can be obtalned for the coeff101ents of the normal force equatmn
(the second row), An alternatlve would be to try to estlmate the wmd gust in the model
However, the identifiability results indicate that this cannot be estimated with sufflcient
accuracy. . A possibility for tracking. second-row elements would be to use thresholds /
to eliminate gust effects and to attempt to track only during large maneuvers, Th1s ‘

was considered too restrictive for further con31derat1on.

Measurement Noise Effects. '

Sensor noise was added to the q, N .. and 6 measurements, and errors in trackmg the

" first-row parameters (f1 1 12, and gll) were stud1ed ‘The sensor noise was defined

in Section 5, ‘Initially, sensor noise seriously degraded parameter est1mat1on as usually
results in Llapunov de51gns.69f This is not surprising since the above errors are’ of the

“‘same order of magnitude as the vehicle motion 1nduced by gust -~ small test’ sxgnal_s;.-

Several modifications to the tracker were made to reduce errors caus‘ed'by sensor ndise.
This included filtering the measurements and adding thresholds and limits to the error

function,

First- order low-pass filters were added to remove as much of the high: frequency. en_érgy
as poss1b1e without degrading performance in the no1se-free case.' The: t1me constant

of the low pass was set equal to the t1me constant of the elevator prlmary actuator. .

Next, threshold and amplitude limits were added to the error guantity to reduce the
amount of parameter adjustment resulting from sensor ‘noise. The nonlinear element

“shown in Figure 24 was added.to the error equation, The parameters T1 and T2 were

determined from simulation results, »'I!l is the error threshold and was set to 0.5 %10 -3

rad/sec. Mismatcn in pitch rate less than T1 will not cause any parameterv'adjn‘stment.

2

The error is limited to T, = 0.0055 rad/sec to prevent large commands and diSturbances
from producing large parameter adjustments. ‘ ‘ :

The parameter gains that work well were
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Figure 24, Nonlinear error characteristics.

2 = 5, . (83)
w =2, x 10°

. Further reduction in sensitivity to error magnitudes (especially for thunderstorms
and large commsmds) was achieved by adding a second threshold element to alter A

and w, The parameter adjustment gains are reduced by a factor of 20 when the bandpassed
elevator servo signal exceeds 0. 002 radians.

Finally, rate limits were added to the three parameter adjustment equations to further

equalize performance with small and large signal lévels. They were chosen to provide

adequate tre.cld.ngr rates for realistic maneuvers, but not to permit excessive parameter
adjustment activity, The rate limits are

Iful < 4,0
.
Igul s 0.1
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GAIN ADJUSTMENT

The G, gain used in the pitch CAS is determined from g,,. A low-pass filter was
added to smooth the estimate, and limits were added to constrain the gain values during

large transients in 811° Figure 25 shows the variation of g1 with flight condition

plotted as a function of dynamic pressure, When the corrections for flexibility are

included, an approximate fit is

~g,, = 0,0378 3 + 1.2 | | | | S (e
Ra)

.' 1 i L L i P

0 100 200 300 400 500 600 700

(4.8)  (9.6)  (14.4) (19.2)  (23.9)  (28.7) (33.5)
q, psf (kn/m2) |

‘Figure 25, Parameter g, versus dynamic'pressure.

m



T a

Using‘"the”estimate of gil‘ dynamic pressure was estimated from
q = 26,455 (~g,,) - 81.75 ‘ : (86)

The error in dynamic pressure

a
- -

dz4 - (87)
q .

'is one.of the time history plots included in the simulation data and used for accuracy

e_vali;ati_oxi only, . ..
FUNCTIONAL BLOCK DIAGRAM

The final form of the pitch axis model tracker is shown in Figure 26, It contains a
perturbation pitching moment equation with three parameters adjusted on the basis of

a Liapunov error function. The filtering ong, N,, and §_ is shown,

The threshoids’, nonlinear error functions, and rate limits previously discussed are
defined. The specific values of these nonlinear elerﬁents were chosen on the basis of
siinul'a"lﬁibh respons és. Finaily, since the servo position rather than actual surface
deﬂectmn is measured a first-order linear model of the pr1mary actuator has been

’ 1ncorporated.
DIGITAL MECHANIZATION

_ The tracker was designed using the continuous form of the equations and a’ Runge-Kutta

mtegration method,
The tracker was converted to'a 32 sps digital version for incorporétion'with the digital
control laws presented in Sec.tion' 6. The filters were converted to a discrete equivalent

using T:ustinfs method, ‘kThe a, f 11 f 12° and g1 nonlinear equations are integrated

using an Adams-Moulton formula.,
xk+1 % + g (10x -5k, t% o)

with s = 1732 second.
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A flow chart of the digital model tracker is sliown in Figure 27.
PITCH AXIS PERFORMANCE

The model tracker was evaluated-against three "'measures of goodness:" -

1. Accuracy at several fixed flight conditions including effects of servo:

hysteresis, sensor noise, turbulence, and pilot commands,
2. Convergence properties, and
3. Tracking varying flight conditions,
The major performance measﬁre is fhe accuracy of identifying the gn surface effective-

ness parameter. Time histories from the NASA/LRC F-8 simulator for the conditions

summarized below are contained in Appendix C,

Accuracy at Fixed Flight Conditions

The results of the accuracy runs are tabulated in Table 23, A standard pitch séq‘uéncé
consisting of periods of quiet, gusts, and C*-doublet commands was used as system

inputs,

The accuracy in identifying 84 1__varies_,from five to 40 percent for p)‘_.lpt_(-_combmand and

turbulence., Sensor noise (only) causes errors to grow as large as 80 percent.,

Convergence Properties

‘Convergence characteristics of parameter estimates are importanf in the model tracker.
This test determines hoﬁ) well initial condition errors are removed when turbulence or
pilot commands are applied; Two cases were studied. First, the dlgorithm was
initialized at FC10 with the aircraft at FC5, Second, the algorithm was initialized

at FC5 with the aircraft at FC1, Two separate inputs Wére'applied'for eéch case, The
first input was turbulence of the Dryden form. The second input was 'C* pilot commands,

Results are summaﬁzed in' Table 24,
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TABLE 23. PERFORMANCE AT FIXED FLIGHT CONDITIONS

Error in gll_.(pe?cent)

Flight condition "

Comments

Input condition 5 8 10
Quiet 0. 0 0 0 ‘ During quiet periods, no pérameter adjdstmeht is
g made; so if initial conditions are correct, no
. errors will occur for no test signal case.
Pilot doublet ‘5 20 30 5 -
Turbulence 10 20 40 5 -
Doublet plus turbulence 15-20 10 10 5 -
Sensor noise 20 " 70-80 25 5 - Sensor noise causes parameters to drift off.
Doublet plus sensor ' 5 10 5. 5 Doublet provides information that reduces errors
noise : caused by sensor noise only,
Turbulence plus sensor 20-25 20 40 5 Sensor noise effects dominate,
noise
Doublet plus turbulence 10 10-20 10 5 -
plus sensor noise
Servo hysteresis 70 - - - -




TABLE 24, CONVERGENCE RESULTS

‘Test condition : Gusts . Commands

Case 1’ , . gl-l to 50% of steady state in 2 sec: Same as
= - gusts

IC = FC10 g1 to 80% of steady state in 4 sec
Plant = FC5 i

~ Case 2 g, to 80% of steady state in 4 sec ~ Same as

IC = FC5 gusts
Plant = FC1

Parameter Tracking -

Two proﬁles for changing flight conditions were run, The first started é.t FC5 (Ei= 5. 03
kn/m2) and accelerated at full power holding a constant value of C* (no pilot mput) The
aiperaft accelerates from 61 m/sec to 152 m/sec and climbs 1524 m in about a minute,

This profile was repeated for a quiet casé, turbulence, and turbulence plus sen's'oxf ndisé.

The second profﬂe cons1sted of a deceleratlon from FC10, Thrust is reduced to 1d1e,
and the speed brake is extended. Altitude remains nearly constant and airspeed drops
fo. Results are summarized in Table 25. Because of the thresholds in the tracker, '

some érror buildup is necessary before aLny parameters can change,
LATERAL AXIS PERFORMANCE

The. 1atera1 directional CAS used the structure described in Sect1on 7 with the loop

gam ad;ustment slaved to the pitch axis tracker, The gain GL AT is computed from
estimated: -dynami¢ pressure, Equation (86). Performance of the lateral-directional:
CAS in terms of turn coordination and Dutch roll dampmg is similar to the performance
of the MLE lateral-directional CAS, so time h1story traces will not be repeated in this-
sectlon. Performance also compares with the reSults presented for the h1gh—gam

.11m1t -cycle des1gn in the next section,

17
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TABLE 25, PARAMETER TRACKING ACCURACY

Quiet

(small test signal)

Turbulence

Turbulence plus
sensor noise

Acceleration

g,, errors 20-25%. g,, errors, 20% g, errors
20-25%
Deceleration ~ Peak errors g11 errors, 20% 811 errors
| ing, , ~ 50% |

20%




SECTION 10

HIGH-GAIN LIMIT-CYCLE DESIGN

This section discusses the design and performance of the limit-cycle gain changer (LCGC)
“applied to the F-8C. The relationship of LCGC to the aircraft CAS is shown in Figure 28.
iThe gain changer is a closed-loop controller that adjusts the loop gain of the CAS based

on secondary servo activity. The objective of the gain changer is to keep the CAS

operating at the highest practical gain. In the absence of gusts or measurement no1se,

‘it will maintain a small amplitude limit cycle on the secondary servo, Adjustment
,of the CAS loop gain by this method is, then, an implicit adaptive process. This concept
_ is similar to a model reference implicit concept since the objective of both approaches
‘is to have the bandwidth of the aircraft's control system sufficiently high so that it can
| follow commands generated by an explicit model, In the case of the F-8C, the pitch
axis uses an explicit second-order C#-model, and the roll axis uses an explicit first-

order model of roll rate.

The LCGC concept is more restrictive than implicit model reference approaches since
the structure is limited to adjustment of a single gain parameter (i.e., '"loop gain"),

However, for the F-8C, a single loop gain provides sufficient adaptatmn.

Pilot

commands e
) Signal Loop Secondary
Hodel "’Q” shaping "" gain [l servo Aircraft

4

Gain
changer &

Sensors jd—

Figure 28, LCGC operation.
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EVOLUTION OF THE LIMIT-CYCLE ADAPTIVE CONCEPT

’fh'e limit-cycle concept evolved from early work (1957-1958) in adaptive controls -
sponsored by the Wright Air Development Center (Reference 70), This work studied
application of a bi-stable element (rel.é;)wta high-bandwidth feedback control loops.

The results were generally uf}satisfactor'y because acceptable limit-cycle amplitudes
could not be achieved with adequate control authority. The concept of varying a linear
gain to maintain the limit cycle at a fixed small amplitude was then conceived, thereby
avoiding a constraint on control authority. The limit cycle was sensed via a bandpass
fiiter, compared to a set magnitude reference, and the resulting error applied to a
proportional-plu.s-intégral function to vary the control-loop gain, The first application

of this approach was an experimental system in an F~101A airplane (1958-1959), involving
adaptive gain control in pitch and roll control augmentation systems (Reference 15),

This was followed by the design, build, and flight test of a three-axis augmentation
system for one of the X-15 aircraft (References 8 through 14) in 1964, The X-15 applica-
tion used the adaptive ‘gain control to maintain high-bandwidth loops for the aerodynamic.
controls and also uséd the resulting(gain level to signal engagement of reaction controls

when the normal surfaces became ineffective.

Both the F-1-01 and X-15 applications encountered higher frequency structural modes
which reduced attainable gains below initial design levels. Notch filters were added
"in each case to adequately restore loop bandwidths, Some reduction in limit-cycle
frequencies occurred as a result of the added filtering, necessitating some changes.in

parameters of the adaptive gain controls (e.g., bandpass filter frequencies),

Another problem common to the adaptive approach described above is the effect of
system disturbances with significant signal content around the limit-cycle frequency

(e.g., turbulence, sensor noise, high frequency pilot inputs).

The gain control can interpret these as excessive 1imit-cycle amplitude and drive‘ the
loop gain down. Although generally satisfactory operation can be achieved for a stable
vehicle, an unstable vehicle will generate added oscillations as the gain reduces, causing
. complete loss of control, To correct this problem and to improve gain regulation for
a stable aircraft, a low frequency signal path phased to cause a gain increase was added
to the adaptive controller. This new approach was never flight tested but was extensively
studied, and hardware was built for launch boosters (Reference 71) and other airéraft

(Reference 16), The design for the F-8C includes this "up-logic' feature,’
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A significant benefit of the above adaptive developments was experience gained with high~-
bandwidth control systems. By accommodating much of the airframe variations through
normal feedback control, avoidanee of any control parameter changes is sometimes
possible or requires, at mos't.‘ use of simple air-data schedules, Ironically, this

situation eliminates some of the original motivation for adaptive development, .-
GAIN CHANGER OPERATION

The basic elements of the gain changer as applied to the pitch and lateral-directional -
CAS afe shown in Figure 29. In operation the set point will increase the loop gain until

" the secondary actuator begins to oscillate at the limit-cycle (or "crossover!'') frequency.
The down-logic portion of the gain chariger senses the resultant servo motion and decreases
the gain until a stable limit cycle is established at the "linear critical gain. " Some
proportional gain is reqmred to stabilize the gain changer loop; otherwise it will tend to
oscillate about the cntical gain. However, if the proportional gain is too hlgh excessive . .
: gain changer activity resul,ts-. Hence a compromise must be reached. In a quiescent . ,
environment, damping of the loop gain response resulting in an overshoot of 100 percent
in the’ servo limit-cycle envelope is generally acceptable. In actual operation, usual

noise levels will essentially eliminate this overshoot. - The limit-cycle amplitude is

| determined by the ratio of set point to down-logic gain. The down-logic gain is adjusted

to give the desired limit-cycle serve amplitude (0.0035 rad peak-to -peak was used

for the F-8C), Subsequent adjustment of limit-cycle amplitude may be made with the

set point. pe.rameter.
DESIGN ISSUES

The major issues involved in the design of a limit-cycle gain Ehanger concern:

e Selection of limit-cycle frequency,

e Selection of limit-cycle amplitude,

e Design of down-logic and up-logic bandpasgs filters ,
® Requirements for noniinear LCGC response,

e  Defirition of the set point, ‘
‘ o Rate limits on gain a‘djustm'ent,‘ and

e Amplitude limits on gain adjustment.
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Figure 29, Basic elements of limit-cycle gain controller (I.CGC).
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Each of these topics will be individually discussed. Next the functional block diagram of

the LLCGC ag evaluated on NASA/LRC's F~8C simulator will be presented, Finally a

summary of the performance of the pitch axis LCGC and the roll axis LCGC will complete

this section.,

Selection of Limit-Cycle Frequency

The limii~cyc1e frequency is selected primarily to reflect the vehicle property being

compensated for by the adaptive gain adjustment, Other secondary criteria include

minimum interaction with normal control dyna&r;ics- (a limit;-cycle frequency higher than

dominant frequencies), small variations due to flight condition and component tolerances,

_and acceptable amplitudes (avoidance of low-damped resonances).

The main object of the gain adjustment applied to high-bandwidth aircraft control loops
is to compensate for varying surface effectiveness (fuselage rotational acceleration
per unit control deflection). Measurement of this quality with a single frequency signal
must be performed at frequencies above aerodynamic roots (e.g., short period, dutch
roll, or roll subsidence), but below structural modes (flexure). Fortunately, this also
generally satisfies the secondary cfiteria listed above. With a limit-cycle frequency
so selected (generally around three to four Hz inh a fighter-type airplane), significant
system dynamics usually include the rigid aircraft (a pure inertia with angular rate
feedback), the power actuator (a first-order lg.g"),_‘the secondary servo (a second-order
lag), and applicable system filtering (perhaps a: hotch for flexure mode attenuation).
These dynamics are relatively stable, resulting in a predictable limit-cycle frequency,

Applied to a pitch rate loop with no added filtering, the applicable’ transfer function is

M

q be 1 o2
= ¢ ) € )
6e s 'rasji-l s2 +2Cus +w2
where
q = pitch angular rate, .
M6 = pitch surface effectiveness,
e ‘ ' :
= 9
t = at s
T _= actuator time constant (e.g., 0.05 sec),
cw = servo dé.rﬁping and frequency (e.g., 0.7 arnd 60:rad/sec), and
6'6 = elevator deflection.
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Note for this example, a limit-cycle frequency of about 27 rad/sec would eccur, The
critical control-loop gain (Kc) would wery inversely with M 5 '» approximated by
' e

KcM )
e

Ta(z7)2'

Limit Cycle Amplitude Considerations

The amplitude of the servo limit cycle is designed to be twice the assumed vaiue of flow
hysteresis in the secondary actuator. Depending on fhe actual level of hysteresis |

or other control system nonlinearities, it ma.y be necessary to ad;ust the limit-

cycle amphtucle w1th the set pomt parameter. The assumed amount of hysteres1s will
reduce the limit-cycle frequency by about 10 percent, which will change the limit-cycle ‘
amplitude, Final adjustment with actual hardware may be required,

‘For the F-8C, the ,neminal limit-cycle amplitude is set to provide a'peak-to'-peak
_secondary actuator amplitude of 0,0035 rad, This is equivalent to 0, 0021 rad elevator
:pos1t1on and 0,17 degrees aileron position with the assumed power actuator characteristics.

‘At FC1 (q = 14603 n/m ), this size of limit cycle produces ohly O, 047 n/m (rms) normal

- acceleration.

_ Down-logic and Up-logic Frequency Characteristics

_ 'For the F-8C, the roll axis crossover frequenc’yAwas intentionally set to be identical to the .
-pitch axis crossover frequency at a value near 20 rad/sec (three Hz), The bandpass
filters for the pitch axis are shown in Figure 30 and for the roll axis in Figure 81,

There are only minor differences in the gaiﬁ value,

Rapid attenuation outside the frequencies of interest is desirable to minimize the effects
of wide spectrum noise er disturbances on gain changer operation, Disturbances usually
result in a reduction of loop gain which may degrade the performance ‘of the CAS, The

bandpass networks were implemented as third-order linear filters, resulting in'a 60 db/

decade attenmtt1on outside of the bandpass frequency.

The down-logic bandpass filter is peaked slightly above the crossover frequency in each
axis, This assures limit cycling on the positive slope of the bandpass, where phase
lead will contribute to stability of the limit cycle and give more positive control of the
-Hmit-cycle amplitude. '
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The up-logic counters the tendency of the loop gain to reduce during guets and other
disturbances including pilot commands. The up-logic bandpass and gains n{eintain an
energy balance during wide 'speci:rum disturbances. Based on past experience, the up-
logic frequency in this applié?ition W\as set a decade lower than the down-logic, If a low
frequency instability exists (as in some previous limit-cycle applications), then this
frequency would govern, . Up-logic gain is set to maintain an average six-db gain margin
during turbulence or pilot command inputs, Further optimization of the limit-cycle
concepf will require close evaluation of the up-logie mechaMZaﬁon, particularly during
pilot inputs. Availability of spectral density information on pilot flying tasks would

allow more accurate analytical definition of up-logic parameters,

Nonlinear Gain Element

The purpose of the nonlinear element is to maintain constant gain changer dynamics
at all flight conditions, Near critical gain, a gi‘}en percentage change in loop gain results
ina proportmnal rate of, change in limit-cycle amplitade at any fhght cond1t1on. Therefore,
s the resultmg feedback (i.e., the sensed limit-cycle amrhf »de) to the gain changer should

produce a fixed percentage change in control gain, Since an exponential gain element
has a slope proportional to the output‘ (which is the control gain level), the above require-
ment for a nonlinear element is satisfied with an exponential function, For the F-8C,
the ‘exponential fuﬁction has a 50~to-1 dynamic range and -waé scaled to produce a
maximum value of unity, A 50-to-1 ."range in loop gain will allow the gain changer
to meintain a limit cycle throughout the flight envelope, except power approach, At

| powefr approach, the makinium value gain is insuffiéie’nt to sustain a limit cycle, The

maximum value of Gc* is limited to 0,01,

Set Point Definition

Starting from a stable gain, the initial rate of gain adaptation ié determined by the set-
point and the integral gain.' The set point and the integral gain are set such that their
product will result in the driving of the nonlinear element from maximum to minimum
(and vice versa) in a length of time consistent wifl:z the aircraft flight condition change
capability, In this F~8C application, 40 secghds wes selected as the nominal value,
From other cohsideratibné, the set point and integral gain mé.y require redistribution,

but their product has been defined,
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The ihtegral rate may be further optimized when the system is subjected to disturbances
to avoid excessive gain activity, particularly when the error limits in the system are

, _rea.ched. v

Rate Lirnits on Gain Adjustment

Li_nii‘ts are impos ed within the gain changer in order to define and bound gain changer
operation wheh inputs are sufficient to saturate various elements, An ii’nportant .
conmderatlon is gain changer response to pilot 1nputs. A system operating at critical
gain w11' obkusly oscillate when disturbed. Ideally, a system with six-db gain margin
provides the highest practical gain without excessive control surface oscillations
(fingiing). ‘The rate limit should be set such that the product of the rate limit and.
proportional gain will produce a six-db change in the output of the nonlinear element,.
Thus-,? a rapid gain reduction will occur for pilot or disturbance inputs. Selection of .
the rate limit must also consider initial stabilization of a statically unstable vehicle ..

if initialized at an unstable gain,

A seeond vvital consideration in specifying the rate limit is related to pilot activity

at the down-logic bandpass frequency. If the pilot concentrates an input at th1s frequency,
" the gam could be driven down from maximum to minimum in about 12 seconds if the

rate limit is saturated. This level of determined, sustained effort is not felt to be '
probable but should receive investigation in pilot-simulation studles effecting not only

the rate ‘lm\mts, but the up-logic bandpass and gain,

Amplitude Limits on Gain'Adjustment

Deanlogic is given twice the authority of the up-logic in the adjustment of the auto-
pilot gaih (refer to Figure 32), The down-legie ‘authority limit is set equal to the rate
limit. For s.‘aturation in the up- or down-logiw_e, ‘the rate limits will determine gain
adjuStment. With both up- and 'down-lo'gic s.ai:'ura‘ted. the relative authorities assure
fhaf the gain will be reduced, Without this assurance, extreme noise e_nvironmerit
could conceivably drive the gain above critical values. In the present studies , no
s,ing_ie disturbance could create this situatiori; but possibly multiple disturﬁancee,

including 'bilot'inputs, may although the possibility is considered remote.
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 FUNCTIONAL BLOCK DIAGRAMS

“'The final design of the pitch axis higthain adaptive controller is shown in Figure 32.
The majority of the parameter trade-offs in the design of the high-gain limit cycle '
were made using a two-degree-of-freedom analog simulation. The digital 1mp1ementa.-
:tion of LCGC used the Tustin equivalent of the bandpass filters and signal shaping.
.For this concept, the C*-model was changed slightly by adding a 0.1 second first-:-, *
-order lag to the pitch stick shaping to reduce elevator "ringing'' in response to stick: -

" commands,

fln verifying the design on the Langley nonlinear simulation, it was necessary to adci a
{'smau lag ('r = 0.02 sec) ahead of the elevator servo to obtain the desired pitch axis:

limit-cycle frequency, It is felt that this extra phase lag compensates for approxlma-
;tions in the digital integration used in Langley's simulation, It probably would not be:

-needed in the real hardware system and is not :shown in Figure 32,

. The roll axis of the high-gain limit-cycle adaptive system is shown in Figure 33. The

gain G oll is set at 5.0*GLAT
w1th the lateral LCGC, The yaw axis gam used: GLA directly; and hence this.

and the roll axis is held near critical gain by adjusting

LAT
‘ adjustment is slaved to the roll axis. The GL AT gain range for the yaw ¢ontroller -

) provides good performance and sufficient stability margins over the flight' envelope:

3

» PITCH AXIS PERFORMANCE
j The high<gain limit-cycle design was evaluated against three areas related to adap’ﬁve
' perfoi'mance: v ’ o PR e

-1 Accuracy at fixed flight Cond1t1on (cons1der effects of servo hysteres1s, T

. sensor noise, turbulence, and p:.lot commands),
-2 Convergence properties, and
8, Tracking varying flight conditions.

Each of these areas. will now be discussed, .
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Accuracy at Fixed Flight Conditions

;The standard pitch sequence consisting of periods of quiet, turbulence, and C*-doublet
fcommands were used to measure the performance of LCGC and Flight Conditions
1, 5, 8, 10, and 17. |

‘The time histories are contained in Appendix D. They were obtained from the Langley
}nonhnear simulation and were consistent with traces obtained on a linear two~degree-~
éof-freedom analog simulation at Honeywell. The accuracy resulis are summarized -

}1n Table 26, Overall summary comments are prov1ded together with the gain values

,'n(expressed as percent of critical) as functions of input conditions,

-Convergence Properties

;:"I‘he concept of "converging' to a gain value does not apply to the LCGC in the same
:w'ey it cloes to the explicit identifiers. In normal operation the gain changer will not
:be ‘at a gain higher than eritical. If the system starts at a value below critical, the
jrate of gain increase is largely determined by the integral gain. For example, if
/-‘the LCGC is initialized at FC10 with the aircraft at PC5, it takes on the order of 10 jf
-seconds (in gusts) to reach '"'steady state' (which is six db below critical). Pilot

'}commands do not speed up "'convergence'' since their effect tends to decrease the gain.

'. Adaptation to Changing Flight Conditions

.In the case of 1ncreas1ng and decreasing M 8¢ the gain changer tracked the cr1t1ca1

;gam (qulet case) or tracked the "turbulence" gain value,

Deceieratioﬁ profiles :starting from FC10 by reducing thrust to idle and extending the

: sbeed brake show that the limit-cycle amplitude remains constant,

: Sensor Noise Effects

The LCGC was evaluated with the measurement noise defined in Section 5 for the
pitch rate gyro, normal accelerometer, and servo position transducer. While
gain changer activity increased in the presence of sensor noise, only the pitch rate

gyro noise affected the LCGC to any significant degree. The gain changer will attempt
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TABLE 26, PERFORMANCE AT FIXED FLIGHT CONDITIONS

Input condition

Gain (percent of critical)

Flight condition

-5 8

10 -

. Comments

Quiet

Pilot doublet

Turbulence

Doublet plus turbulence

- Sensor noise

Doublet plus sensor noise |

" Turbulence /plué sensor

noise

Doublet plus turbulence -
plus sensor noise

- Servo hysteresis -

100

60-63 60-75

75

75

30

30..°

30 -

4

100 100

1 60-T1
56 81

56 81

20 | 43

207 | 43

E :6.8.'~‘. - 67'.:,

100

46-48

69

69

48

48 -

48

48

.80 -

(1)

(2)

(4)

(5)

(6)
n

(8

)

Typically, the set point increases the gain
over its critical value until the servo
oscillation builds up. Then the gain is .
reduced to the critical value with a limit-
cycle overshoot of about 100 percent,

Gain is self-adjusting-to achieve a nominal
six~db gain margin during pilot inputs, Re-
sponses have typical six-db "ring," Up-logic
prevents successive inputs from driving gain
to minimum, establishing an average gain
higher than six db.

Gain is self-adjusting to provide control
surface energy, induced by turbulence, to be
essentially equivalent to the nominal limit-
cycle energy (slightly higher due to up-

logic bandpass). The net effect is a desirable
ride softening as a function of turbulence,

"Pilot inputs during noisy operation will cause

gain to establish an average value about equal
to sensor noise only case. Pilot input will
initially drive gain down, wherever the
starting point is,

Same as Note 3‘éxcept gyro noise reduced
gain more than turbulence. :

See Note 5.’

See Note 3.

See above Notes 3; B,

. Frequency reduced 10 percent. .
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to adjust the gain downward until the noise-induced servo motion matches the equivalent
limit-cycle energy in the down-logic network., The noise sensitivity was studied by
simulating three different levels and bandwidths of gyro noise (white noise, first-

order filter),

A, 0,0087 rad/sec rms with a two Hz bandwidth. (This value was suggested by NASA

_ from flight test recording data.)

B, 0,026 rad/sec rms With a 16 Hz bandwidth, (This is a conservative value defined

for these studies.)

C. 0,0035 rad/sec peak-to-peak with a 16 Hz bandwidth, (Obtained from measurement

of actual Honeywell GNAT gyro is a pristine environment,)

It is felt that actual gyro characteristics will fall somewhere between B and C above,
in which case, the adaptive gain will tend to be between six and 12 db below critical,
Significantly, this gain level is still greater than the original CAS g-schedule so auto-

pilot berformance should remain at acceptable levels.

Turbulence Effects

Thunderstorm turbulence will produce about the same gain reduction as gyro noise,

At the 99 percent turbulence level (exceeded four days/year), the gain reduction is

about three to six db, the greater reduction occurring at low q. Up-logic plé.ys a role

- in maintaining the gain level. Actually, the gain reduction, especially for high turbulence,

produces a favorable "ride softening effect.

Effect of Pilot Inputs

Since previous limit-cycle systems have been prone to excessive gain reduction,(ls)

special note is made of gain levels during periodic pilot inputs. Initial response toa
pilot input is a six~-db gain reduction, a desirable and necessary feature of gain changer
operation., However, without some up-logic capability, successive pilot inputs ténd to
further reduce the gain, The resultant interplay of the up- and down-logic results in
considerable gain activity, but the average gain is generally slightly less than 50 percent
below critical, When the up-logic was removed as an experiment duririg the pilot

input sequence, the gain quickly reduced to 20 percent of critical, ‘
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' The effects of sensor noise, tt;rbulence, and hysteresis on the autopilot gain are

summarized in Figure 34 as a function' of dynamic pressure. ‘
LATERAL-DIRECTIONAL PERFORMANCE

Al preceding pitch axis time histories were obtained with the roll axis gain chenger
engaged.‘ The variation in GL AT in response to pilot commands and turbulence exactly
parallel the charac_teristics of the pitch gain GC*’ The following summary will be
limited to the performance of the lateral-directional CAS in conjunction with the gain

changer,

Yaw Axis Gain Changer Limitations.

Significaht analys‘is, effort was expended in attempting to apply the limit cycle to the

yaw axis (rudder servo), The relatively low level of rudder effectiveness resulted in
extremely high yaw rate gain as ‘well as correspondingly high crossfeed gains. The -
yaw. axis‘parameters--surface effectiveness, servo rate limit, servo loop gain, desired
limit-cycle freqﬁencies, and expected noise levels--were _such that the loop could not
be operated at critical gain levels without encountering excessive noise amplification
resulting in severe servo rate saturation, ‘ This problem is not evident in pitch or roll
due to higher combinations of surface effectiveness and servo rate. Consequently, the
aileron servo was used as the basic input to the gain changer, and the yaw axis gains

- slaved to the a11eron gam.

Roll Axis Gain Changer operation"

The gain changer in the roll axis is nearly 1dentica1 to the pitch axis, and they probably

could be made identical if any advantage would accrue,

As in pitch, sensor noise will cause gain changer activity with the most significant gain’
- reduction occurring for the assumed roll rate gyro noise, (During earlier yaw axis '
adaptive analysis, noise in all the yaw axis sensors and creesfeeds, coupled with high-
gains, would drive the adaptive gain to extremely low levels, )/ Figure 35 is a sumfna:ry
of the adaptive gain level with yaw rate gyro, lateral accelerometer, roll rate gyro

noise, and aileron servo hysteresis inputs as a function of flight condition,:
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Appendix E contains a set of time histories showing the response of the lateral-directional
' CAS with LCGC. The adaptive gains increase the damping of a step beta gust response
from 0.15 (free aircraft) to about 0,25 with little change in frequency. The turn

coordination properties are satisfactory at all flight conditions,
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SECTION 11

CONCEPT COMPARISON AND SELECTION

Three factors were used to compare candidate adaptive concepts:
® Performance,
e Growth potential, and

o Computer capacity requirements,

On this basis the MLE concept was selected for further refinement and recommended
for eventual flight test. Its strength lies primarily in growth potential, It also has a

slight edge in performance relative to other concepts.
PERFORMANCE

The performance of each concept was evaluated against three "measures of goodness:'

e Accuracy at fixed flight conditions (including effects of pilot commands,

turbulence, sensor noise, and actuator hysteresis),
e Convergence properties, and

e Tracking varying flight conditions.

Tables 27 through 30 summarize the performance characteristics of each concept
" at four fixed flight conditions using a standard test sequence, For this test the initializa-

tion was at the proper flight condition, The test sequence consisted of:
1. Quiescent condition,
2. Pilot doublet followed by four seconcis_with no input,
3. Thirty seconds of 99 percent turbulence (Dryden model),
4, Pilot doublet with 99 percent turbulence (nyden model), and

5. Repeat of (1) through (4) with sensor noise.

- Flight conditiohs 1, 5, 8 and 10 are presented in Tables 27 through 30, respectively.
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TABLE 27. PERFORMANCE CHARACTERISTICS AT FC1

[20,000 £t, M = 0,67, g =.14603 n/m>

MLE

D L ‘ Tracker Lix:/nt f’cycle Max, % errors in
. Excitation ~ , - o M 'V la. ®
F v %-error in i1 ! critical gain @ wl
“ Doublet 5 63 2 6
i'Turbulence 10 75 2 8
Serisor noise 20 30 10 15 1
Turbulence plus ‘25 30 2 1
| sensor noise |
Servo hysteresis
with 0.3 ft/s 0 74 2 6
turbulence
a Angle-of-attack refereqced to water-line,
_'TABLE 28. PERFORMANCE CHARACTERISTICS AT FC5
. [20,000t, M=0.4, § = 5219 n/m>
; Tracker Lug:tOtc'ycle Max. % errors in
+ . Excitation- ° : a
i , % error in gy critical gain s M,| V. «r
: Doublet 20 75 7 8
’ Turbulence 20 56 8 2
. Sensor noise 70 20 7 17 8
Turl":_ni;lencé‘bl‘u‘s ‘ | 20 : 20 7 | '3
sensor noise © o '

a Angle-of-attack referenced to water-line,
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' TABLE 29, PERFORMANCE CHARACTERISTICS ATFC8 .. . ... .

[40,000 £, M = 1.2,3.= 18913 n/m®. .

o Tracker - Limit cycle ' Max, % errors in
Excitation < A , % of - - MMl vl .
' % error in g1 | critical gain - e e T ekl
Doublet 30 63 o |2 | &
Turbulence 40 81, 6 | 6 | 1
' Sensor no,ié‘e 2;'-') : 43_‘ 0 2 4 | 4

Turbulence plus 40 - 43 12 2 ,4 

sensor noise ‘ L

_ TABLE 30, PERFORMANCE CHARACTERISTICS AT FCI0

[Sea level, M =‘0.'"7., q= 34718 'n‘/mz.

Tracker Limit cycle Max, % errors.in
Excitati : A : _%Qf" ' . ;

xeliation - % erroring.. critical gain -Ma Mu , v YL

‘ B B T ‘
Doublet 5 .48 6 9 | 29
Turbulence 5 69 . 23 9 .| 28

'~ Sensor noise . 5. .48 29 5 | 20 | 3

‘Turbulence plus 5 48 23 9 | 23
sensor noise ‘ ‘ . o

 From these tables it is evident that sensor ndise is more degrading to the .tré.cl;er

_ and limit-cycle concepts than to the MLE concept. MLE exhibits b'ett_e'r‘;a;ccuragj'(“

" than the model tracker. The limit-cycle design shows gain reductions ﬁ*om_ critical

for pilot commands and turbulence as désired.
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The convergence characteristics of the three concepts are summarized in Table 31.

' The adaptation was déte_rmined for two types‘of inputs: 1) a sequence of pilot doublets
(square wave C*-commands of 6.1 m/sec2 with a six-second period) with no turbulence,
and 2) 99 percent turbulence with no pilet inputs, Two conditions were examined. For
the first one, the aircraft was at FC1, but the algorithms were initialized at FCS5.

The MLE design converges faster than the model tracker, This test was not run for the
limit cycle since it would imply initializing above critical gain which is not a realistic
test, The second condition shows the aircraft at FC5 but initialized af a much higher
dynamic pressure condition (FC10), Again, MLE has a faster response than the model
tracker. During pilot commands, the limit-cycle design does not increase the loop
gain to the proper value for this flight condition. During turbulence, the action of the

set point does slowly return the gain to the appropriate value,

TABLE 314. ADAPTATION CHARACTERISTICS WITH INITIALIZATION
AT DIFFERENT FLIGHT CONDITIONS

. Time(Sec) to 80% Steady sec? :
Condition | Input Tracker!| | Limit cycle | MLE
Doublet ' 4,0 N.A, <1
At FC1 sequence
initialized : :
FC5 99% . 4,0 N.A, <1
turbulence '
. Doublet 7.0 | - <1
At FC5  Sequence '
initialized
FC10 99% . 7.0 10 <1
turbulence .

Table 32 shows the tracking ché.racteristics during an acceleration at maximum power
from Flight Condition 5 (h = 6096 m, M = 0.4) to 7620 m and M = 1.1. Three

" different conditions {quiet, turbulence,i and turbulence plus sensor noise) are presented.
For the limit-cycle concept, it is desirable to maintain at least 50 percent of linear
critical gain.,  For the two explicit concepts, it is desirable to accurately estimate

surface effectiveness parameters.
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. TABLE 32,. TRACKING CHARACTERISTICS FOR VARYING
FLIGHT CONDITION

Limit cycle | ,
. Tracker % of - Peak MLE
Excitation % erroring,, | critical gain % error in My
_a a
Quiet case . 25 100 31
- Turbulence 20 75 28
Turbulence ,
plus sensor 20 -1 28
noise

8 Test signal required,

GROWTH POTENTIAL

Growth potential is necessarily a qualitative notion., It is judged to be low for the
limit-cycle system because the concept itself is restricted to a single (implicit) loop

gain adjustment,

In theory, the tracker provides greater growth potential because it can estimé.te several
parameters as well as states. As discussed in Section 9, however, this potential is

not realized in practice due to severe limitations imposed by sensor noise and disturbances,
This leaves the MLE concept as the only approach with capability to achieve complex
multidimensional gain adjustments. Its M '

50
compensate for changing surface effectiveness, while the M o estimate is useful for

estimate can be used to adjust loop gain to
reduced-static-stability control laws., As discussed in Section 8, the Ma estimate can
adjust an additional gain on a lagged pitch rate feedback to compensate for the changing
stability properﬁes of the airframe, This is especially important in transitions from
subsonic to supersonic flight due to the shift in the center of pressure. ' "

'COMPUTER REQUIREMENTS

To estimate flight computer requirements, the adaptive subroutines were compiled

and rua on a CDC-6600, The resulting time and memory requirements are listed in
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Table 33ﬁ. The data are given for FORTRAN generated code that is fairly efficient for

‘the given algorithm (no indexing used). "A comparison of operation times for the CDC-
6600 and the AP-101 fhght computer is given in Table 34. This table suggests a speed
ratlo of 7.1 for typ1ca1 multiply-add operations, Hence, the MLE control package Wthh
requires 1.1 msec per control cycle on the ‘CDC-6600 should consume 7,7 msec per
control cycle on the AP-101, The frame time for the F-8's digital system is 20 msec,

so the control law plus adaptation will take well below half of the time available, However,
tms does not 1nc1ude time for redundancy management or mode switching which may be

part of the total control repertoire,
RECOMMENDED CONCEPT

'Ifh_é concept comparison is summarized in Table 35, ‘Overall, the MLE concept is

judgéd to be the most promising and is recommended for refinement for ﬂight test,

TABLE 33, COMPUTER REQUIREMENTS BY: SUBROUTINE

- : CDC 6600
Subroutine Memory Cycle time (msec)
1.. Pitch and lateral 570 (1072 octal) 0.3
controller. (no adaptive
computation)
2. Limit (up~ and down- 546 (1042 octal) 0.4
logic, both axes) :
‘3. Track : : 272 (420 octal) 0.2
i 4, MLE 2146 (4142 octal) 0.8
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TABLE 34, COMPUTER OPERATION SPEEDS

Operation™ CDC-6600° 1BM AP-101°
Memory access (usec) O.i | 0.9 . A‘
~ Add (usec) | 0.4 2,4
Multiply (usec) 0.7 5.4
Divide (usec) 1.0 10.(')‘-. 10.5

@ Floating point arithmetic, register to register.

b

¢ 1BM specification sheet data,

CDC-6600 CYBERNET applications group data.

' TABLE 35, OVERALL COMPARISON OF CUNCEPTS

Maximum
: High-gain likelihood
Quality Model tracker limit cycle estimation
Performance Acceptable to good Good Good to excellent
Growth Low - limited to Low - limited to . High - multiple
potential single variable single variable parameter gain
explicit gain implicit adaptation adjustment
schedule : possible
Computer Minimal Low Medium
requirements ‘

8 These requirements are relative to AP-101 capacity.
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" SECTION 12

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

“Simulator quality designs fur the F-8C DFBW application were successfully

developed from thiee different adaptive concepts: maximum likelihood, model
tracking, .and‘high-gain limit-cycle control. Performance, growth potential,

and computer requirements were used as criteria for selecting the most pro-
mising of these candidates for further refinement, The maximum likelihood
concept was selected primarily because it offers the greatest potential for
identifying several aircraft parameters and, hence, for better control performance
in future aircraft applications. In terms of identification and gain adjustment
accuracy, the MLE corcept proved slightly superior to the rest, but, as expect-
ed, this increment has no'significant effects on the control performance

achievable with'the F-8C aircraft.

The MLE design is based on standard maximum likelihood estimation theory
but uses a parallel channel implementation in order to avoid on-line data
management and minimization iterations,. It identifies a reduced set of three
paf-ameters from pitch axis data only. This structure was selected on the basis
of separate theoretical identifiability studies which indicate that only limited
identification potential exists for the F-8C under the ground rules imposed in

Section 4, Identifiers which look for more parameters and/or use additional

" lateral-directional data cannot be expected to perform substantially better, Actual

identification accuracies of the MLE concept are 10 to 20 percent for the critical
M o parameter. This is sufficient to schedule gains in both the pitch and

]
lateral-directional control laws.

The model-tracking design is based on modified Liapunov-stable model-following
théory. Because this theory ignores process and measurement noise, it produces.

sensitive designs with large identification errors in applications which include



such disturbances, Hence, the F-8C model tracker relies on bandpass filters, thresholds,
and limiters to minimize these problems. Like MLE, the tracker was set up to identify
three parameters. However, only the surface effectiveness estimate proved reasonable

in the presence of gusts and sensor noise,

The high-gain limit-cycle design is based on established flight tested control technology.
Tt is applicable whenever the control structure has a single-loop gain as its variable
parameter, Within this restriction, the design performed well, Its up-logic successfully
alleviates the excessive gain reductions during pilot commands which were characteristic
of previous flight systems, and there is no adverse coupling between simultaneous pitch

and roll limit-cycle gain changers.
RECOMMENDATIONS

The maximum likelihood concept is recommended for flight test as part of the se cond
phase of NASA's F-8C DFBW program. Several refinements of this design are also
suggested., These include gust level estimation to fine~-tune filter gains and automatic
data length adjustment on the basis of aircraft maneuvers to reduce tracking errors.

We further recommend developinent of a special purpose lateral identifier to extract
improved velocity estimates during large rolling maneuvers. These estimates could

be used to implenient an inertially coordinated lateral CASZ withc;ut accurate air data,
Advantages of inertial coordination are good dutch roll damping and good turn coordination
at all angles-of-attack. These are not simultaneously achievable with the presen‘t':reduced

measurement lateral control law.

Flight demonstrations of the MLE concept will mark an important step m the development
of modern adaptive flight control technology. They will serve to verify quantitative
predictions of identifier and control-loop performance and to establish ciualitative:
properties of the overall control system. The latter include test signal requirements

and their subjective effects on the pilot, performance during 1arge, maneuvers and
configuration changes, the feasibility of quiescent operation without test signal excitation,
and effects of modeling limitations associated with transonic flight, static and dynémic
flexibility, real sensors, and actuators,. etc, Positive flight test results will contribute
substantially fo making adaptive control a viable alternative design approach for future

aircraft applications.
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APPENDIX A

SCATTER PLOTS OF PITCH AXIS
' MODEL COEFFICIENTS

x Subsonic flight condition

k1]

s = Supersonic flight condition

Data does not include quasistatic
aircraft flexibility.
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APPENDIX C

MODEL TRACKER TIME HISTORIES

The time histories taken on the Langley simulator consisted of 16 channels of data

(two eight-channel recorders). The channels are:

Recorder 1 Recorder 2
Pitch stick deflection Dynamic pressure (q)
Angle-of-attack (@) q error
Pitch rate (q) Bank angle (o)
Normal acceleration (as) fll
Elevator position (66) f12
Total velocity (V) éll
Altitude (H) Gc* gain
Flap position (6f) ET (output of nonlinear error
function)

-

Scales for each of these parameters are indicated in MKS and conventional units.

ACCURACY AT FIXED FLIGHT CONDITIONS

Time histories for standard pitch sequences consisting of periods of quiet, turbulence,
and doublet commands are presented in Figures 71 through 75 for Flight Conditions

1, 5, 8, 10 and 17. This sequence of runs was then repeated with gyro noise,
accelerometer noise, and servo measurement noise simultaneously applied (Figures 76
through 79), The sequence for Flight Condition 1 was repeated with servo flow hysteresis
of 0.05 degree (Figure 80).

CONVERGENCE RUNS

Figure 81 shows the response when the model parameters are initialized at FC10

but the aircraft is actually at FC5, Two separate inputs were applied; first turbulence

218



only and, secondly, a sequence of pilot doublets. Convergence rates are similar
with time to reach 50 percent of steady state in two seconds, and 80 percent of steady
state is reached in about four seconds. The gain response is slower due to the one-

second lag on the 811 parameter,

Figure 82 shows a similar response when the model is initialized at FC5 and the
aircraft is actually at FC1l, Again, 80 percent of steady state is reached in about

four seconds.
PARAMETER TRACKING

Two profiles corresponding to changing flight conditions were made. The first accelerated

from FC5 (q = 105 psf) with full power (and afterburner).

Figures 83 through 85 show the accelerating condition. For the quiet case, no adjust-
ment in the model parameters occur and the errors grow as expected. Therefore,

the quiet run was repeated using a random test signal bandlimited to have most of the
energy around the short-period frequency. Use of a test signal held the tracking error
to around 20 to 25 percent (Figure 83). For the case of turbulence, the tracking

error in éll is about 20 percent with a slightly large initial error buildup (Figure 84).
Tracking during turbulence and sensor noise is shown in Figure 85.

The second profile consisted of a deceleration from Flight Condition 10, Thrust is
reduced to idle and the speed brake extended. Airspeed gradually decreases and altitude
remains essentially constant. The quiet condition (Figure 86) again required a test
signal. Peak errors are on the order of 50 percent. In tracking during turbulence
(Figure 87), the error in 11 is less than 20 percent. For the turbulence and sensor

noise condition, the peak errors are 20 percent (Figure 88).

LATERAL DISTURBANCE

Of interest is the effect of a roll maneuver on the pitch axis tracker. Figure 89 shows

the time history of a snap 360° roll at Flight Condition 1. This is a severe test for the
tracker since the sensor bandpass filters cannot eliminate the variation in the normal
accelerometer reading. The peak error developed is 60 percent., Slower roll rate will
have less effect. The figure shows that any activity following the roll will reduce the error.

In the example, turbulence is applied following the roll and the error is reduced,
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Model tracker during acceleration (gusts).
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APPENDIX D

LIMIT-CYCLE GAIN-CHANGER
PITCH AXIS TIME HISTORIES
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APPENDIX D

LIMIT-CYCLE GAIN-CHANGER
PITCH AXIS TIME HISTORIES

Time histories taken on the Langley simulator consisted of 16 channels of data (two

eight-channel recorders). The channels are:

Recorder 1
Pitch stick deflection
Angle-of-attack (@)
Pitch rate (q)
Normal acceleration (a3)
Elevator position (5e)
Total velocity (V)
Altitude (H)

Flap position (8 f)

Recorder 2
Dynamic pressure ,(El)
G Cx gain
Elevator servo position (6e )

s

Aileron servo position (85 )
GLAT gain
Bp nk angle (o)
Roll rate (r)

Sidelsip (B)

Scales for each trace are indicated in MKS and conventional units,

ACCURACY AT FIXED FLIGHT CONDITIONS

Standard pitch sequences consisting of periods of quiet, turbulence, and doublet

commands are presented in Figure 90 through 94 for Flight Conditions 1, 5, 8, 10

and 17 (power approach). This sequence of runs was then repeated with gyro noise,

accelerometer noise, and servo measurement noise simultaneously applied (Figure 95

through 98).

Finally, the sequence at Flight Condition 1 was repeated with servo hysteresis of 0.05

degrees. (Refer to Figure 99,)
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CONVERGENCE PROPERTIES

The concept of "converging' to a gain value does not apply to the limit-cycle concept
in the same way it does to the explicit identifiers. In normal operation, the gain
changer will not be at a gain higher than critical. If the system starts at a value below
critical, the gain increase is largely determined by the integral gain, Figures 100
and 101 show the responses at FC5 with the system initialized at FC10. In turbulence
it takes on the order of ten seconds to reach 'steady state' (which is six db below

critical). (Refer to Figure 100). For pilot commands, the gain is reduced slightly.

ADAPTATION

In the case of increasing and decreasing dynamic pressure, the gain changer tracked
the critical gain (quiet case) or tracked the "turbulence' gain value. Figure 102
shows a full power acceleration starting from FC 5. Note the constant limit-cycle
amplitude., Figures 103 and 104 show the same run with turbulence and then with

turbulence and sensor noise.

Figures 105 through 107 show the responses starting from FC 10 and decelerating by
reducing thrust to idle, Again the limit-cycle amplitude remains constant (Figure 105).
Adaptation during turbulence is shown in Figure 106. The same adaptation is repeated

in Figure 107 with turbulence and sensor noise applied.
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Figure 98, Limit-cycle design at FC10 (sensor noise).
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Figure 103, Limit-cycle design under acceleration (gusts).
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APPENDIX E

LIMIT-CYCLE GAIN-CHANGER
LATERAL AXIS TIME HISTORIES

The series of analog traces (Figures 108 through 118) shows the response of the
lateral-directional CAS to beta gusts and roll rate commands. The adaptive gains
increase damping of the aircraft beta gust response from about 0,15 to about 0. 25,
with little or no change in frequency. In contrast, the nominal reduced CAS of
Reference 1 tended to normalize the response frequency to about 0.4 Hz with similar
damping. The tendency of the adaptive gains to reduce to the six-db level for command

inputs is evident.

For further comparison, the gain was fixed at six db lower than critical, and the
response is nearly identical to the adaptive response. The responses to lower gains
are also shown since under turbulence and roll rate gyro noise, lower gain levels are
realized with the gain changer. This data was also used to assess the applicability
of using a gain scheduled on estimated surface effectiveness (or dynamic press ure)
for use with the two other adaptive concepts. The performance degradation of
operating the roll axis at a lower gain is minimal. The yaw axis gain does not need

to be reduced in a scheduled system since it has sufficient gain margin,
Figure 119 shows roll rate commands and beta gust responses from the Langley

F-8C simulation, Flight conditions 1, 5, 8, 10 and 17 are presented. They compare

well to the analog responses for the corresponding flight condition.
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