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FOREWORD

This report documents an effort to transfer certain elements of pilot-
vehicle system dynamicsvtechnology into methods suitable for the development
of engineeting’specifications for handling qualities design of advanéed air-
craft or flight control mechanizations. The work reported was performed
under Contract F33615-77-C-3011, as part of Mr Force Project 2090, Tas
Task 209002. Mr. Frank L. George and Mr. Brian W. VanVliet, both of AFFDL/
FGC, were co-project engineers for the AFFDL. The principal invesciggtor was
Ralph H. Smi;h of ‘Systems Research Laboratories, Inc. (SRL), Da&ton, Ohio.
Smith authored ﬁhe final report and performed all analyses except those for .
flight path stability in power approach; this was done by Norman D. Geddes,
also of SRL. This work was performed during the period February 1977 to
August 1978, The report was submitted by the authors in September 1978.

The authors gratefully acknowledge the intensive, careful review and
technical editing of the final report by Brian W. VanVliet and Robert J.
Woodcock. The encouragement given by Mf, Charles B. Westbrook, formerly of
SRL, also played an important role in whatever success_fhis work may enjoy.
It seems that no matter where one turns in this business, Charlie's influence
is felt by those with the wisdom to understand.
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g ADC

az

C*

CAP

DAC
DLC

%o

Symbol

List of Svmbols

Description

Analog~to-digital converter.
Amplitude of &,(t). ,
Magnitude of q(t) threshold; degrees/second.

Normal acceleration measured at the pilot's location; positive

sense is that of the + z-axis (i.e., "down"); g's.

The handling qualities parameter:

(A P+£2§F_ + 400

1_“5 F g g

-n‘m .

s S s

’ The Control Anticipation Parameter, CAP = u /n/a

The flight path damping parameter,

1?max.‘ ?migl

}w’r

D=
maxi
Digital-to-analog converter.

Direct Lift Control.
Pilot applied stick force; pounds.

Digital flight control system frame rate or inverse cvcle

time; Hz.

Head-up display. '

A parameter of the pilot rating expressiou, R= Kaq.
Controlled element gain.’

Equivalent display gain in the gq- channel of the optimal
pilot model.

Describing. function reptesentation for "alman estimator
in optimal pilot model; q-channel. :
Equivalent pilot gain for control cf q in optimal pilot

model; K = K%,
9 q 9

Gain of the equivalent system pitch dynamics model; root

locus form.

Value of K, a3 equivalent systems time delay approaches
zero; the classical value.

_!_-;.’—" L TP
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'fp,‘

Mie

n/a

PIOR
POR

Uo
v

A\ .
onnin

’ Location of pilot forward of aircraft center of mass; feet.

Alrcraft mass; slugs.

a2
ASUZcCy /21

fa

A parameter of the pilot rating expression, R = Koqn

“Wordlength ir bits of the ADC.

Steady state normal acceleration per stcady state change in

.- angle of attack for step input of elevator at constant

speed; g's per radian.

ﬁilot induced oscillation rating.

Pilot opinion rating, Coopet-Harper scale.
83 degrees/qecond

Pilot perceived q(t) following effects of physiological or
display thresholds.

Pilot opinion rating; generally used to 1nfer a pilot opinion
rating as given by various app.oximating formulae; Cooper-
Harper ratinvs.f

Control rate weighting in the optimal pilot médel '

Range of x(t) used for scaling of the analog— o-digital

conversion; R = |x -
max min

Laplace cransform (complex) variable, s = o + jn; radian/
second.

.Cycle time of digital flight r.ntrol system; seconds.

' Time constant of the G/GQ(s) transfer function numerator;,

short-period approximation; seconds.
‘Time; seconds.

Numerator time constant parameter of the equivalent systems

" model for pitch dynamics; seconds.

Time Respnnse Parameter from Reférence 16.

: Time—to-firqt-ppak cf q(t) following Qtep input in F ; seconds.

Upper limit on’ tq for Level 1 handling,qualities, seconds.

' Tlmc-to-90 percent ? following step input in throttle,

élevon or DLC cont*ol' qecondq.
Stcady-qrnto afrcraft rpeed (x-axis component). Kts or ft/ch.

Afrcraft trotal airspeed; kts.

Minimum operational airspeed; kts.

Aﬁy atrcraft response variablz {nput to the ADC.

xi
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\thdnmontnl component of 6 (t). a qln» wave of “amplitude ag
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Arbitrary vehlicle or display response variable used by the’

pilot for accomplishment of a prescribed task; e.g., vertical

separation distance between target and chase aircraft in

refueling or formation flight.

dx

dt’

Average amplitude of x(t) perturbations from the average value

of x(t) in a prescribed flight mode and FCS configuration.
TN -C o

OhUO ( CL" LD)/hm

Signal from the q-channel of the optimal pilot model to the
neuromuscular system,

Flight path angle; degrees.

dy
dt -

First peak value of the y(t) response following step input of
elevator or throttle; absolute value prescribed; degrees/second.

Maximum value of lﬁe (¢) - So(t) ; a measure of the size of
¢ .

. the harmonic content of Sec(t)--thc DAC output.

Change in commanded thrust; pounds.

Steady=state change in propulsion system thrust following a
step throttle input] pounds.

DLC contrbl. pilot-applied.
Elevon (or pttch) cnntrol; degrees or radians.

DAC output uhen the commanded output {s a sine wave; a periodic
signal.

Deflection of the p(lot s control stick, poaltive fnrw:rd'
{nches, degrees, . or radians.

0(t) - a ﬂiﬂﬂct.

\hort-pcr(od damping ratio parameter of the cqulvalvnt svstoems
model for’ pllgh dvnamlcu.

Short- -period damping ratiog classtc atreraft dvnamics,

Pitch attitude angle; degrees.

®i4
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0 ' S—l-{l =
dt
d-n
e -
de-
g Value of v for R = 1,
o q
e RMS value of x(t).
o RMS value of 8 (t).
hq q
oL RMS value of § (t).
es
Sos
L RMS fit error between average, actual pilot opinion rlting and
that given by the formula R = ku‘: Cooper-Harper units,
‘ 4 .
S RMS value of o(t).
T Time delay parameter fin the equivalent svstems model for
pitch dynamics; seconds. '
ronglne Engine thrust rcxponqc time (time to steadv state inllnwing step
' change in throttle setting): sccond~.
o(j@C) Phase parameter for normal acceleration response dynamies:
‘ .
_ “(1» ) - ) (im ) - 14.3 w i degrees.,
+ . , s ‘
i
w _(Frequency; imaginary pnrt,nf s radlan/scconds.
W The criterion frequency; approximately equal te the crossover
frequency for the pltch control loop: defined by equation 10;
radiang/second, .
we Nhort-period natural frequency parameter of the equivalent
’ systems model for pitch dynamics: radtans/second.
QR - Regonant frequency of any opvn-lonp mode uf pitch nttltudv
lynamics; radfans/second,
w - , Short-perfod natural froquoncv of pttch attitude response
sp vnamics; adiana/quunnd

1hols

>

Miscellaneous S

‘ ' .
%- ‘ he salope parameter. for handling qualitics; the derivative
fs the average’ ‘value on 2 @ 6: dectbels/octave.,
azp i F8 A The closed IOOP- piloted cuntrnl of d’p wlthlvl-'R considered

-

4 the pilot's output,

xitt
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Section I
INTRODUCTION

It is well known that the flying qualitiesAspecificatidn, MIL—F-8785§,
is deficient for certain of the present generation high performance military
aircraft. These defigiéncies are'compounded where the flight control system
(FCS) adds significant dynamic modes or delays to the overall system dynamics.
The goal of this report is to -assess certain of the deficiencies of
MIL~F-8785B and correct these where possiblé. Only the longitudinal handling
qualities problem is considered.

One may approach the task of updating or revising MIL-F-8785B in various
ways. The approach adopted in this report is to review the type and nature
of advanced flight control systems of current and probable future interest,’
assess the availability of handling qualities data for such systems, examine
the applicability of. znalytical theories'for handling qualities for the
development of design specifications, and develop and propose specific
revisions to the specification for those combinations of task and FQS that

are of most immediate concern to systems development.

The context in which this review will be conducted will encompass con-

.siderations of probable operational requirements, anticipated directions that

- air warfare will take, énd expected advances ian FCS hardware capabilities.

. This report is the third and last of a seéies., In Reference 1 a review
was.conduct;d of the state of the aft of pilot-vehicle syséems analys.s
methods, a unified model for pilot dynamics wa; investiéated, and a general;'
analytical theory for handling qualities piediccion wasg devglobeq. This

" model p:oVided_the'theoretical basis for the work of Référence 2. The

principal significance of Reference 2 is chg nxaner in which it successfully
treats the coupling that can occur between the pilot's visual and kinesthetic
senses in precision control tasks; the pilot induced oscillation pheﬁomenon
is but a bizarre and limiting chsé:reaulting‘fron this coupling. Iheipresent‘

report extracts from each of these earlier works those concepts.and rcsults
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that can be most directly applied to the update of MIL-F-8785B. This is
accomplished by maintaining close ties with historical work in pilot modeling;
the data base of Reference 3, interpreted within_the’analyticallframeﬁonk '
provided by Reference 1, was 1nvalua§1e and remains the‘only usable sourcé

for human dynamic response data applicable to handling qualities research.

A product of the present work is a physical theory for handling quali-
ties that coﬁplemenfs and extends the theory of Reference 1. The rather
startling concept on which this theory is based will not be a comfortable one
with many readers. It may scem to imply that three decades of work on human
" pilot dynamics has come to a dead end. That is uot - the case. The theory
does indicate that the conventional viewpoint of pilot-vehicle system dynamics
vis-a~-vis handling qualities misses a fundamental point. Because of this,
analytical handling qualities research has usually seemed more abstruse thaﬁ
necessary and not immediately applicable to the pioblem of.aifplane'and FCS '

design.
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Section IL
EXPERIENCE WITH ADVANCED FCS

A. BACKGROUND

Experience with advanced FCS has been obtained from a potpourri of hard-
ware and simulation exercises--few of which were dedicated to handling duality
requirements, per se. Problems explored have .included control law development
for highly augmented or direct force control systems, multimode control con-
cepts, dispiay system concepts, integrated fire/FCS, etc. -These have been
mostly ad hoc exercises wiih specific, limited goals.

In the pasﬁ; progress in handling qualities technology has p:imarily
come from gathering empirical data, rectifying it against a framework of stan-
dards pfovided mostly by experience, and devising new or ﬁodifiedvinterpretaJ
tions o£ the cause-effect. relationship between airframe-FCS dynamic behavior
and hhndiing qualities. There has never been sufficieﬁt handliﬁg qualities
data for 'this purpose.’ This evolutionary process has been less than satisfac-
tory for the forecasting of handling quality problems, the selection of aero-
dynamic configurations, or tﬁe design of automatic flight céntrols. It has
worked oniy-for those aircraft/FCS that have exhibited relatively 11ttie

. dynamic cdupling between classic airframe modes and FCS modes.

. Handling quality specifications based on experience are proving to bé
inapplibable for some aspects of the design of advanced FCS of current
interest. »Fbrlsuch systems the handling qualitieé data base 15 sketchy,
pieéemeal, and too weak to support an entirely empirical approach to updating’
MIL-F-8785B. In shott, there is no obvious way té parameterize . the handling '
qualities problem in view of the almost unlimited variety of airframe-FCS.
combin;tions and changes in operational usage that current Qnd'near-future

hardware capabilities can permit.

Underlying the present MIL-F-8785B and the whole of handling qualities
technology ;s'an implicit concept of piloting task requirements. With the
1ntegrated-f1§ghc.‘fire. propulsion, and display systems of the 20Tt now
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being considered, and in some cases developed, it is no longer clear what the
effects of changing piloting tasks will be on handling quality requirements.
A major part of this problem is that {t isn't clear what the specific task'
definitions will be for advanced systems concepts. New concepts for control
of aircraft path; new sensor capabilities, new weapons, and new threats, may
mean that the critical conditions for advanced FCS desigu may occur for tasks

that haven't yet been identiffed.

Or will they? The one fact that seems completely clear as a result of
tﬁe,current handling qualities specification dilemma is' that we have no clear
picture of what specific vehicle-environmental factors cause goo§ or poor '
handling qualities. As a result, we are unable to make a priori assessments
of task influences on aircraft-FCS design réquirements>for satisfactory han-

dling qualities. The problem does not easily lend itself to eﬁpirical.study.

Consider the classic problem of air-to-air combat with guns. Methods
exist (Reference 4) for handling qualities assessment and quantification for
fixed reticle target tracking once the diffi-ult problem of target acquisition
has been solved. We have no useful, practicél method for analysié of the
latter problem; it isn't clear what could be done with it if we had it.
Efforts were taken in Reference 1 to establish and defend the hypothesis that

those features of small amplitude tracking which promote good or poor handling

- are 1nsep5rab1e from those of importance to the more general large amplitude

motions of air combat taéks. Therefore, it was argued, good handling qualities
in tracking seem to be a prerequisite. to good handling qualities in genefal.
Though this may be good logic, it isn't of much help for understanding FCS-..

. design requirements for the effective use of guns in nontracking tasks (e.g.,

snap-shooting).

In Section V of this report':he argument.above, from Réference 1, will

be inverted. The resulting handling qualities theorem will enable a unified

' trgatment to be made of virtually any FCS-task combination for which handling

qualities are a legitimate consideration. In the'tehainder of this section,
a brief examination will be made of data svailable about the character of
advanced FCS and the operational theatre in which they may be'requi;ed to
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perform. These data will then be used where possible to brovide general
support for the handling quality requirements derived from the theory of
Section V.,

B. AVAILABLE DATA FOR ADVANCED FCS

There have been very few recent simulations or flight tests conducted
for the purpose of collecting handling qualities data. It is not our intent
to chronicle the history of specific work done in this subject area. Only an
overview with comments on the utility of past work to the task of revising

MI1L-F-8785B will be provided. The principal advanced systems studied include:

e  B-52 Ccv

® . Survivable FCS/PACT

. F-5E Austere HUD/Gunsight
(3 AFTI1

e  TWEAD I/1I

[ ) F-8 Digital FCS

° DIGITAC (A-7) I/I1I

o CCV-YF-16

'

Firefly (F-106 Integrated Fire/FCS)

Little or no reference material was available for the YF-17, F+<14, F-18,
YC~-14, YC-15, or -space shuttle,

-Handling Quality Requirements

The pervasive belief In all this literature {s that MIL-F-8785B does not

‘satisfactorily address the problems of designing state-of-the-art advanced

. FCS. -There {s a strong undercurrent of opinion that the dynamic requirements

of MIL-F-8785B can be supplanted with time-response measures., It isn't dif-

ficult to appreciate the appeal of time résponse,methods for handling quéli-

‘ties prediction. Methods such as C* and TRP--both of which will be discussed
- later in this repoft—-have an intuitive motivation, are eaéily’applied, and

. correctly predict handling qdailqles for at least some configuraticns of

airframe and FCS dynamics. HoweVe;, frgquehcy.domain models for handling
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qualities also continue to have an enthusiastic following. The experimental

results of References 5 and 6 were assayed in Reference 6 where it was con-

- cluded that C* was not an adequate handling qualities model, - A new criterion,

based upon frequency domain measures of pitch attitude dynamics was proposed

and is now used as ‘a research tool by several organizations.

References 5, 6,and 7 comprise the fundamental data base for studies of
advanced FCS. Arnold's experiments were the fixed-base equivalents of the
Neal-Smith configurations for those cases whetevhigher order FCS dynamics ‘
were negligible.” Arnold's data, when compared with that of Neal and Smith,
enabie a quantitative assessment of motion cue effects on longitudinal han-
dling qualities. This is a vital link in the development Sf design specifica-.

tions for direct force control systems.

Systems Integration

The greatest single deficiency in many test programs conducted for the
study'of advanced FCS concepts is the total, lack of consideration given to
overall systems lntegratiqn considerations in evaluation of specific hardware

approaches to FCS design solutidns. The problems of hardware prototype design

.and man~rating, and the difficulties and expeﬁse of‘flight test, appear to

have almost completely overridden any considerations of experimental design
and test for the collection of handling qualities data. In part, this has
resulted from the laék.of,any unifying plan for the organization of such

research for this purpose. It ié.comparatively easy to build and test equip?

~ ment; handling qualiéiés probiems, in contrast, are depressingly elusive to

classify or quantify and expensive to evaluate. No one has ever successfully

‘quantified the benefits to weapons systems effectiveness or flight éafety of

good handling qualities. The quarrelsome handling qualities ?commun;ty" can

--except for extreme qases--ne#er agree about what constitutes good or poor

" handling qualities. Since major R&D test programs, whatever their original

objebtives, inevitably become cost-and échéduleldriven, it isn't difficult to
understand why so much testing is done with so little impact on the handling -
qualities state of the art, o
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However, it is difficult te understand how, in those occasional instances .
where reasonable ;nd timely input is made about handling quality test require-
ments, such advice can be ignored. This has happened in past work to the
detriment of present hardware design, teét capabilities, and weapons system

effe:tiveness.

Disnlays and Controls

There appears to be a general concern in the flight control area about

the problems of infegrated control and display design. Display.and cockpit

architectural requirements for the implementation of advanced FCS conqepts
involves at least three mutual considerations; viz. the usuaL human factors
considerations of display size, position and symbology, tolerable or desirable
Jdisplay dynamics (including display gain or nonlinearities), and the effects
of weapon or piloting task on display tequiremeucé. It is within the state

of the art to implement a display system that is entirely computer generated
with features that vary according to flight condition or task (the multimode

concept).

Many specific considerations of advanced FCS display requirements are
found mostly in the literature of gunsight design, test, and evaluation.
Interesting work has also been conducted for the approach and landing task on
the‘qhgscion of what cues are most beneficial to tagk ﬁe:ﬁ@rmance. Such‘work
has been of the ad hoc variety. The unifying concept required to rationalize

display design is lacking.

Tt doéS'appear that the potential for interaction among wespons emplo&ed,
display, dnd.fiight control is now widely recognized. The notion that clever
”display design_can'account‘f0t~deficiencies 1n'airframe4FCS dynamics is nd
longer so radical as it once seemed. 'More important, it now sgéms_to be
fashionabl: co consider tﬁat handling qualities can be affected as-much'by
display design as by the airframe or the FCS.

Little attention has been given to the design.qéquiréments for control

manipulators. With, few exceptions, our data base ﬁérvfeel system requirements

/
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predates the widespread use of stability augmentation systems. It apvears
that a new generation of handling quality specifications will be required for
manipulator design and feel characteristics for highly augmented or multimode
FCS. It is.likcly that the test and evaluation of radical conceptsvfor FCS
will require that careful attention be given to manipulator design if the
results are to be credible. Evaluations of direct force control cystems, in

particular, scem to be sensitive to manipulator design. Evaluations of such

.concepts should also consider their probable operational usage. 1t seems

naive to imagine that direct side force contro; will, in the near future, be
used to evade a missile attack; it may, however, be an effective control for
approach and landing, aerial refueling, and ground attack., In general, it

appears that the independent control of lift or side forces by the pilot is

not a satisfactéty control technique.

'_Control or mode select switching is accomplished in even the latest

fighter cockpits by using forty year old fechnology. For piloting tasks so.

complex and demanding as single seat, night, ground attack or Wild Weasel
missions, the demands béing placed on.the pilot by utility requirements
threaten mission effectiveness and combat survivability. ‘Voice actuated con-
trol technology is now being examined as'one app}oach.to simplifying the
switching required by modern attack concepts. Other approaches'entailing

more automation of specific tasks are feasiﬁle.

Gunsights (fixed :etiple, lead computing, etc.,) have received con-
siderable attention. " The viewpoint here is that gunsights or computer aided

tracking devices, in general, are specialized displays and should be treated .

" as such., The concepts of fuselage poinring (via the use of direct lift and

side force control) andlindependentxy aimable guns have an impact on the

. display required. The so-called Big Pipper concept for HUD design for air-to-

air combat is a natural marriage of the concept of integrated fire control
and display. The hardware capability now exists to develop fire control
systems based on concepts of this sort. Their systems effectiveness has yet

to be completely demonstrated.
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The TWEAD program provides an interesting case history of the influence
of display dvnamics (in this case, gunsights) on-handling qualities task
evaluations. The case is-well known and needn't be discussed in detail. It

can be concluded from the TWEAD experience, and others, that:

] Lead computing gunsights mav-be good in theorv but when reduced to
practice they‘can be severely degraded by inappropriate display

design;

. Display dynamics can have an overwhelming effect on handling quali-
ties (Cooper-Harper ratings).almost without regard for airframe or

FCS dynamics.

e In air-to-air tracking with guns the pilot's handaling qualities
evaluation is based upon task performance--not aircraft response to

control, per‘se. The display is véry much a part of this loop.

When the TWEAD expefiences are compared against the Neal-Smith® and
Arnold’ data bases (as interpreted by Smith!) it is possible to establish a
corollary of importance Eo display design: proper display design can, for a
particular task, improve handling qualities.resuiting from less_tban ideal

airframe-FCS dynamics.

‘SiXQDegreg-of-Freedom FCS

Six—degtee-éf-freedom FCS appear to be much discussed but little analyéed.
In the AFTI program the selection of control laws for mode blending has been
a majof concern. However, it is difficuit to see how tﬁese‘experiences can
be salvaged and.éonsolidaged'to the benefit of Eﬁ:ure systems developﬁeuté? '
in geperal.. One is left with the imptessidn‘that, without flight simulation
as béék-up (in'some'cases;'p:iﬁary); no.viable'bésis for contfol léw develop-
ment would exist. The problem has been treated in ad hoc, seat-of-the-pants
fashion. However, it may be a serious error fof-ﬁandlidg quality research to
get drawn too deeply into this problem. Control law devélopment will be-
driven by‘factors oucsidé the handling qualities domain. The handling quali-
‘ties cpntribgtionlshogld be to: A ' '

“
N\

N
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° Quantify the required aircraft responses to control in state regula-

tion (tracking) or in the initiation or termination of state changes.

° Define acceptable solutions to the trim control probleh for tasks
where steady state solutions are practically nonexistent (as in
phases of air-to-air combat, for example).

This is far simpler than the general problem of control law definition. How-
_ ever, the results of such specifications will have a clear impact on the

choice of aliowable control laws.

One finds, in' the fligbt control literature, a general concérn for the
effects on handling qualitiés and flight saféty of unusual motion cues due to
control blending and direct force control. Considering the difficulties
experienced with so many new (conventional) aircraft due to the pilot induced
oscillation phenomenon, ‘these concerns may be well founded. A physicai basis
for understanding and eliminating such problems is now available.? However,
there has been no satisfactory method for a priori assessment of the effects
on handling qualities (as reflected by Cooper-Harper ratings) of motion cues,

per se. This matter is considered in Section VI,

Control Authority

“' Another aspect of fly-by-wire or High authority FCS that has scarcely
i been considered is the effect of control 'system saturation on handling quali-
ties, flight safety, or any restrictions to the flight envelope. Control

saturation, particularly with an aerodynamically unstable airframe, could

to develop design specifidacions tc avoid control saturation or loss of con-

A . trol if it occurs,

\7 ] g . ’ C o Multimode FCS

The multimode FCS éoncépt‘seemé to be gaining currency. With a digital
FCS and integrated contrbledispla§ sysfem, mu;timode operat1on appears to be

.10

easiiy lead to loss of control or PIO. It appears that the requirement exists -
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practical. There is, however, little factual basis for the assessment of
handling quality problems associated with the concept. One obvio.s problem
area thit does not appear to have been systematically addressed in recent

work with advanced FC5S is that of suppression of FCS transients induced by

"mode switching.

Digital FCS

A significant amount of research, hardware development, and flight test
has been conducted in the area of digi;él flight control systems (DFCS). The
first operational, all-digital United States warplane, the F-18, 1is nearing
first flight states. A primary benef{t of DFCS lies in: the flexibility
afforded by the system for making FCS modifications and for integration of
the FCS with propulsion, display, fire control, or avionics systems. This can
be done with software changes only--at least in principle. However; penalties
must be extracted to obtain this flexibility. Among these, the software-
associated problems loom ominously: how does one verify DFCS software? The

hardware required for analog-to-digital conversion (ADC) or digital-toéahalog

- conversion (DAC) may very well prove to be inseparabie frem the FCS archi-~

tecture selected. The concept of a bus-oriented DFCS, including remote sensor
elements, actuators, display, and central ptocessor,is being considered and
seems like a natural evolution of the DFCS concept. Curiously, however, there
appears to have been no attention giveh thus far to the’&evelopment of "smart"
peripherals. These might include inertial teference systems, acceletometer»,
gyros, angle-of-attack sensors, etc. which consist not only. of transducer
elements, but also containm microcomputers with emough power: to perform sub—
stantial data preprvcessing. The results, rather than the transducer signals.
could then be transmitted to the-centtal'ptocessoc when requested. Fr-m the
limited flight testing conducted to date, 1t‘ap§eats vhat the hardware¢ puob-
lems essbcia:ed with building aand flying a DFCS, and the flight safety aspects
of fly-by-wire systems have overriden considerations of ‘handling qualities

requirements; opportunities for the collection of handling qualitieq dat .
have been: lost. '

1
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Despite the experience accumulated with advanced FCS, our knowledge of

the handling quality requirements for such systems: is sketchy. The principal

data base for MIL-¥-8785B does not include usable, quantitative data for high _

technology FCS concepts that greatly depart from classical designs. -
C. THE SPECIFICATION DLLEMMA

In a period of raﬁid technological change, such as we are now seeing} it
is impossible for MIL-F-8785B to anticipate the future handling quality
requirements 56 long as either MIL-F-§785B remains rooted in the empirical |
practices of the past, or'a physically realistic theory for handling quali—.

ties .is lacking.

The task-related nature of handling qualities is now popularly récog-
nized. However, for the FCS concepts addressed by this ‘report, it isnaﬁ civar
what the critical pilot tasks will be; therefore, how does one collect’ﬂata
sufficient to develop design criteria for such systems? The complicating
factor in thi{s scenario is realiy-the chahging nature (or the possiblc:changc)
of air warfare tactics as a result of the changing threat, enhanced avionics
capabilities, and the hardware and functional integration of aircraft

subsystems,

The need for an alternative approach to the specification of aircraft
handling qualities has been recognized for some time. The difficulty is in
developing an approach that '{s acceptable to the services and to thosv'&hg'

must implement the design requirements, yet 13 physically sound,

D. AN OPERATIONAL CONTEXT

The design and procurement of a new weapons system occurs in response to

an.ope:ational requirement, The'inténdud'usc of a weapons svstem will deter-
mine the technology mix employed in the design of the system. How these tech-

nologies will be integrated and what demands they will impose on handltng

qualities design will depend on many factors. It is important that a general

appreciation for the ‘tactical requirements of advanced warplane systems be.

12
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The correct interpretation of AIMVAL/ACEVAL results will be disputed for
some time, wé do not intend to address that matter here. It does seem plaus-
;ble, however, that United States aircraft, fighting numerically superior
forcés. will be relying heavily either on alr-to-alr misstles or on guns--but
not in the classic dog-flght manner, l; fs possible that trnbking, per soe,

Is dead as a viable strategy tor our aircraft in future combat operations.

The implications of this possibility to MIL-F-8785B are fmportant to comnsider.

The impact of the dcpluymcnt of sophisticated, effective surface~to-air
missiles could also atfect the nature of the handling qualities problem. 1t
is anticipated that no combatant could survive in the alrspace from'lﬂnn to
20,00 feet altitude wltﬁ(n a battle zone with present defensive m{sstlc
technology. For the close air support role, particularlyv, the piloting tasks

will qualftatively change. High speed, terrvain avoidance, gufdance and navi-

" gation svstems with supporting displavy and FCS will be likely complements to

all our future fighter/attack ailrceraft.. A goal for handling qualities
rescarch should be to ensure that the requirements for such svstems are fore-
cast and satisficd long before hardware or FCS/displav architecture becomes

fmmutablv frozen, *
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Section IIX
DIGITAL FLIGHT CONTROL- SYSTEMS

A. BACKGROUND

Despite enormous progress digital comtrol technology is still in its
infancy. It is rapidly emerging, howevef, and offers great potenfial for
increasing system flexibility and enabling ttue‘incegracion of ‘a variety of
subsystenms, The.motivation for digital control is simply stated: expensive
hardware-inteiisive control logic and'devices-can bé-teplaced with a digital

computer and appropriate computer programs; the functional performance of a

. digital system can be changed by modifying the controlling program (the "soft-

ware')., For flight control tasks that involve considerable cross-coupling of
controls or nonlinear responses with éhange of c¢perating state, the DFCS

appears to offer substantial simplification. A DFCS can have many modes of

'operatiqn, limited only by memory size and required speed of operation; the

mode can be selected manually or under'progran,control. The organizafion of
a digital system is well-suited to .the integration of subsystems such as

flight control, fire control, navigation, avionics, propulsion, and display.

The purposé of this section is to present anuovérvgew of digital control
technology and its general areas of impact on aircraft handling qualities. A
portion of this material is tutorial and intended only as a discussion of the
basics. Iﬁ the interests of clarity no attempt will be[ﬁadg to address the

subtleties of digital control. The discussions of systém:“architecture" (bus

_structure, single vs multiple central processing units (CPUs), inﬁut/output

design, etc.) are generic, onlj. No discussion is offered of 1nterﬂa1'arch1-‘
tecture of the CPU, pe? se, or of the connection bétween it,'the CPU instruc-
tion set; and its impact on soffyare design’ind the limits this may impose on
the speed of progfam execution. The reader who i{s knowledgeable about these .
points doesn't need much of the material in this section; we hope he will. not
be offended by the superficial’dtscussioq of matters that are critical to the
design of a successful DFCS. However, there are subtle but definite connec-
tions between the hardware and software cholceé lﬁ DFCS design‘and the

regulting aircraft handling qualities. It is our opinion that these are not

15
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being adequately considered in stete—of—the-art DFCS design. In this section
some ot these subtle and not-so-subtle points will be addressed in order to
establish a foundation for the recommended revisions to MIL-F-8785B in those
areas where digital control, per se, can have unfavorable effects on handling
qualities. '

It is worth repeating here that airframe-FCS Jynamics that look gooe
wi:h respect to the classic servo measures of syvstem response are useless in
flight if the pilot can't accomplish ‘intended tasks with acceptable dvnamic
performance, 6; if flight safety is compromised by pilot-vehicle dynamic mis-
matches. This seems to be happening with increasiug frequeney as flight
systems become more comﬁlex. Design mistakes happen too often with reasonably
conventional control systeﬁs; however, the opportunity for errors in both

concept and execution is vastly increased with DFCS.
The functional capabilities of a DFCS are limited only by

Sensor or transducer capabilities
Analog domain

° Control actuator performance
l The speed relative to real-time, with which the FCS computer
. can execute the required control program
.'; . computer hardware limitations
.3v. + computer software limitations} 2181£££_§gﬂﬂlﬂ

° The pilot

" In the remainder of this section the coupling that exiqtq between these
areas will be discussed with respect to the handling qualities problem. It
may help to observe, at the outset, that the digltal computer doés not run in

"real-time" (i.e., the time of the analog process that ie {s used to control).

Its time base is thut of 8 "clock" that Iz a central part of the .computer
'nyntel. The clock speed (relative to real-time) {s controllable over a broad

range; tliis la‘done by the aystem hardware designer through the choice of
cryetul—controlled oscillator componente, etc., which are used to geeernte the
clock time-base. A large part of the difficulty in digital control system

design is to make digital commands to the control actuators appear, for

16
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practical purposes, to occur in real-time. With con§entional DFCS designs
this requires a trade-off. The essential difficulty is that a trade-off must
be made between the quality and the frequency of control command. This tréde;
off is really ‘ ie only point this section addresses. We point out that the
usual problem .4 to make the digital system "fast enough" to be compatible
with the analog world; in a practical system, with todav's computer hardware,

the problem of "slowing down" the digital system never arises.

To one weaned on analog control svstems, digital systems can seem very
confusing. The jargon, particularly, is strange and its practitionersvseew
to delight in'keeping it that way. Words like bits, bvtes, words, word
length, bus (or buss, in some publications), central processor, peripheral
processor, memory, arithmetic logic unit, clock, machine cycle, accumulator,
XAM, ROM, PROM, EPROM, TTL, ASCII, etc. comprise the 1anguage of digital
systems. A further complication is that digital technologists g'nerallf
belong to one of two clubs: the software club or the hardware élub; ‘Stories
are legioa about thé probleﬁs of system design and operation due to poor or
nonexistent communications between these two groups and Ehe design interface
problems that can result from one group's failure to adequately addréss the
needs df the other. In this respect, we note that there is probably ﬁqre
experience with digital-based industrizl process contrnl systems than with
flight contfol systems, per se.

A particular digital control system is schematically‘illustratgd in
Figure 1. There are four parts to this system: the analog system conststing'
of the plant to be controlled, the control actuators, and the response Erans-
ducers; the digital computer, CQnsisting'of central processor (the "brain"),
a clock and a memory; interface hardware’for.aécomplisﬁing analog-to-§igi:al
convetsiohl(ADC)‘or’digttal—to-analog conversion (DAC); an input/output (I/b)
section consisting of mass storage devices, command and control devices, and
display devicés for communication to a human operator. Although multiplexing
is shown, somé signal paths may be hard-wired.

fhe system of Figure 1 is merely one of an i{nfinity of possibilities-~
although it is reasonably representative of current design practice. The

17
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sysfems organization for multiplexing and demultiplexing is arbitrary and
depenas largely upon the requirehents for system performance (speed of opera-
tion and accuracy) and cost constraints. Buffering and sample-and-hold

functions are implied but not shown on Figure 1.

Within the digital portiqﬁs of a system, communications take place over
"buses"; these are shown in Figﬁre'l as che broad signal paths to discinguish
them from analog signal paths. Thfee distinct signal buses are shown corre-
sponding to whether the information ﬁo’be transferred is a digital control
signal, data to be transferred to or from memory or’ mass storage, or a loca-
tion "address" in memory. . .Each bus is physically constructed of a number of
individual signal conductors (e.g., traces on a printed circuit boafd); each
element of a bus‘oniy transmits a "high" or a "low" voltage. Roughly a high
voltage will be from 2.0-5.0 volts and will represent a logic true or 1. A
low voltage will be 0.0-0.8. volts and will represéﬂt a logic false or O.

Other conventions exist. A.typical micro or minicomputer bus will consist of

_8, 12, or 16 such elements. The information carried by each element is

called a "bit," which is a contraction of binary digit. Eight bits make one
"byte." One or more bytes make a "word" (the number depends upon the design

of the CPU; this will largely determine the way the "memory" is organized). A

microprocessor typically has one word equal to one byte (eight bits); for a

minicomputer it may be 12, 16, or 32 bits; for a CDC6600 one word equals
60 bits. | '

To illustrate the traqsfér of information between the analog and digital
portions obeigure 1, consider that a transducet'signal equal to 12 volts is °

to be converted to a digital signal and passed to the4cgntrél prOCessor unit.

. The ADC requires thac the analog signal be scaled. This is generally done

much as one would scale an analog'cémputet simulation. For simplicity assume
chai the maximum transducer output is 255 volts and the minimum output is

0 Qpl:s. Further, assume that  the digi;hl signal ia to be transmitted over
an 8 bit data bus. Then we can (arbitrarily) decree that
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most significant bit

— least significant bit

0 volts, analog = 5555115551, digital

8 bits
255 volts, analog = -1111 1111 , digital o '
where the digital signals are expressed in binary (base 2) format; that is
01; = 19, 107 = 2,4, 11, = 3,5, 100; = 45, etc. Then 12 volts, analog =

0000 1100, digital.

The ADC, in accomplishing this process, introduces error. The most

‘obvious error is due to quantization; a finite number of bits are available

to represent an inﬁinity of analog values. In the present example the max imum

quantization error would be * 1/2 volt since 1 bit equals 1 volt. Another

"error is the delay time introduced by the ADC, including multiplexing opera-

tions. Tne principal hardware elements of modern multiplexers and ADCs are
transistors used as switches, tracking amplifiers, or comparators. Let us,
make a brief aside to consider the physical nature of digital systems hard-
wate, after which we shall return to the question of time delays in ADC.. .

It is important to realize that there is no such thing as true digital
herdware, it's all analog. ‘What we identify as the digital component response
(i.e., the high or low voltage output) is merely the steady state part of the
analog response. The digital device--typically constructed with a transistor-
network--has the distinguishing property- of having only two possible steady

states; i.e,, it is bistable. The transient responses of digital devices

look not unlike those of a linear filter when examined with an oscilloscope.

The normal modes, however, are in the megahertz range; the settling time is

- typically a few nanoseconds. The operation of ‘the ADC and, in fact, all the

digital process.mechanics require the sequential operations of many devices,

" all of which behave this way. The elimination of errors due to device tran-

sients (which could cause a high to be interpreted as a low, or vice versa)

.20
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requires that the next switching period not be initiated until all previous

transients have dissipated. ,

The switching intervals for all fhe digital hardware are determined by
the central processor's 'clock,'” shown in Figure 1. This clock, coupled with
the bistable device response, is a principal feature which distinguishes digi-
tal from analog systems. The clock has been likened to the crank on an organ
g;inder; the faster it is turned, the faster the music comes out. For ﬁhe‘
digital system, however, the crank can't be turned so fast that the analoy
portions of the digital device responses are not allowed to settle. The clock
signal can be any square—wavé;like signalf it is usualiy a crystal controlled
oscillator with leading and trailing edges squared up to yield precise timing
signals for the entire system. The clock frequency fixes the operating speed
of the digital system. Note, however, that the analog portion of the system
(i.e., the plant and its actuators) continues to responu to the current con-.
trol state regardless of how fast the digital system works. Thus, it is
plausible that control inputs due to digital ohtput "updates" could be applied
at just the wrong time so that plant responses are amplified raﬁher than sup-
pressed. This would be analogous to the case of sizable lag in an analog
control system. It is therefore intuitively plausiﬁle that, for given plant
dynamics, a mininum clock frequency is required for stable syétem operatioen.,

This intuitive notion can be made "rigorous"-via.z-transttm or similar tech-

. niques. One wonders, however, how mu‘h rigor remains following implementation

of tre necessary physical and mathematiical assumptions tequired‘to treat prob-

lems of any complexity with available analysis tools.

The clock frequengy is one of th siﬁgle most impottant'parameters'of a
digital cont>ol system{ It directly limits the bandwidth of system dynamics.
and system aécuracy and stability. e clock speed ig limited by the CPU

_'design and the sextling time of ‘the computer memory-—both state-of-the-art

iimitations.
1n order to perform an analog-to+digital conversion it is necessary that

several clock cvycles occur.  The exact number recuired depends upon the hard-
ware approach used in the ADC design, jupon the number of data bits used and,
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in some designs, upon Ehe properties of the signﬁl being converted. Sihce a
typical digital system clock frequency might bLe ébout 2-5 MHz (i.e., clock
period, T -)200—500ns), then the convéfsion time for a single channei of
Figure 1 would typically be 8T x (number of channels) = 20-40 us for an 8 bit
converter withllq multiplexed channels. This doesn't seem like a significant
effect (at 10 radians/second the‘cor:ésponding'phase lag would be only about

.01°); in faci, it isn't significant in this example. Howéver, the analog-to-

vt e

digital conversion time does put an upper iimif>oh the theoretical speed at
which the digital system can operate. Other, more serious, bottlenecks exist
to restrict the allowable speed of the digital controller. Among these, "slow

memory” is an important restriction on the system cycle time. In order to

o

execute a computer program stored in memory, it is necessary.to move the pro-

gram stored in memory into the CPU; the program instructs the CPU how to per-

.

! " form the intended control function. However, che'CPU may be visualized as a
,vast'network of on/off switches (they Héve been built with relays, for

! ‘ exanple). In order for the CPU to ":eadﬁ and 1nferpret the instruction stored
at a particular memory address, as many as 20 CPU ~lock cycles may be required.
If the clock cycle time is 250-500 ns, then the corresponding delay due to a
memory read operation is 5-10 us. Again, this doesmn't seem 1ike a lot; the

difficulty, however, is that many such operations are required to perform a

s e g it imenn new g

control function of any complexity.

These hardware‘de}ayslcoupléd Qith the "software bottlenéck" constitute
the basic restriction to the'speed at which a control law (or the eguivalent)
cah be 1mp1emén£ed. To this point we've §eal1y been talking only ebout time
'y ' delays in'a digital system due to hardware‘elemen:s. Once an'analog signal
~ has been digitized, it must generally be proéessed according to predetermined

F rules. These rules constitute the "software"; they are called the "~rogram"

R

and are stored in uwemory. Even the simplest of digital control systems will *
require that quite a number of memory read/write opeta:ibns be performed in

order to process the input, as data, into a controcl command.

b s

Consider a very simple‘digital control system. Assume that the process- ‘

ing required of the input data (the transducer o:tput) {s no more complex

than multiplication by a constant. This would occur, for example, if one
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wished to mechanize a pitch damper. How does one multiply two numbers? There
are two approaches. The first is to'output the two numbers to a special hard-
ware device which will perform the multiplication and return the result., It
isn't as easy as that, of course, but that's the basic procedure. The second
approach is to perform a software multiplication. This could be done-;buc
usually isn't--as a sequence of additions, for example. These are easy to
do; all central processing units are capable of adding two binary numbers.
The difficulty is that a great many manipulations may be required to do‘this.
A computef program for dividing two binary numbers is considerably more com-
pliéatéd yet. Typical times required for utility mathematics are given in

the following table for two extreme examples of computer performance.

%; Time Required.Microseconds

Eg Microcomputer! CDC6600
SYSTEM2
b Software Hardware

g i Qperation Floating Point . Floating Point

; Add 400 10 ‘0.4
AP Subtract 400 10 0.4
b Multiply 3,000 50 1.0
f Divide 5,000 100 2.9

lBased on Intel 8080, 7 digit precision (typical)
214 digits precision (typical)

.
BLIN L adhua
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" A complete software package for pérforming the atitﬁmecié required for .
imp}emehéation of advanced FCS laws might require several thousand compucer'
words (the "program"). Two or three thousand would be required just for the
elgmentary functions tabulated above and’ for the coﬁputation of basic trigono- .-

© metric and,ldgarithmic functions. Many more wculd be required for matrix

¥ "F’“ TR R T VR

Loty

.operationS'typically used in guidance functioms.

I R,
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So far, we've ignored the question of hoé to code a number in binary
. format so that it can be.codveniently used for'matﬁematical applications.
The result of the ADC, for example, must be properly coded in a manner con-
- sistent with the overall functional requirements of the system. Speed vs
: accuracy:trade-offs ate.inevitable at this point and their optimization is an
1mportant pgr;Aof practical éystem design. This is not a problem that can be
left gntirély to the programming team. The systems-reiated cost and hardware
aspects must be considered. Usually, a floating-point number representation

is use@; one of many possible number :epresentatioﬁs is illustrated below:

59 48 : 0

i | 11 bits 48 bits
e L —— =
v ' exponent : mantissa : binary
E M ' point

‘NB = (sign) Me x ﬁiE = floating point number expfessed
_ in base B

B = base of exponent (typically 2 or 16)

M = mantissa éigressed in base B

The floating point number representation in the language of the .CPU (i.e., in

" binary) requires a conversion from (usually) decimal input to the number rep-

resentation in the base B. This estgblishes the values M and E. Finally, M
and‘E are converted to binary and stored accordiﬂg to the illustrated format.
The, sign of the mantissa is éxplicitl§ indicated (sign bit = 1 indicates a.
negatiﬁe nﬁmber; sign bit = 0 indicates that M is positive). The sign of the
expénent E can Se handled with an ad@i;ionallsign bit or by other software

" coding techniques. The number representation shown is that used for single

precision on the CDC 6000 series computers. ﬁhén‘the-computer word length is
less -than that of the -software floating point number representation--and this' -

_ is the usual casc for FCS computers~~then more than one word must be linked

form a floating'point number. . The milifarized version of the DEC PDP 11/70,

- for example, is a 16 bit word length machine. The number representation shown

would not be ideal for it. It is apparent that the moreltotél bits used to
fepresen; a number in floating point format, the more complex the software,
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th» more memory required, and the slower the operating speed of the

controller.

When a transducer signal is converted to a digital format by an ADC, a soft-
ware penalty is incurred which, in the flight control context, can h.ve sig-
nificant effect on thé overall system dynamics. The digital output of the
ADC must be placed in the prescribed floatingbpoint format. This conversion
must account for the various scale factors involved in the ADC and other
physical units. For example, pitching veloéity 8 may be measured by a rate
gyro and the resulting signal (voltage output proportioaal to 8). supplied to
an ADC. Assume the ADC has a 12 bit word length, that the range of 6 is from
-90°%/s to +90°/s, and that the corresponding range of the —ate gyro catput is
-5 volts to +5 volts. The ADC resolution is

+5 - (=5

= ,00244 volts
212 '

That is, each binary digit produced by the ADC is ec 1l to .00244 volts of
transducer response referenced to -5 volts. The transducet scaling is
180 volts/degree/segond. 1f, at the end of a conversion cyc%e, the ADC
places on the data bus (Figure 1), the following binary number

1010 1000 1001 = 2697,

" then the transducer response is

-5 + 2697 x 12 « 1.58447 volts

212 e ' ' _

and the pitching velocity is

10

1.58447 .2 180

- 28.52 °/s

" If the accelerome:erlresponse is a nonlinear function of-é, then the cali-

brated response must be stored in the computer.(as a table, an equation, etc.)
and the conversion of. the ADC output is complicated by the requirement far
table loqk-upg, equation solutions,. etec. '
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In general, the control laws to be implemented are complex functions of
the rigid body Euler angles and their rates, the acceleration components,
angles of attack and sideslip, petformancelrestrictiogs (e.g., g~-limiter),
control aucthority restrictions, etc. All these physical quantities must be
measured, digitized, scaled, and operated upon in some manner by the digital
computer. The software which {mplements the control laws may require the
generation of trigonometric functions, coordinate transformations, matrix
inversions, the nuwerical integration of dlffe;enttal equations, digitnl
filtering, etc. These processesAare.all software-intensive. They can require
considerable memory size. Thev require execution times that are invariaoiv
significsnt with respect to the system dynamics that thev are intended to

control.

Figure 1 shows only one central processor unit (CPU). Another hardware
bottleneck of signiffcance to DFCS is that the CPU can only perform one
function at s time. When more than one actlnﬁ iz required (e.g., pitch aug-
mentation plus display update) the CPU must he time-shared between these
functions. This {s accomplished with a softwvare "executive"; this {s the
main computer program that, in effect, directs the use of the CPU, eatabdb-
lishes the priority of functions to be pe;foinéd. and controls the timing of

these functions,

iy now, {t should be evident that when complex control laws are to be
1mﬁlcnented (such as thouse invegtigated in the AFT! progresm), when. several
dcggeen‘of freedom are to bhe controlled, when sneveral modes of control are
involVed.'and when one central digital computer {= to do all this, then it {s
diffiicule to operate'ln.renl—txae (that of the analog process) without using
long cyé;v times, If 10 ms are reﬁui;ed for the software calculation of eash

axis| of the next attitude control update, 10 ma for the display update, and

10 mp for the artiftcal feel system, then the required cvcle .time {a S0 ma--a

sample frequency of-ZO'frnpen/neéond. This isn't fast enough {f one domln&nti

" mode| to be cont.ol'ed has & natural frequency > about 2-é Hz (allowing a

marzin for aliasing, noise, and other nonideal effects). Regardless ofv'
Shannon's wampling theorem, practical experience with real digital control
syatems (e¢.g., the C-130 gunship fire control) fndicates that a cycle fre- .

”

quency 5 or 10 tine- greater than the desired bandwidth of control is a

;b
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necessitv. While analytical techniques for the evaluation of this problem

will certainly improve, FCS couﬁutational comﬂlextty will continue to increase,

The cvcle time can be decreased by simplifying the software, gettiﬁg a

faster computer, or giving the CIU fewer -things to do.

Software simplifi{cations might be in the nature of truncating an infinite
series (¢.g., using sin x = x, rather than a more generally accéptable calcu-
lation) or replacing a numerical integration subroutine with one of lower
order/accuracy in the {nterest of gaining speed of computation. (It {s {nter-
esting that relatively crude Runge-Kutta algorithms are tvpically used for
performing numerical {ntegrations in modern aircraft simulator design; the
reason offered {s that this approach is necessary to achieve real-time speed
capability! oOne may be cxcused for feeling that the art of numerical analvsis
hasn't successfully infiltrated simulation technologv.) Hardyare solutions
mav occasionally havé‘a benefit here. Hardware floating point devices can
replace almost all software floating point calculations with a tvpical time
savings of about 50:1; theée add to tétal hardware acquisition and life cvcle

costs, but mav save on the overhead costs of dcveloping and veri{fving complex

software packages.

It isn't in the nature of thlnga'to expect that getting a faster compﬁtcr
will provide a lasting solution to any problem related to Insufficient CPU
time available. State-of-the-art CPU's appear to be fast enough to get the
basic job done. . The problem is managing their use; soméone can alwavs find
one more thing for the FCS computer to do. Evén a minlafurl:ed CDC 6600 would

be hard rressed to do all of the follovgng:‘

lmplement the basic flight control laws

°

e  Manage the flow of transducer data In and out of the CPU

. Perform guidance/navigation églcuiatlona. command and control

o Ccherntc'thc'pllot'u dlspluy/f!tght director logic, savmbology
and dynamics ' . : ' : ‘

® Compute data required $§ the fire control svatem

. Contro) the artificial feel syntem

] Perform system error checking

2}
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] Contain the multimode control law functions with automatic
suppression of switching transients, etc.

e Perform terminal navigation, guidance, and control for automatic,
coupled approach end lending

[ Interface the avionics, FCS, andApropulsionlsyscéms

) Accomplish FCS fault detection and perform redundancy management

In this context, however, it is worth considering that a miniaturized com-
puter in the CDC 6600 or IBM 370 class is forecast forllaboratofy use b§v1981.
This is visualized as a baseball-sized unit, cryogenically cooled to aear
absolute zero, and based on Josephson junction technolégy. Perhaps within
two to three generations of military aircraft, computer technology of this

gort can become part of the DFCS and completely elininate current size and
speed limitations. '

The development of aircraft and aircrafc syé:ems based on the concept of
functional integration at the leVél of'hardware des1gh seems to ‘lead naturally
to the concept of giving a central computer élmost everything to do. There

1s & modification of this concept, however, that seems quite stréightférward
and promiétng. viz., multiprocessing. With a multiprocessing control svstem,
there can be several CPUs. Each may have i{ts own memorv and buées_or these
hay be shared. The possibilit{es for system architectural arrangements are
Ilimitles‘. Each processor could be dedicated to onc or a few functions (e.g.,
longitudinal control or generating fixe control displavs for the pilot)

Each processor is glaved to a master CPU (executive) go that it merelv relavq
synthclized results over a data tus to the executive or to a peripheral device
(e.g8., to an nctuator) when commanded by the executive to do so; during the
1ntetvan1ng period betveen input/output cycles the slave CPU busily acquires
new status data and calculates the next output. Such systews could be marvel-
ously efficient. However, there has been telativeiyAlltcle attention given
to multiprocessor solutions to the FCS problem. The hardware and software :
problems may be more complex than those for a ainple CPU—however. this {s by

no means a certainty. The convqntionul approach to hatdwarclredundancy..hou-

ever, looks much more difficult Qithin the present state of the art. This
way be an ares where the concept of fault-tolerant digital systems hardware/

software design could provide enormou; practical simplification of the redun-

dancy broble-.

- 28
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Now, consider the situation where a pilot applies control inputs in addi-
tion to those of the automatic, digital controller of Figure 1, 1If the pilot
is tracking pitch attitude such that tie rms value of & is equal to 0.5%°/s (a

typical value for precision control) then, to continue the example, thc ADC

' ,wogld digitize the region from -U.5 to +0.5%/s into about 22 discrete segments

of .043%/s each (slightly less than one milliradian/second). Since the human
threshold for visual rate perception is about 1 mr/s, then it is plausible

that the pilot would be unaware of the effect of the digital controller so

" long as the resulting changes in  normal acceleration also are not detect-

able by him. If the computcr'uées @ or 0 information to drive o displav,
then the discrete changes in ¢ and 0 (as displayed) for successive updates
must remain bélow the pilot'slthreshold of percepciba if the handling quali-
ties are not to be degraded. This value ma} be assumed to be 1 mr/s of arc
subtended at the pilot's eye. It i{s apparent that there is a relationship

between the change in successive output steps and the frequency of this output.

The’ point of these heuriscic arguments {s to illustrate that a direct
relationshlp can éxist between the DFCS designer's choice of hardware, the
choice of control laws. their software implementation within the flight con-
tvol computer.‘and their impact on handling qualities. What is required of
the handling qualitleﬁ technology at this time is an assessment of these and
similar areas of interface between the handling qualities problem and FCS
design practices or hardware specifications. Proposed in this report are
handling quality requirements which address the DFCS issue as but a first

step in this process.
B, SUMMARY

There are several pointi where DFCS hardware or software can impéct the

‘ultlmatc handling qualltien of the aircrlft when used 1n the intended, opera- '

tional manner. Some of these are. discuased below: -

ADC Resolution

The number of binary digits used to represent an analog signal can have
a direct impact on zircraft handling qualities. In general, the smaller the
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word length, the less the resolution of the ADC, the coarser the discretiza-
tion, and the greater the equivglent noise injected into subsequent computa-
tions or data analyses by the digital portions of the FCS. In the above

example, a 12-bit ADQ gives 212 = 4096 increments allowabie for the analog -
signal,

The range of the ADC 15 very nearly arbitrary in many practical appli-
cations; it is defined in this report as the maximum minus the minimum values
of the signal to be digitized. The range is not an ADC property, per se. It
is used only for scaling of the digital signal. The range {s traditionally
selected so that the probability 1§ small that an out-of-range signal would
ever be encountered in piactice. The problem is that one can be tooléonserva—
tive. The scaling should be given very careful étﬁention within the context
of handling quality codsiderqtions. For a given ADC word lengtﬁ, the range
should be selected as small as possible to reduce the coarseness of the signal
discretization, If the range is large, in fact, due to system dynamics, then
discretization errors can be reduced by increasing the ADC word length. The

range, together with the ADC word length, uniquely determines the ADC resolu-
tion limits. ’

Control Roughness

When the period between control cosmand updates (cycle fime).by the CPU
is too long, the control output gpectrum will contain a high frequency,content
that would not be present in a functionally comparable analog system. This"
could degrade the handling qualities in much the same way as does turbulénce.
In effect, the pilot could try to ‘track motions ;nducedlbyrthefDFCS. In an
extreme case this could lead to amplifications of the motion and even inadver-

tent departure. Control roughness of this sort could be minimized by keeping .

. the cycle time of the DFCS less than some tolet.blc\lcvel. ‘Also, the use of-
Y firaq-ofder sample and hold on the bAC'outputh to control actuators might, ‘

in some casiu, reduce the undesirable high frequency components 1n'the.contfol’

output spectra.
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DFCS Phase Lag

The pure time delay contributed by a digital controller to system
dynamics is, to a first approximation, equal to that of an equivalent phase

lag. For a zero-order hold, the magnitude of this delay is one-half that of

the digital controller's cycle time. Thus, increasing cycle time (i.e.,

‘decreasing the controller update frequency) yields increased total loop phase
lag and either reduced' bandwidth or decreased loop stability; this occurs
independently of any considerations of haﬂdling qualities. The impact of
this result on handiing qualities can be severe’when the DFCS cycle tihg is

made less than some value (which is a function of plant dynamics).

When the outputs of a DFCS computer are used to drive a primaryAdispla&
_instrument (attitude, altitude rate, fligﬂt path angle, HUD flight director,
etc.) the DAC and video (or other) interface must be designed with particular
care. It is no ‘longer newsworthy to note that display dynamics can, under
the proper circumstances, become part of the pilot-vehicle system dynamics
With a computer

generated CRT or HUD the display dynamics can, with one exception, be elimi-

nated. The excepticn is the equivalent phase lag due to the display update

frequency. If this is fixed at too low a rate (e.g., because the CPU is over-
loaded with control dr'other functional requirements) then the display will
"jitter" unless the DAC ouiput is smoothed. In general, smoothing the display
control signals by low-pass filtering must be carefully done; the associfated
phase lag can severely degrade handling qualities and make precision tracking
impossiﬁle. More sophisticated.slgnal processing is desirable. This'problem
appears to provide a hatural application fc+ a mﬁl:iprocessor design., For"
example, this might consist of a "smart" display that can update itself with
high accuracy while the executive CPU is busy with other funcpténs. The )
functién'of.the executive then becomes one of updating the predictions of the

“smart" display. An intelligent display_of this sort would be part of a
multiprocessor syskeh architecture. .
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DFCS ARCHITECTURE

The governing approach to design of a DFCS must account for many factors.
This seems particularly appropriate when the DFCS is fully integrated with
.the display, avionics,'fire control, etc. An iterative appfoach to system
design would consider available hardware, the FCS tasks, any governing ﬂan-
dli&g'quality considerations that might impact the DFCS, etc. Single vs multi-
CPUs should be considered as alternatives. All these factors are interrelated
in ways that h#ve only been hinted at in this brief appraisal of the state of
the aft. The point to be made here is that hardware considerations which, in
another context, would be entirely esoteric can have a devastating effect on
handling qualities. Such effects must be carefully evaluated during the
process of systems specifications development, system design and system proto-'
type evaluation. An example of this miéht be the CPU instruction set; this
is the table of all user commands which, when properly coded into binary (ones
and zeros), can be interpreted by the CPU to execute a ugeful function--such-.
as‘adding two numbers or fetching a word from a particular address in memory..
Each CPU has a unique instruction set. The connection between the CPU '
instruction set and considerations of handling qualities may seem obscure;
one function of DFCS design should be to ensure that the functional connection
reﬁAins this way. However, if a particular CPU's instruction set should lead
to an FCS architecture which restricts system cycle frequency, and if the
resulting phase lag sufficiently Aegrades the handling qualities, then either
the CPV or the FCS architectural deficiencies should be identified and, if
necessary, changed. It is not sufficient to assume that FCS deficiencies
vhich‘are.identifieqlin flight test can be corrected by chadging the control-
ling software. this probably can't be done, in general; it can never be done

'succesafuily when the basic problem is a CPU that can't be driven fast enough

to perform the functions demanded of it. Since one doqs not merely prescribe
a faster CPU asia solutioh, such problems are inherently of an architectural
nature. .Multiprocessor approaches to the DFCS architectural design problem
look esﬁecially atfractive because they tend to unload the individual CPU and
'thereby lesve a lot of sof;wqfe options for final FCS control lgw:"twgaking"
in the fligh: test phase of a sttema development. In this context, standard-

ization on one single airborne digital computer looks like a mistake.
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Software-Degraded Handling Qualities

It was previously indicated that for a given CPU and a specifiéd DFCS
architecture the software design is restricted by the required system cycle
time, ot vice versa. The literature is weak in the area of equivalent noise
generation by discrete, numerical approximations to continuous systems. How-
ever, it s readily apparent that the transfer properties of a'digi;al con-

troller can often be approximated as linear with an equivalent noise component

" (the describing function approximation). Both the linear element dvnamics

and the equivalent noise spectrum will be functions of the detailed numerical
process mechanics. This may be illustrated by an examination of z-transform

models for various simple numerical integration algérithﬁs.a

In general, the use of discrete numerical algorithms for implementation
of FCS control functions will produce additional dynamics to the FCS that
would not be accounted for by examining only the original, continuous dynamics
that the digital controller is intended to emulate. The system dynamics are
dependent to some extenf on the numerical algorithms selected for control law
implementation. There is also a clear and very stréng connection between
accuracy of a numerical process and the speed required for process completion.
The rules for speed/accuracy trade-offs in DFCS architectural and software
design are dbscure. However one may choose to address the prqbiem of software
design, the effects of software selection and its 1mp1ementatioh within a
particular FCS couputer on system dynamics,and the handling qualities problem
should be carefully evaluated. ‘ ' ‘

The requirements for DFCS redundancy and’ system error checking may pte-

- gent special ditficulty to the handling quality problem——depending upon how

~

»
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_ this is done. In some past design studies, for example, multiple CPUs 'trade"

data at';he start of each new control qycle..'Theqe data are finqlly'avgraged
for use in later calculationms. Howﬁver, one CPU may be faulty or receive
spurious data yet remain on line provided it does not c@ncradict,the remaining
CPUs for more than a preset number of consecutive cycles. The result is that
all control calculations using these data will be degraded because the spur-b
ious data are included in the data averages; this misht look like poise
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injection into the control loop. Problems of this sort may often have an

-

intermittent, hardware origin; they may not be identified by software error
checks that were designed for catching the hard-failure condition.

Intelligent Sensors

There is little evidence in the literature of activity in the develop-
ment of "smart" sensors.

S R AT
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The usual (implicit) notion 1is that transducer
elements will be used to supply raw data to a central computer for implementa-

tion of control lays, control of displays, etc. However, with the advent cf
the microprocessbf it 1is now practical to consider'ldcalizing many basic data
calculatibns at the sensor, prior to bothering the executive. This would be

true for elementary sensors, such as a linear accelerometer, or for "sensors"
that are really complex gystems, such as strap-down inertial reference systems.

A “smart" inertial reference system, for example, might calculate the actual

N
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course and estimate the future course with no closure of a navigation'concfol
loop; when it gsrimates a course deviaticn greater than a tolerance value,
then it interrupts the executive CPU, requests a course correction, and pro-
vides an estimatr. of the control required. The obviouéybenefit of distributed

 processing of this sort to basic FCS performance and handling qualities is

" that more time might be available for the executive CPU to devote to the inner

loop control functions. The behavior of these will define the handling quali-
ties problem,

DFCS Transparency

- ' Adrcraft handling qualitiés are dependent on system functional perférm-

‘ance. Ideally, a pilot neither cares nor knows about the hardware or software
employed to perfoEz,:he flight control tasks.

The thrust of DFCS design
should be to ensure that all such considerations remain transparent to the

pilot. The accomplishment of this will require:

° Careful selection and fine tuning of cqnt:61 laws.
.

JOptimizatfon of the digital system architecture (including
selection of the CPU, multiprocessing, etc.).
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. Consideration of the effects of software, &s jmplemented in
the digital computer, on system dynamics.

. Sophisticated human factors d«sign of computer generated
displays and control manipulaters.

° Congideration of the impact of anelog-tc~digital-to-analog

' hardware specifications and seleccion on the DFCS performance.

)

Consideration of the potential degradation of DFCS performance
and handling qualities due to redundancy or error-checking
requirements during this portion of executive software design.

The DFCS concept offers enormous potential for both enhanced performance and

for colossal error. The problems posed by DFCS design are complex because,
‘at their root, they are systems problems. '

The future development of DFCS must adopt a systems approach in which

problems peculiar to the airframe dynamics, FCS hardware, software, control

manipulators, etc., are all given a balanced treatment. The pilot's role as
both a finalkjudge of system quality and as the operator must be considered.

To do this, handling quality specifications which address the design require-

ments for DFCS must be developed. A step toward that end is taken in
Section VIII. N
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Section IV

THE ANALYTICAL APPROACH TO HANDLING
QUALITIES SPECIFICATION--A CRITIQUE

A. THEORY

The field of pilct-vehicle systems analysis--viz. pilot modeling and
"prediction of sysﬁem dynamics énd performanée«-was thoroughly reviewed and
critiqued in Reference 1. Since then, Onstott!? has continued his studies of
pilot dynamic modeling in two axis'tracking. The interesting feature of
Onstott's work is its time domain orientation, Hessuf12 has continued his
studies of the pilot model introduced by Smithlj'l“ and confirmed its value
as a tool for unifying the entire base of singlé axis tracking data and for

understanding the character of the classic servo model3 and the origins of
its parameters. »

It is noted in References 1 and 9 that neicher pilot~vehicle system
dynamic response nor system performanée necessarily determines the handling
quality problem. These things are closely related to vehicle handling behav-
ior. However, the availability of analysis methods that enable the prediction

. of dynamics and performance of a pilot-airframe-fcs'does not lead automati-

cally to the prediction or assessment of what we call handling qualities.
- The question of the validity and consistency of subjective rating data
for handling qualities was considered in References 1 and 9; it was concluded

that there ig no basis for believing that Cooper-Harper ratings--properly -

obtained--are not adequate measures ég-handling qualities. The bhiloséphy in
this report is that pilot opinion rating is the only acceptable, available
mathod for handling qualities quantification. The Cooper-Harper scale has

its defiéiehcies; they are not restrictive so long as the evaluation pilot is

well indoctrinated in the use of the scale and an adequate experimental
design is provided. These are practical restrictions which create some of

the confusion. that seems to exist about the validity of pilot opinion as a
handling qualities metric.’

36
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This philosophy was developedAand pursued in Reference 1. A physical
theory for pilot opinion rating (and, thefefore. handling quaiitiés) was
derived from that philosophy. The derivation waé founded on years of prior
research by many investigators on measuring human dynamics and pilot model
development; it was not another ad'hoc effort; The theoty of Reference 1 is
the only physical theory for pilot opinion rating that i{s known to exist. It
suffers from one major, practical restriction: an adequate mathematical model
for pilot dynamic response does not exist for exercise of the theory. The
optimal control model for pilot dynamics wvas usedllwith some success for the
analysis of existing data; howevef, the lack of a universal cost functidnal
severely restricts the use of the optimal control model for handling qualities
prediction for aircraft with nonclassical dymamics.

B. EMPIRICAL

There exist several methods for handling qualities prediction that are,

in essence, empirical with ad hoc origins; The better known of these are:

c*ls
TRP16
capl?
Neal-Smith Criterion6 20
McPilotl8

Paper Pilo;19

Mayhew?!

The first three are time respohse methods; they relate handling qualities
to parameters of aircraft time reéponseb The others are frequency response

. methods, they use a model for pilot dynnﬁics, perform a loop closure and use °

:he results for handling qualities ptedictiou. [Reference 20 contains an
open-loop, aircraft—only version of the original clogsed loop criterion of
Neal and Smith.] McPilot is based upon Anderson's Paper Pilot concept; the

‘ldttér was reviewed in Reference 1 and won't be éonsidered further in thire

report. Mayhew's work 13 a modification of that of Neal and Smith; he
employed the equivalent short-period model for aircraft/FCS dynamics and
developed a set of revisions to the short-period dynnnic requirements qf
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MIL-F-8785B. He also eliminated pilot dynamic patameters'from his refornu-
lation of the requirements; the results are given in a fo;mat mucn like that -
of MIL-F-8785B but with a data base that includes highet_orcer eystem,dynamics.
‘He adds one more parameter: time delay. Earlier references to Mayhewls;work
exist; that contained in Referencel21 is the most topical and the most readily

aveilable.

Tobie et al.38 deQeloped C* boundaries corresponding to thevCornell
Aeronautical Laboratory "bullseye" boundaries of frequency and’demping ratio.
These were later revised by Kisslinger et al.“" Reference 6 contains a
critical evaluation of é* based upon extensive flight test data."
Coursimault?? also evaluated C*. In each reference, it was.concluded‘that
the C* version investigated was not an aeequate basis.for the prediction or
specification of handling qualities. The Neal-Smith criterion has been
evaluated by Coursimault,22 Wayhew 1 and Brulle and Moran,2§ the results are
inconclusive. One difficulty with this. criterion is that an a prioti specifi-
cation of pilot-aircraft system bandwidth must be made. In some cases, the
resulting prediction of'handling qualities is very sensitive to the bandwidth

selection. Examples of this are given by Mayhew.21. There is ample evidence

that closed loop bandwidth is not a parameter that can be specified on any

a priori basis. One of the principal results of Keference 3 was to show that
bandwidth is systematically dependent upon controlled element dynamics and

the spectrum of disturbance input.v There is no provision in the theory of
References 6, 20, or 21 to account for this dependence of bandwidth on aircraft
dynamics or turbulence spectrum. It is also true that turbulence properties,

per se, are nrot accounted for in this theory. Mayhew's justification for use

‘of this approach for the development of handling qualities specifications is

that the theory is to provide only a guideline for the collection and inter-
pretation of handling qualities data. In his view, the specification of

 short period dynamics, for example, would be revised by ‘increments as new

data become available; the Neal-Smith—Mayhew model would serve this revision
process in bootstrap fashion. Thus, the theory would be used primarily as a
sophisticated curve fitting technique.
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The use of any theory--sophistiiLated or crude--for the basic purpose of

data interpolation or extrapolation car only be justifi:?! for handling

qualities specification development if a sizable data base exists, or the

theory is based upon physical principles and is not ad hoc in character; for

such a theory, a minimum of supporéing data are required.

It is already apparént that the acquisition of handling qualities data
will probably continue to lag systems development; .egardless, there never
seem to be sufficient data. It 1s also quectionable whether advanced air-
craft-FCS can be psrameterized in some way that would permit convenient and ‘
acceptable updates of MIL-F-8785B. There exists, however, a social phe;

nomenon that might be called the "equivalént systems juggernaut" that has

attracted a substantial following.

Briefly, the equivalent systems concept is as follows:

(1) An aircraft control-response relation that is describable with a
differential equation of order n can be described in some sense

with a differential equation of order less than n.

(2) For short-period aircraft pitch attitude response, the equivaleht

systems model is

N Kq (s + 1/TE) ~TgS .
F_®) "l 2] ¢ l
s s[s‘ +.2CENE s + NE] i ‘

This form was selected so that in the limit as the system dynamics due
to control augmentation become of sufi.ciently high bandwidch the model
reduces to that of a classic aircraft with no con:tibu;ion of controls to the

short-period dynamics, i.e., to

K (s +.1/T :).
-g—(s) = —e-'-.' \ .b e’
s s [%2 f 25w + @ ]

sp sp $ sP,

-39
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(3) The effect of higher order systed dynamics, due to the control
system, at frequencies of interest toc manual contral is therefore
embodied in

~ the equivalent system time delay

E
. modificatioq of the airplane-only'short pericd parameters

[ ] T

ng', CSP, and Usp.

(4) Four parameters (TE, CE' wy. and TE) are required to represent the
' pitch attitude dynamics of any higher order system-~-versus three
for the classic airplane (for which ¢

is negligible).

E has either been ignored or

(5) 1If the requirements of MIL-F-8785B for shért—period dynamics are
reformulated in terms of . the classic parameters, then the addition
of the fourth parameter (rE) required for the equivalent system
model can be easily accommodated without further qualitative
revision to the format of MIL-F-8785B.

Mayhew's recommended revisions?! follow precisely this philosophy. -A

good summary of the equivalent systems approach is contained in Reference 24.

The value of the’éqﬁivalent systems model is purported to be that it is
applicabie to aircrafc-FCS dynamics of any order. While it is true that the
model can be fitted to arbitrary dynamics of higher orqer, it is by no'means
clear how this will assist in the resolution of the handling qualities

problem for aircraft of these sort. We repeat:

o The cap&bil;cy for predicting or measuring aircraft or system
" dynamics does not imply that estimates of handling qualities will

necessarily follqw.'
<'Two intrinsic difficulties with the equivalent systems concept are: (1)

"How does one uniquely determine its parameters, given higher ordet system
lities

dynamics? Is uniqueness necessary, in fact? (2) Are handling qu

40
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uniquelyv defined by pitch attitude dynamics? Do we require supplementary

13
f.
3
k
i
*
!
»
k
¥
3
£

equivalent svstem parameters for normal acceleratfon or other responses to
complete the description?

There ‘are various schemes used for determination of the equivalent

system parhmeters; each can vield significantly different results. There is

no standardized method for selection of the model's parameters. One approachv

is to fix 1/TE - 1/T9, (the airframe-alone value} and then select the '

1 _ remaining three par.meters tévnintmize the fit error in some sense. The

results can be qualitatively different (in terms of handling quality {mpli-

3 ' cations) than those obtained with all parameters free. An even more trouble- |
some condition océurs when the control system dynamic effects do not dominate
the aircraft dynamics, but the aircraft'rgspbnse is nonclassical. This is
known to occur for the F-15 {n asvmmetrical flight conditions'(eig., in a

- wind~up turn).“ The F-15 has what appears to be the usual short-period and
phugoid modes. However, a new mode exists that appears to result from
lateral-directional coupling. Thé frequency of this mode 18 not much greater
than that of the shcrt-pérlod. —There is no evfdence that this mode nec-
éssatily degrades longitudinal handling qualities. In order to apply the
equivalent systems model to dynamics of these.sort. either the model or the

fitting rules would have to be changed; othervise the fic errors might be
gross, '

A T T

It is recognized that a clever annlyst.cin aiv-ys find a path around
obstacles of these sort. Still, it is difficult to see how, in the absence

.of a unifying thcory; such problems can be broadly-nddfeoncd for resélution
. of the problems of MIL-F-8785B. ' -

Th; PIO theory of Reference 2 and the stick pumping theory of °
References 13 and 14 emphasize the importarce of normal scceleration as a
piloting cue-at least for those tasks where path control is critical to task
performance. Alio. vith modern HUD concepti or integrated diaplay-FCS the
pilot may haic no pitch attitude cue. The ususl application of the equivalent
systems model contains no provisions for handling qualities Analyntn of such '
cond{tions. Dual models for both pitch and norlnllnccclcrntion‘dynuntcs have

y
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apparently been tried for limited studies with some success (McDonnell-

Douglas) but the work is unpublished. If two such equivalent system models

are required to shtisfactorily address longitudinal dynamics and handling
qualiries, then the impact on specification development is serious; eight -
paraﬁeiers would be required, in general, plus standardized rules for parameter
estimation and a sizable data base to establish the handling qualities connec-

“tion. Surely a morevdirect approach to the problem is possiole.

The equivalent systems approach to modeling higher order system dynamics

may create as many problems as it solves. It is conceivable that handling

qualities prediction methods based upon the philosophy can be devised and
‘that these can be used to support airframe or FCS design trade-off analyses;
this may even have been done already, on a proprietary basis. However, such
methods are artistic and ad hoc in character; this situation will not change
‘until the true hﬁndling quality parameters are identified. It is difficult
to imagine that methods based on the equivalent systems concept, given the

current state-of-the-art, can be sgtiéfactorily implemented to update MIL-F-
8785B. . ' |

The complexity posed by frequency responge methods, in general, makes
time response methods look especially attractive by comparison. Abrams' TRP
(time response parameter) is evaluated in Reference 23 where it is concluded

Ehnt, for inexplicable reasons, the method seems to work surprisingly well;

- 1t 1s, however, not-appiicgble to those cases where the aircraft step response

is overdamped with zero dead time.23

ReferenceiiJ revlévs'most of these and other handling qualities methods

_against a data base obtained during the F-15 develcpment. It was concluded .

that no existing single criterion will suffice for the prediction of aircraft
handling qualities. ‘ ‘

It should be noted that analysis méthods based on the Neal-Smith crite-
rion and C* are in routine use at various companies to develop flight cohtrol
systems for real airplanes. - There is a clear and preé.lng need for methods

of this character. The simplicity of the time response methods, in particular,

has a tremendous appeal for use in design studies.

42
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The time reéponse methods (TRP, C*; CAP) are based ca intuitive aotions
about what features of aircraft response to control are desirable. The
general success of these methods is an indication that parameters such as
rise time, overshoot and dead time may indeed be closély related to a pilot's
opinion rating. However, the connection that will link the physiéal problem

with the tools of rational analysis has yet to be made; an attempt to do so
will be made in the next section.

C.  SPECIFICATION DEVELOPMENT

Let us imagine that one or all of the above methods proposed for handling
qualities prediction is cémpletely successful. How, then, would this predic-
tion technique be implemented to develop a better flying qualities specifica-

tion? There is no obvious answer; the probien is technically complex and
embraces important nontechnical issues. ’

It cannot be emphasized too strongly that the specification of airctéft
design requirements for acceptatle handling'qualities i3 an altogether
different problem from that of designing an aircraft td'ﬂave acceptable
handling. We recognize that this is not a pbpulat viewpoint; however, the
prevailing alternative viewpoint is responsible for much-bf the current
specification dilemms for advanced FCS.

Any method is acceptable for the design and develobmeﬂ:iof an aircraft-
FCS so long as it leads to acceptable results. This 1s not a tautology. Any
degign approach willlentail a certain number of iterationé; Thus, methods
for handling qualities prediction such as the Neal-Smith criterion, C* or TRP
can all serve a useful function in the design process 1f they enable the

transition of a FCS from the pencil and paper stage to hardware déveldpment.

One dlngerlin using analysis methods such as these f&r.systems desigﬂ is
'that candidate FCS decigns that might have real merit to sysiem performance
enhancement, reliability, cost, or handling qualities may be thrown out
because of deficiencias in the analysis method. Poor systems may also be’
rétntned; these however, will (or should) be so identified later in the

43

T
Downloaded from http://www.everyspec.com




v e . e

e e

e, memrrn A n s

Downloaded from http://www.everyspec.com

b 4t L

design cycle-~perhaps in the simulation stage. Examples of both cases are
given by Coursimault?? and by Neal and Smith.® There is a definite overhead
involved, therefore, wiﬁh the use of handling quality tools that are lacking
in baseline precision. So long as the next generation of FCS looks much like
the last, then the design methodology may not be all that crucial to the

result.

For design acceptability an engineering specification must be right in
an abgsolute sense. It is true that MIL-F-8785B is a design guide of sorts
(it all depends upon cne's concept of a design guide). But to view it only
in those terms is to ignore the reasons why such specifications exist at all.
The intent of MIL-F-8785B is to provide the desired functional performance of
the pilot-vehicle system. This. however, is .not easily done in any direct
quantitative sense without prior identification cf a physical, measurable
description of handling quaiities. ([The U.S. Army specified fot the Wright
Flyer, Model B that its flying qualities be safe and satisfactorv for comple-
tion of tﬁe intended mission.] There is, as yet, no satisfactory measure for -
handling qualities other than pilot opinion rating; but that, for reasons
that are well known, is not an accebtablé metric for use in a design specifica-

tion.

The philosophy of MIL-F-8785B rests upon the implic;i uge of pilot
opinion rating to "map" airframe dynamic parameters into regions of accept-
able or unacéept:ble han§11ng qﬁalitiee. This approach has never been
entirely successful; exceptional cases, at both extremes, wﬁich violated MIL-
F-8785B and its predecessors have llwaya'exiéted. The relationships between

" handling qualities and modal response parametérs of the classic aircraft

(C‘P Wep? La, etc.) have been empirically derived with some general guidance
’ N -

_from the technology of pilot-vehicle systems nnalysisf The problem, in
essence, s that a reliable method for the prediction of pilqt opinion .

rating has not existed.!

The art of pilot-vehicle systems analysis was developed in response to a

' clear need to predict troublesome handling qualities problems and develop

design specifications to avoid them in practice. It is therefore Lroﬁic that

44,
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the analytical approach to handlipg qﬁalitiesﬂhas had so little impact on the
handling qualities state of the art. Reasons for this state of affairs are
complex and many; those that bear on the philosophy of research in this

problem area are discussed in Referance 1.
D. THE METHOD OF REFERENCE 1

" Reference 1 presents gn;gnalv;ical approach to the formulation of

handling quality specifications. The approach proposeaiwas straightforward:

(1) Develop a refined model for pilot dynamics which is capable of
unifying the lqose ends of the available data base and which

eliminates'thé,ﬁystiQue of the "adjustment rules" of Reference 3.

(2) Establish a rational connection between this model and pilot
' opinion rating; use this as a basis for a physical theory for
handling qualities. -

(3) Map aircraft-FCS parameters into regions of acceptable and
unacceptable handling qualities in a manner similar to the format
of MIL-F-8785B. ' '

A metric for the correlating and prédiction of pilot rating was devised
in Reference 1 for the control task of pitch attitude stabilization. The key
to the success of :hil'uprk‘wau the realization that state-of-the-art models
for pilot dynamics are Aeficie@t in both philoiophy and application. The

- character of the required pilot modél was presented; it could noﬁ be suitably

. paraineterized with the tine and resources available for use &s a tool for
cn;indcting analxoio. The principal product of Reference 1 was a'cyitical
perspective on the nature of thg'pilot.a-‘i cbhcroliar. In lieu of & unified
model fbr pilot dyganicu. the applicaticn‘of the concept proposed fcr the
'prcdictién'of POR requires use of the optimsl pilot model. . This, for reasons
31acun-cd in Reference 1, is a hard limit on the practicnl.utility of the

method for handling qualities prediction. This model is structurally depiéged

in Figure 2 for the case of single axis control of ﬁitch ittitudc. The
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signal B is an abstract representation of the response of the central
processes (cortex, thalamus, etc.) to error rate; it is a command to the

neuromusctslar system and is therefore representative of that portion of the

pilot's control response devoted to the control of errors in attitude rate.
For reasons that are completely explained in Reference 1, the rms value of
the signal 8 is hypothesized to vary directly with Cooperuﬂarper rating for
continuous tracking tasks, confirmation of this hypothesis s given by
Figure 3. These results. from Reference 1, were obtained.by .using the

optimal pilot model to predict o, for the configurations tested by Arnold;’

these same cases had been flightszested earlier by Neal and Smith.S It was
concluded in Reference 1 that the variation of an with Cooper-Harper rating
shown in Figure 3 constituCes a "calibration" which may be used for the
prediction of pilot rating for single axis pitch tracking for any aircraft or

FCS dynamics.

The power of the hethod proposed in Reference 1 is its foundation on
physical principles and, hence its universaiity. The method is not restricted
by aircraft or FCS dynamics; it applies equally to classic or nonclassic,
linear or nonlinear system dynamics. The functional re;ation betdeen Cooper-

" Harper ratings and o,

_ Bq
a psychophysical continuum. This function provides a basis for the develop-

is hypochesized,to represent a first approximation to

ment of design specificacions for short-period longitudinal handling qualities,

as follows:

Classic Aircraft-FCS Dynamics

CMGe ( + ;/;92)

2 s +
gsp wsp sp/

The Visual Loop

(1) Use the optim&l control model for representation of human p’lot
dynamics; the a&propriate model structure is that of Figure 4.

T P B A P 4G § o, b
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The pilot model controller gains are selected to
minimize the cost functional, J = J(oe, e , 0:.)
. q Sa”
Figure 4. Pilot-Vehicle System Dynamics Model
trol:

for Short-Period Pitch Attitude Con
Classic Aircraft-FCS
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-(2) Use the cost functional

2 | 2

J =70 02 + 7 0% + Ros
6 q §

es

This cost functional and the rationale for choice of R are based
upon the work of Dillow and Picha.“3

) Vary the mode parameters llTez, Csp‘ and wsp in systematic fashion.

. For each combination estimate OBq using the optimal pilot model;

from this estimate pilot opinion rating from Figure 3.

(4) Vary turbulence intensity if the effects of turbulence are to be
incorporated into the design requirements of MIL-F-8785B.

(5) Cross-plot the results in any desired mahper to define the Level 1,
2, and 3 tégions of handling qualities. If llTei is subscituteq for
n/a then revisions to MIL-F-8785B could be made to closely follow
the current format (paragraphs 3.2.2.1.1 and 3.2.2.1.2).

The-Motidn Loop'

The above approach to specification development directly treats only the

visually controlled pitch response dynamics. Kinesthetic cue effects are
implicitly ignored since the method Is based upon a trecatment of the Arnold’

'data base which was obtained from fixed-tase simulation. ([The effects on

handling qualities of motion cues (; and azp) are embodied in the pérameters
n/u and CAP = wg 2/n/a in MIL-F-B?BSB ] It is proposed that the concept of
che essential role of motion cues in handling qualities, presented in
Reference 2 be used to modify handling quality boundaries derived for MIL-F-
87853 derived from considerations of visual tracking alone.

There is considerable appe@l to ény method that permits the*clgssifi-

- cation of handling qualities according to the Separate effects of Qisual and
"motion cues. If this can be done for classic aircraft dynamics, then the
_extension to advanced FCS with decoupled modes may be very natural.

' 50
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(a) No motion cue effects; tsp = constant
_Ssp_® conatant

 NO ADVERSE ERRSCTS OF
3 MOTION ON NANDLING

1} ,T"'

(b)  Boundaries Imposed From PIO Requirements

Figure 5. Handling Quality Requiremencs
Derived From Pilot-Vehicle Systems
Analysis (Schematic Only)
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Figure 5a is a8 schematic depiction of short-period handling quality
boundaries that could be -obtained by the procedure outlined above for visual,
fixed-base tracking. The choice of par*aeéér space is arbitrary and is only
for the purpose of discussion. Each point of the figure has an associated
set of closed-loop pilot-aircraft dynamics; these can be estimatea through

use of the optimal pilot model.

For those parameter configu&ations,that produce a sufficiently resonant

closed loop, the method of Reference 2 can be used to identify reglons where
PIO would be a potential problem. Note that this is only possible because of
the un}que relation betwéen 6 and azp response dynamics for a classic air-
plane at a given speed Uo; that is, the parameters that establish the 98
response will also establish thg azp response dynamics since for classic

airplane dynamics

a, sU /T .8

—Rs) ¥ =22 « = (s)

F X F -
s s + 1/'1'ez S

The essence of the PIO analysis method is that the az loop dynamics
must be stable at a crossover frequency equal to the pitch loop resonance
frequency, including pilot dynamics. Thus, the no-motion boundaries of

Figure Sa,wou}d, themselves, be bounded by the reﬁuirement that no PIO

terdencies exist. [The PIO spécification proposed by Smith? and published in

Reference 21 accomplishes this same result for any airplane dynamics.] A PIO

boundary could then be superimposed on the no-motion requirements; this is
il ustrated in the sketch of Figure 5b; note that the PIO boundaries are
speed dependent.

In general, goiion can degrade haﬁdling'qualicies without necessarily
praducing PIO tendencies.’ It is plausible to hyppthesize that if zero or

negative phase margin of the az, *+ Ps loop at the resonance frequency Qf

. pitch attitude lobp closure leads to PIO tendencies, then for sufficiently

positive phase margin at an appropriate azp - Fs bandwidth; motion cues

shduld not degrade handling qualities obtained from fixed-base simulation.

‘Thus, a motion cue boundary mightlbe superimpbsed on the basic attitude
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control dynamic requirements as illustrated by the dashed curve in Figure 5b;
this motion boundary is also speed dependent. The "appropriate" az, * F,
bandwidth would be equal to the crossover frequency for pitch attitude

control.

This approach to the categorization of the effects of motion on'short-
perivd handling quality tequitements'will be further examined in Section VI
wheré will be shown that sufficient flight test data exists to support the
hypothesis that the phase properties of azp/Fs éan be used ro determine
whether motion degrades basic short-period handling qualities in the manner
of Figure 5b.- ‘

Higher Order System Dynamics

The method described above for the grediction of handling qualities
applies equally well t6 classic or nonclassic aircraft-FCé dynamics; its
accuracy is limited only by the vélidity.of the concept on which it is based
and by the accuracy of the POR(qu) "calibration" of Figure 3.

1f ome accepts the validity of the method of Reference 1, then the
difficulty posed by nonclassic dynamics is really 6nly one of specificétion
format. There is no obvious best way to define the dynamics of a higher
order system in a manner that is completely general and suitable for use in
an eﬁgineering design specification. However, if the equivalent systems
concept is accepted then the method is, in principle, easily applied to

accommodate higher order system dynamics.

It is reiterated that the equivalent systems model has absolﬁtelx

nothiﬁg to do with .andling qualities, per se. It is nefely a device for the
approximation of higher order system dynamics with a naar¥classical form.
The probleﬁ of relating handling qualities to the eqqualen: System parameters
is unchanged from the classical case except that there is now one #dditional
parameter to be considered--the equivalent time delay. The current popularity
of the method is that it is purported to enable the retention of a;moét all

" of the current specifications of MIL-F-8785B. . B '
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The ahove method, extended to the case of nonclassical dynamics, s as

follows:

The Visual Loop

(1) Use the equivalent systems concept as a mesas for standardizing the

aircraft-FCS pitch attitude dynamics in a canonical form, {.e.,

. \ '
0 (s = kﬂ 5 + 1/TE’ TS

R - R g - 4
F s (s + -cEmEs + wE\

The equivalent qvetem parameters C*. w TF' and 1, are to he

E* E
-derlved in any convenient mnnner ln order to obtain a best fit, ln

some frequency domain sense usually of ‘the nctual transfer function,
(2) Estimate pilot opinion rating as a function of the equivalvnt
system paraceters exactlv as was proposed nhove for classic

dvnamics; there is now one additional system paramoter—-ra.

The Motion lLoop:

The effecta of motion cues on handling qualitfes and handling quniltv
rcquirements cannot be accommodated in precisely the same way as was sug-
gested for the classical conditlon. The difflcultv ia due to the lack of anv

., canonical relntion between the transfur functions — («) and F’n‘“" that i=s
R 8
0 .
Wy s cé. L from F oay not givo a good fit to ?Fﬁ When — (s) ia approxi-
s -a
naced with tl:» equivalent systen model then, 1n general, thts approxlmntion

contains no irformation about the 8z, Tesponse dynamics. .

[t ‘has been suygested (privﬁfely) that two equivalent aystems models he
used to nlnultnnoodnly £1t both 0 and u:p dvninica. Thla author {s not
" enthustastic about further conpllcatln; an already cumbersome - approach to the
devclopment of design specifications.: This approach would require as many as
nine independent parameters for the description of ahort-period dvnamic

response if nonsingle point control systems are to be admitted.
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It is worth noting that the possible degradation of handling qualities
due to normal acceleration cues could be entirely ignored provided that the
PIO.criterion of Appendix 1 is enforced. That approach would permit the use
of the equivalent systems model for pitch response and avoid any additional
requirement for approxiﬁating normal acceleration dynamics. Any specifica-
tion devised with that approach would, however, be unable to identify shert-
- period dynamic configurations that have unacceptable handling qualities due

to the effects of motion but which are not PIO prone. It is not a recom-~

mended approach.

' Requirements for Aircraft Class
or Flight Phase Category

.The above approach for the use of the tools of pilot-vehicle systems
analysis for deQelopment of handling quality spedifieation provides no
obvious mechanism for discrimination of effects due to vehicle class or
flight phase category. :The method is based .upon the fdnctional_relation of
Figure 3 bereen POR and °8q which str?ctly applies to Class IV, Category A
conditions. It is presumed that the approach could accommodate all classes
and categories by modification of:

® the POR (csq) curve--as by new, extended simulation expetimeﬁts.
° the cost functional J, or,

) the equivalent input thresholds to :helpilo: model.

Any of the above could account for the various piloting requirement
sﬁecifies associated with flight pﬁase or class. There is no available
method for the implementation of these notions at the present time; it is
uncertain whether this,ceuld be successfully accouplishe& uslng'the optimal
eonttol model. The cost functional selection involves qufficient black magie
alteady, it may no: be practical to modify it at the level of detail required
to obtain the required resolution for .the prediction of subtle handling

qualicy effects such as would be required for the discrimination of Class or
Flight Phase requirements.

© 55
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plete contrast wirp the Paper Pj

" wht

ling qualitieg of aircraft size,
, feel, and sanipulator Properties,
This is no easy matter, '
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and specific rask
requirementg, '

E. A ROLE For PILOT—VEHICLE SYSTEMS ANALYSIS

f Referénqe 2 (summarized in the Appendix). The
dvnamicgs enabled‘the derivattqn

of a Phvsical .

Thus, the theory of pro ts' independent of
osophy from which it is derived,

eory for the pin phenomenon,

The phvaical -
specification for engineering ‘

with which {¢ originated., Thiy {4 in com-

lot concept and, to some extent, with methods

ch hcve>ehployed the equivalent éystems concept,

56
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We conclude, therefbre,.thét handling quality speciftfcations should be
independent of pilot-vehicle systems analysis methodology; these are merely a

'means to an end. The tools of analyticél handling qualities may be used to
understand or correlate data and to aid in the design of experiments; however,
their only real use for the support of specification development is to assist

(bootstrap) in the evolution of physical principles on which what we chodse

to call the handling qualities technology is based.

An analogy méy serve to illustrate the point. Consider that Newton
never existed; Kepler's laws would remain valid for the two-body condition
- but the.extent of their vaiidity would be unknown: How, then, would one
propose to plan and conduct a lunar landing? It could be done, but at
greatly increased risk and uncertainty. Simulation, for example, would seem
all but iméossible. ‘

As a further 1llustration, consider that one of the establishgd rules of
thumb of aﬁalyticgl handling qualities requires that the pitch attitude
response resemble Kc/s in thelviéinity of the pilot-vehicle system crossover
frequency if handling qualities are to be optimum. There are substantial
data to support this criterion. There is prcbably also a physical basis for
dt-=-but that hasn't been determined. As a result, we are unable to say
whether it should be the amplitude, the phase propettiés, or both, of the
aircraft dynamics that should most closely resemble Kc/s; also, there is no
~clear basis for quantifying how "close" to Kc/s the dynamics should be to
avoid degraded handling qualities. We have no physical principle to establish
precisaly why the form Kc/s has some distinct attribute to handling quali;ies.
In the practical world of airframe and flight control system design, criteria
of this sort are of no more than modest vaiue. Usually, a penalty muéf be

- ' exacted if system dynamics of this form are to be achieved.
F. CONCLUSIONS

4 : (1) The approach outlined above in Paragraph D appears to be feasible
in concept, but troublesome to implement directly:

57




(a) It relies upon the use of the optimal control model for pilot

(b)

(c)

dynamics, The validity of this model is highly conjectural;
there is no physical basis for presuming the pilot to be an
optimal controller. We can't even agree on what '"optimal"

means. The use of the model in past work has been in the

" nature of a sophisticated curve fit technique--no matter how

well-disguised this may have been. In its present form, the
model is probably overparameterized. However, as was demon-
strated in Reference 1, if one has data and a physical thecry,
then the optimal control model may be a satisfactory tool for
quantifying‘the theory. ic was concluded in Reference 1, in
fact, that the optimal pilot model is the gglz state-of-the-
art model capabile of general use for the prediction of pilot
opinion rating vig the, physical theory of that report.

A ninimum of four paraﬁeters are required for the definition
of pitch attitude dynamic requirehents in terms of th¢ equiva~
lent systems model for higher order system dynamics. These
requirements must be further modified to account for normal
acceleration effects on handling qualities. The method pro-
posed méy teﬁuite more data than exists and also require the
extension of the equivalent systems concept to address normal
acceleration dynamics 1f advanced FCS requireﬁents are to be

generally covered by specification.

The equivalent systems approach to the canonical treatment of

higier order system dynamics requires a standard method for

its implementation. There is no standard for the derivation
of equivalent system parameters as yet. For aircraft in

:asymmetric flight, coupling between longitudinal and lateral-

directional dynamics can create new dynamic modes that could
not be fitted with the equivalent systems model as it now

exists.
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(2) Time domain models fcr the specification of handling qualities have

()

%)

' qualities, and with almost all analytical appréacheq to specifi-

a certain visceral appeal--especially after wading through the
complexities of frequency domain analyses. However, there is no

physical basis for any of these other than an instinctive belief -.

that some balance must exist among 8, 6, © and azp_time responses.

The limited success of C* and TRP as correlators of pilot opinion
rating suggests that a physical principle mey indeed exist which,

when properly applied, will yield a universal time response crite-

rion for handling qualities. At present available time response

methods lack the universality required for use as design require-.-
ments; they may however,. be very satisfactory for the preliminary
design studies required for FCS developmerit.

The approach outlined in Paragraph D is, excepting for its incor-
poration of motion cue effects, the_practical equivalent of that
proposed by Mayhewr21 based upon the Neal-Smith cri;erior;.G The
underlying concepts are greatly differeant but, in view of the
limited handling qualities data avallablé, both methods would yield
similar results when reduced to a‘specification format since both
must be exercised against the same, limiced data. For this reason,
plus a general concern with the uncritical application of the
optimal pilot model to the development of specificatidns, this

approach was discarded during the course of this work.

The greatest single deficiency with MIL-F-8785B, with the equiva-

lent systems model, with the time domain models for handling

cation dévelquent is the failure to consider cue requirements of .
the pilot versus task. .HIL-F*8785E, we believe, hag chambled the
requirements for pitch attitude with those for normal acceleration

through :he use of'msg, csp. nfa, Eﬂd CAP all in thé same gpecifi-‘
cation statement. One would be well advised to study ;he separate
effects of these degrees of freedom when the task requirements .

suggest that one may dominate the other, in the pilot’'s mind, if

- the control task is to be satisfuctorily'perfcrmed. For advanced
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FCS where these modes are,

be done.

(5) It is proposed that, where
search for the dynamic and
rating, and quantify these
search is successful, then
lished for the development
FCS# That is the approach

in fact, decoupled if is vital that this

<

possiblé, we return to the basics,

static motivations for pilot opinion
against known criteria or data. If this

a physical basis will have been estab-
of handling quality requirements for any
followed in the remainder of this report. '
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Section V

A UNIFIED, ANALYTICAL APPROACH FOR
HANDLING QUALITIES SPECIFICATION DEVELOPMENT

'A.  BACKGROUND AND THEORY

The thgory of Smith! provides the necessary physical and mathematical
basis for the prediction of pilot opinion rating. The purpose of this
section is to show specifically how this theory may be implemented to develop
specifications for the update and revision of MIL-F-8785B. It is generally.
true that the development of engineering specifications for something so -
elus;ve_as handling qualities has been an art form. We seek here to employ
art to the limits of our capability and ingenuity so that the fruits of this
effort will be useful and acceptable to those who are responsible for the
production of engineering drawings, bending the metal, and flight testing the
result. It is to that audience that this work is dedicated. Based upon the
reéearéh previously discussed in this report and upon the general philosophy
employed, we trust that the various hypotheses and assumptions to be presented
in this section will seem plausible and natural. However, philosophy is
difficult to convey and the intricate logic underlying the concept proposed
in this section is not easily reduced fo a convincing narrative. We' ask,
therefore, that the final test of this effort be the degree to which it is V
supported by available flight test data. ‘

B. THE DATA AND ITS INTERPRETATION

John Arnold's’ MSE thesis experiment prp@ided the expgrimen:al data used
by Sm.th! for "calibration" of a pilot ratiﬁg metric for pitch attitude
tracking with a Class IV aircraft in Flight Phase Category A (fixed base .
sinulqtion). The result is shown in Figuie 3. The hﬁndling qdality metric
' qu_is hypothesing to rqpreseht a measure of pilot effort reqﬁired for the _
stabilization of attitude rate q; it is a function of pilot dynamics, airframe

and FCS dynhmics;'display dynamics and threshold, and disturbance spectrum.’

6l
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The estimation or prediction of o, requires an accurate pllot model

that is not tied too closely to any pagzicular data base for its parameteri-
zation. In this section we wish to look for physical implications of the
metric OBq and to explore the possibility that a simpler criterion for
handling qualities can be derived from it that is independent of how one

models the human pilot.

The relation between pilot opinion rating R and the uetric qu of’

Figure 3 can be approximated on 1 < R £ 10 by the empirical formula
R = 4.27(0,.)"3 | (1)
8q

This is an eyeball fit; a more sophisticated fit will be developed

in the foliowing paragraphs. However, note from Figure 2 that
o, = ﬁ v
8q Kquq
where
KD = equivalent display gain
q .

Kq = gquivalent pilot gaiﬁ for control of q

All these gains are those predicted using the optimal pilot model as

“explained in Reference 1. Kq includes the optimal controller, the Kalman
‘estimator, and the predictor gains. ' In terms of the pilot perceived q error,

qp’ we héve

‘=K o
%8q ~ Tq g

' He'éouid therefore write

R =427 k30 *3 (@)
q %,

62
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Thus, based on an empirical fit to the Arnold data using the metric ceq,
a clear connection exists between tating R and rate error--perceived or
actual. This, in itself, is hardly surprising since this was one of the
hypotheses of Reference 1. What we have done here is mereiy'tu quantify the

connection for Arnold's data.

The Reference 1 theory says that pilot rating for attitude control tasks
is based upon two factors:

(1) the level of effort required to control attitude rate, and
(2) the pilot's perception of the connection between this effort and
the adjectives of the Coopet-Harper scale.

It is apbarent from the optimal pilot model (Figure 2), and from the

formulae above, that the value of ¢

Bq attained from a tracking experiment is

dependent upon both

(1) attitude rate error, cq, and
' (2) the pilot's gq-channel gain, Kq

Reference 1 contains an extensive discourse on what Smith terms the
"athletic" nature of the rate control problem, as perceived by the pilot.
There are three .basic thoughts expressed: that attitude is an outer loop
quantity with r:spect to attitude rate; that the piloted control of rate is
done more by reflex than by conecious thought' that the pilot's judgment of
task difficulty is based almost entirely upon his ability to control rate.
Thus, if K represents a reflex action, it is plausible that for a homogéneous
pilot populstion it will not be highly variable, Let us investigate this:
possibility. ' o

Table 1 is extracted from Reference 1 (Table 3, p. 110); it summarlzes
the q-loop gains, o ’ GB , and pilot rating for Arnold's 14 cases. The pilot
model gains were estimsted using the optimal control model. The following
definitions apply:

63
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KDq = equivalent gq-channel ﬁisplay gain

KF = equivalent gq-channel Kalman estimator gain
K: = optimal controller gain, q-cﬁannel

o = rms q(t) in degrees/second

These same data are shown in Table 2 for thé McDonnell experiment?8--also

extracted from Reference 1 (Table 4, p. 111). It is noted that the gains KDq

and KF-, as used here and in Reference 1, are random input describing func-
q

tions obtained by computing the ratio of rdot-mean-square signal levels.

TABLE 2. PILOT MODEL PARAMETERS FOR THE MCDONNELL DATA'(Referénce 1

Case Kpq Kpq IC; aql . %q R?

1 .944 .836 3.21 .68 1.72 4.8 :

2 .944 .838 3.2 135 | 3.3 | 7.2 {

3 944 .838 3.21 .| 2.03 5.15 8.0 \

) 4 894 812 | 3.26 | 1.0 2.48 | 5.5 ‘ !

5 923 | .783 2.50 47 .85 2.8 | 2

6 .923 .783 2.50 .95 1.71 4.1 ;

7 923 | .7183 | ‘2.50 1.62 | 2.56 5.1 | :

8 .902 - ,825 3.54 115 | 3.03. 6.1 ;

9 913 | .738 2.80 1.29 | 2.43 | 5.3 ‘ o
i 10 929 | .607 | ‘115 | ‘157 | 1.0 4.6 i
; 1 .897 .818 3.19 | 1.08 2.53 4.5 E
v ! 12 .997 813 | 3.1 | 4.92 12.13 | 9.0 |
b 13 .961 [ ..860 3.42 2.83 '8.00 | 10.0 §

IModel-derived; not recorded in experiméntal data

A~

2Average of experimental values

65
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The gain KD is a measure of the pilot's percepfion of q(t). Arnold

purposely introduced a significant display threshold; this is the reason for v
the small values of KD in some cases (1, 6, 9, 10, and 11). For the McDonnell
da;a, the»KD shown represent the equivalent describiag function for the

1 .
pilot’'s physiological limits of rate perception; McDonnell's display con-

tained no threshold. This is why KD = 1.0 for all the McDonnell data.
- ' q .

In Table 3, the velues K KF K* M /14 54 are shown for both these

data sets. The gain Kq is inteuded to represenct the conscious level of
piloted control of q(t). The fartor Mse/14.54 is included to normalize Kq

against a standard controlled element gain. It is noted that this normalizing
factor was necessary because of the character of the optimal pilot model. It
optimizes the loop gain (pilot plus controlled element). Since Arnold's
experiments were conducted with two values of controlled element gain, it was

necessary to select one value of control effectiveness and reference all the

‘optimal pilot gains to it. If this were not done, then a change in control

effectiveness would produce a reciprocal change in Kq the nature of the
physical problem, however, suggests that.th‘s change would not ac:iually
occur. The gain normalization was introduced as an attempt to limit the
error that might otherwise result ftom this gain ambiguity. It is remarkable
thet so little variation in Kq exists for all these data--especially since a
broad spectrum of aircraft dynamics is spanned. Also, the Arhold data are
averages from five service pilo:s, McDonnell's data are for bne nonservice

pilot. The average gain values are

- 2.01 ~. Arnold

(I : '
q avg - 2.34 ~ McDonnell

. fhe'epproximate'rms fit error to these data, if it is assumed that Kq is
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) 0.63 Arnold
Yus error =
. 10.59 McDonnell

It is therefore plausible to assume that Kq is not a true parameter of the
pilot model but is, in fact, a human constant. If this is true, then the

formidable relationship between pilot rating and o, reduces to the simple

Bq
formula

R =K 0'3
dp

Note, however, that it is nc¢ easy matter to estimate oq - KD aq., The des-
: ' p q

cribing function gain K, 1is dependent on o
q ‘

TABLE 3. AVEBAGE q-LOOP PILOT GAIN--
ARNOLD AND McDONNELL DATA

Kq = xqua M /1454
Case Arnold McDounell

1 2.16 . 2.69..
2 1.95 2.69
3 1.58 . | 2.69
4 2.37 2.65
5 2.33 1.96
6 1.85 © 1,96
7 1.55 © 1,96
8 1.14 2,92
9 2.44 - 2,07
10 1.79 .70
1 2,31 . 2.61
12 3,78 . 2.53
13 1.48 2,94
14 1.43 n.a.
Average | 2,01 T 2.34
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Arnold's Data--Average For 5 Pilots

A mofe detailed examination of the Arnold data is in order from the
‘perspective provided by»the result that iq is approxiqately congtarnt for
these data.
If 1t is assumed that R = 4,27 K'3o 3 and i = 2,01, then R = 5,26 0'3.
q qp q , qp
But 0 = KD oq. Thus R can be related directly to oq by this formula for
each case given in Table 1. The résult is plotted on ?1guré 6; this figure
is a summary plot of all the data (from Reference 7, p. 63). Note that the
value ¢ is an average of all the data for the case indicated. It can be
seen that the formula is accurate only for the estimation of average pilot
opinion razings. This has to be true--to the extent that kq is constant--

since the formula i{s derived from the average rating data of Figure 3.

Arnold's Data--Interpilot Variability and
Observations on the Cooper-Harper Scale

A closer examination of Figure 6 indicates that systematic interpilot

- differences exlsc.between rating'and aé. Bluford, for éxaaple. consistently.
gave better ratings for the same oq than did Radamacher. A ?Iausible explana-
tion for these differences is that Bluford's interpretation of the task

performance vis-a-vis the Cooper-Harper scale was different from Radamacher's.

It follows that a more apprepriate and general fit to the rating data of
the individual ptlots uould be obtnlned by '

' N : ‘ :
R e K" . . : _ 3.
= Ke | ‘ | (3)

The'lﬁdlvtdual pilot ratings and rms error values are given in Tables 4-¥;
these are extracted from Arnold'y theais. Fét each plldt. the values K
hbd‘n were computed to minimize the rms error between thcyuctual ratings and
those given by formula ). The results are lu-ar1:§d in Table 9, The .
overall rms error of fit (pllot rutlng) and the average pilot rating for each
' pllot/arc algo (ncluded in the summarv. The ' grand average” data are the
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SUBJECT: ARNOLD (cont.)

TABLE 4. PILOT OPINION RATING VS o H

Case Run oq - R
13 1 3,883 7
2 3.548 | 6
3 3.268 | ¢
4 3.447 | 6
5 3.450 | 6.5
6 3.838 | .5
7| 357 | 6
10 3.600 | 6
14 1 4.397 | 6,5
2 4,436 | 6.5
3 4,352 | 0,5
4 aus2 | oy
10

I ST VA
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CTABLE 4. PILOT OPINION RATING VS o

SUBJECT: ARNOLD
Case Run 0q R Case Run oq R
1D 3 634 | 3 7C 1 1.057 | 4
4 577 |3 2 1.306 3.5
5 1533 3 3 ,995 3.5
6 559 | 4. 4 1,014 | 4
7 671 4.5 8A 1 2.159 5
2D . 3 1.035 4 2 2,196 | 5
4 1.015 3.5 3 2,190 5
5 1.012 3.5 4 2,211 4.5
, 6 1.012 3:5 5 2.200 | 5
3A 3 1.852 5 9 1 446 2.5
4 1.845 4.5 2 441 2.5
5 1.761 4.5 3 422 2.0
4A 1 2.193 | 6 4 461 | 2.0
2 2.152 6 10 1 .162 1.5
3 2.160 5.5 2 .175 1.5
4 2.172 5.5 3 .141 1.5
7 2,254 5.5 4 ,168 2.0
SA 3 ' 3.129 8 5 171 2.0
4 3.007 .| 7 11 1 172 1.5
5 3.081 7 2 1,178 1.5
8 2.962 | 7 3 180 | 1.5
6c 1 683 2.5 12 1 2,002 | 5.5
2 679 | 2.5 2 1.995 5.5
3 .639 2.5 3 1.963 |
4 753 | 2.5 4 1.980 5.5
7 .680 3.0 5 1.99 | s.5

n
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TABLE 5. PILOT OPINION RATING VS ¢ q$
SUBJECT: KEISER

T Case Run oq R
. 1D 8 616 4

9 .608 | 4

3A 6 2.339 .| 6

. 7 2.115 6
6C 8 .681 2

9 .631 4

7C 7 - 934 3

. 8 .945 3

8A 6 2.219 4

1 2.081 4

.12 6 2.575 7

7 1.855 6

, 8 1.851 6

13 '8 3.2717 | 6

9 3.457 7

! 14 5 4,116 7

'i 6 .3.782 7

72
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% TABLE 6. PILOT OPINION RATING VS o
’ ‘ SUBJECT: SILLIMAN
3
; . ' Case Run aq R
i 1D 1 746 | 4 ’
2 .778 5
] 2D 1 932 | 4.5
2 .945 3.5
f ©3A 1 2,56 6
2 2.03 6
4A 5 2.17 8
! 6 1.95 8
Y 5A 1 3.67. 8
2 2.97 7
‘ 9 5 457 | 2.5
6 456 | 3
11 4 233 | 1.
; s 254 | 1.5
{
i |
i

3
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TABLE 7. PILOT OPINION RATING VS g _;

'SUBJECT: RADAMACHER

q

" Case ‘Run- oq R
2D ) 962" | 4
10 . .975 4

4A -8 1.981 6
| 9 2,135 | 6

5A 6 3.011 8

7 12,420 8

9 2.313 8

] 10 2,481 | 9

6 | S 607 | 3

o 6 .596 '3

10 .673 3

. 11 " .610 3

- c 5 .964 4

E 6 964 | 4
" 8A 8 1.860 5"

B 9 1.861 | 5

10 6 127 2

. 7 129 2

12 9 1.837 7

o 10 - 1.831 7

13 1 2.760 7
‘ 12 2,700 | 6
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TABLE 8. PILOT OPINION RATING VS o ;
SUBJECT: BLUFORD
Case Run aq R
1D 10 .619 2
11 .645 2
2D 7 1.033 | 3
8 1.036 2.5
3A 8 2.616 | 4.5
9 2.441 4.0
9 7 .454 1.5
8 426 |2
10 8 63 | 1
9 .164 1
11 6 .158 1
7 .176 1
14 7 4.735 5.5
8. 4,455 6

7s
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_ TABLE 9. SUMMARY OF PILOT RATING FORMULA PARAMETERS

. : LEAST-SQUARED FIT TO ARNOLD'S DATA

R = Ko

q

% Subject K3 ‘n oe‘ POR?
! Blufora 2,606 527 '] .218 2.6
i
, Atnold 3.559 .450 .588 4.4
{ Keiser 3.846 | .431 906 | 5.1
i Silliman 4.202 .605 .983 4.9
; Radamacher 4,391 474 .982 5.2
‘ R =3.83 /5.
, q
; POR ='5.236 Yo_

P R "= RMS (POR -R)

2 POR = Arithmetic Average (each subject)

g 3 K = Cooper-Harper Gain

'

| “ (o ' ,

t "E-O-'R")6'5 -, 4 '
; (o

n ROR) 4

{ ieasc—squared fit values for the'generalized equation to all the rating
data; it is included as a measure of the accuracy of the original approxi-
matlon to the relation POR. (0 ) of Figure 3.

These results 1ndicatg that the Arnold data are more consistent on an

%j individual pilot basis than on an average basis across all five pilots. The
' interpilot differences are systematic and could be tnteipretgd to result from
how each pilot interprets the task,performance/control effort versus the’

Cooper-Harper scale,
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It'is also interesting that the error of fit between the formula R = Ko©
and the actual pilot opinion rating seems to be stromgly correlated with the
average rating for each pilot. This can be seen from Table 9. Bluford, for
example, primarily saw aifcfaft dynamics that he rated as very good (average
POR = 2,6), and the rms error of fit for his data is minimum (0.218 units.of
the Cooper~Harper scale). Ruademacher's data indicates a much poorer rms fit

by the formula; the aircraft dynamics were, on average, rated much worse by
him than those flown by Bluford.

The connection hetween (POR)av

and rms error of fit og can be sum-
marized by the equation

‘ ' 445 : ‘
. (POR), = 5.236 o | (4)

It is assumed that the exponent should actually be 0.5. This is shown ‘n
Table 9 and in Figure 7.

Thg two constants miﬂimize the mean-squared error between actuaa,
averaged pilot opinion rating and.:hat given by formula. The rms error of
fit of this equation to the data of Table'B is 0.184 Cooper-Harper units.
fhese data are shown in Figure 7. This relation is construed to represent
the expected variation of actual pilot oninion rating from the true nominal
tatiqg. The "expected nominal rating is given by (POR)avg; Figure 7 is
labeled to indicate this interpretation of these results.

If this interpretation is correct, then Equation 4 indicates that’
increasing task difficulty will result in increased variability in Cooper-

- Harper zatings. By direct calculation the variance at the Level 1 and 2
boundaries is: ' ' '

(POR) évg o

375 0404
6.5 11,626
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Figure 7. Cooper-Harper Rating Error
Variation .. a Function of
Average Pii.. Opinion Rating
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We should expect, therefore, that the variance of Cooper-Harper rating

will be about four times greater at the Level 2 boundary than at the Level 1

boundary.
' ] Equation 4 constitutes a duantification of the hypothesis of Reference 1
/J that an--and chergfore pilot rating--will be more variable as the degree of
S | task difficulty is incressed. ‘Equation 4 could be used to estimate the

- number of data runs that would be required for the estimation of average

pilot rating at a prescribed level of statistical validity for several pilot
subjects. ' '

‘These results seem to indicate that significant interpilot differences
exist within the Arnold data base. For the genaral problem of understanding
and predicting pilot opinion rating, however, it is necessary that interpilot
averages be usad. -Nevertheiess, with the benefit of the preceding analyses
we can be comforted by the thought that our knowledge of the nature and
extent of pilot variability is perhaps improved. ' i

The average value of the éxponent in equation 3, across all five pilots,
equally weighted, can be computed from Table 9:

(n)avg = 0.497

In deference to Weber's Square Law, it will be assumed thzt these data

"indicate that, in general,
n 0.5

for all pilots. This will be assumed._‘Thus; the general formula for pilot
rating becomes ‘

R=KG_. e
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Where K may be a constant but differsnt value for each pilot. Its alue

depends upon two lactors:

° how the individual interprets the specifié task requirements, and
[ his interpretation of how this relates to the adjectives of the

Cooper-Harper scale.

The average "rating gain" K across all five pilots for the Arnold experiment
is obtained from Table 9 to be '

K ‘= 3,83
avg
It can therefore te concluded that a general rating model for Arnold's

experimental data is
R = 3.83 /3: . : : (6)

This model is not intended (or suited) for handling qualities predictiomn. It
was derived here to emphasize those features of aircraft response that are '
most significant to the handling qualities problem. This model approximates
the case of single aiis, pitch attitude control of Class IV aircraft in
Flight Phase Categories A and C where kinesthetic cues are of no
significance.

‘Since the. Cooper-Harper Scale is bounded by 1, it might seem that a

better formula would have the form

1

R=1+K 7
| | % A ¢))

1f the above calculations are,teﬁeated to éstimate K and n to fit Arnold's

data with minimum mean?squafed error, the following results are. vbtained:
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Subject ' K L on ‘rms error (Cooper~Harper)
Bluford 1.179 | 1.178 .965
| Arnold 2.397 .719 1.198
a Keiser 2.754 .572 1.452
' Silliman 2,886 .96 1.573
‘ Radamacher |  3.329 656 1.361

These results are less systematic with much worse fit errors than those
obtained above for Equation (3).

- . This result seems to indicate a contradiction. Equation 6 shows R
L » approaching zero as oq approaches zero. The resolution of this apparent

contractiction can be used to partially confirm the validity of these results,
as folldws.

i ' Consider that for R = 1,'from.Equation (6)
Yo = 1/3.83
;- . °
% = .,068 degrees/second ¥ 1 milliredian/second
o

This value is assumed to equal the approximate threshold for visual perception

N of rate. There is, therefore, no conflict between formulas (3) and (6) and
the Cooper-Harper scale.

We also note that these foizulae are bounded by R< 10 acéording'to the
definitions of the Cooper-Harper scale. The use of other adjgctives or scale
o ' descriptions would change the constants in equation (3); the physical prin-

s ciples on which this theory rests would not be changed.

Equatioh (6) could be rederived in terms of perceived rate,

dp

k- : U S n - .
¥ , R = Ko = K( o) : (8)
| SRR | ®.
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’ The equivalent display gain KD for all of Arnold’'s data can be esti-
q : _
mated using the optimal pilot model; this was done in Reference 1 only for 3

data averaged across all subjects for each set of aircraft dynamics. Using

the values KD from Table I as though they are constant for all pilots (a
reasonable assumption since KD is mainly a display function), then the

following results are obtained, the values K and n are those that minimize

the mean-squared error in estimation of pilot rating with (8):

Subject K( nv. rms error
Bluford 3.889 .269 .280
Arnold 5.074 .239 +615
Radamacher 5.987 287 " ,802
Silliman 6.215 .233 .886
Keiser 5.206 .202 .932
Average 5.274 - .246 -

Then on an averaged basis

. 246

R=5.27¢
9p

or, again in deference to Weber;

4 (9)
R = 5,27 Yo
ap

Equation (9) can be used to provide a consistency check cun all these

' results, as follows:

4 “__ 4
R =5.27 /o = 5.27 /i
9 ' %q
But from (6)
R = 3.83 /o_
q
82
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—— P s o q—— e ../;.
_ Solve for KD
) A
5.27 /KDQ -1
; 3.83 4__
{ /Oq
3 :
4 4
'}K_D- .= 726 Vo
Kﬁ = ,278 ¢
-~ Yq q

M’&* o -

By direct calculation the average oq from all 115 runs is °q = 1,896 °/s.

For this value, obtain KD = ,527. From Graham and McRuer,27, p. 238 for the
: q
gaussian input describing function for a simple threshold, this value for KD

would imply that

a

a /2
q

- .44

or '
- a=1.18 °/s

This value for equivalent threshold compares-favorably with tﬁe direct esti-
. mate by Dillow and P:Lcha“e of a = 1.08 °/s for the Arnold experiment. On

this basis, the results embodied in (6) and (9) appear to be consistent with
the factual data base. -

" C. = TASK EFFECTS ON PILOT OPINION RATING AND

- COMMENTS ON RATING VARIABILIIY
Task Effects

The resu’ts of the above paragraphs were derived from sirzulator data for

'the precision control of pitch attitude in tutbulence. The dynamics simulated

83
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were those représentutive of Class IV aircraft. The'general'consistencv
between Arnold's simulation results and those of Neal and Smith for actual

flight test was establishad by Arnold and further refined in Reference 1.

Une of ‘the major difficulties presented by the spectrum of.potential
advanced FCS candidates is that the piloting tasks'ﬁai differ significantly
from those for which handling qualities data now exists. We wish to extend:
the results obtained here in such a manner that they can be usefully applied.

to a'variety ot tasks other than merely pitch control.
The theory of Reference 1 is restricted only by

. lack of 6 suitable pilot model for multiple loop/axis prediction
of pilot opinicn rating, and
o  lack of involvemert of motion cue effects on handling qealities,

] lack of a model for conérol feel effects on pilot opinion rntings.;

We can do nothing here about the first restriction; the second will he,;’
treated in later paragraphs of this report. Until a broader data base can hé
compiled. there is no reason why the variable nq cannot be rep}accd with n*,f 
where x(t) represents some svstem response variable; the only restrictfou is -
that x(t) must be displayed to the pilot In some manner, and task-related so

that it {s controlled by him {n an apyroximately stngie-hxis fashion.

The usual case of interest for futhre FCS wouidbprohnbly haQe a cue x(t)'
displayed on a HUD; this symbol might implicitly contain flight path, alti-
tude. or fire control information. A representative conéepﬁ-for HUD svmbology
of this'sqft stdepicfed schematically in Figure 8. This particular design
has been proposed by Bateman.’® The interesting feature of this conéept'to
HUD design for the integration of éuidance. flight path control, and flre
control is that the symbology and the pilot's tusk remains essentially constant ;
throughout the envelope of flight; i.e., put A on B to accomplish Task C.- '

_Properly done, an approach of this sort to display design might simplify the
_handling qualities problem. The point {s that the above method for hnndllng_

qualities prediction in single axis tracking is hppllcnble-to such svstems,

84
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A cnmplex task such as VFR contrni,oflﬁlight path cannot be directly
analyzed with the methods discussed ian the last paragraph. Such tasks are
inherently multiple loop if one assumes as is always done that the pilot uses
pitch attitude as an inner loop cue with a flight path or angle cue as the
outer loop variable. An alternate approech' eonsiétent with the switching
model proposed for pilot dynamics, is to assume that all piloting cues are
controlled in single axis fashion, but that the control of more chan one cue
requires the pilot to time-share his attention among the various single

loops.
It can therefore be postulaten’thet the effect of task definition is to

(1) define the cues required for task performance, and

(2) establish the limits on acceptable system dynamic performance.

The closed~loop pilot-vehicle system scructure can, for present purposes, be
visuelized as an amalgam of single-axis control systems coupled only through
a "switch." The switch; however, is a lugical process of decision making
performed by the pilot. We suspect that this concept is a reasonably
accurate portrayal of the pilot's adaptation. This philosophy was discussed
at length in Reference 1. It is dynamically equiﬁelent to the dual axis

' switching model of Onstott.lo’z? The point of departure, however, .is
significant, ‘ | '

_ The‘implication 6f the ﬁeference 1 tneory, which we postulate here covbe
valid, is that:one need not consider more than one control axis at a time to
establish basic handling qualities or handling quality requirements. Our -
interest is to devise methods for the transfer of pilot-vehicle analysis
" techniques’ to the development of handling quality specifications.

It was previoualy noted that one of the &ifficulties presented By
"advanced FCS concepts is that we can't be certain what specific piloting
+°  tasks will be--even functionally in some cases. It 1s reasonably safe to
assume that most future systems must petform'certain baseline tasks. The

most notable of }hese for handling'quaiity investigation are -
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Power approach

Landing flare

In~-flight refueling
Formation flight

Attitude hold in turbulence

Air-to-air weapons delivery

Air-to-ground weapons delivery

Pilot Rating Variability

The analysis above of Arnold's experimental results, if anything,

_strongly disputes the notion that pilot "subjective" evaluations (and.the
Cooper-Harper scale, in particular) are too variable and baseless to be of
value in systems analysis. In some cases, the intrapilot data are accurate
to three decimal places when the correlation is made of oq ard Cooper-Hafper
rating. It is long past the time when we, as a community, must mature to the
point where we can accept the idea without being self-conscious that pilot
evaluations are the only measures of handling qualities that have meaning.
The results atove go even further. They indicate that pilot ratings are

remarkably consistent when properly interpreted.

It is hoped that the comments made about the dependency between the
expected value of pilot opinion rating and' the rating variance will be'
further tested by simulation and flight test. Reference 1 hypcthesized that
such a relationshib exists and that it exists for good physical reasons. The
fact is that Cooper—Harpef ratings vary because they reflect a ph&sica;
phenomenon;'the point here is that the variance is'systeEAtic. The reeults'
above indicate that this will be a practical considetation only for the

" determination of Level 2 boundaries for handling qualities.

Systematic differences between pilots exist. Again, tﬁis is no reason
to doubt the utility of the Cooper-Harper scale. This effect must be con-
sidered when developing a data base or preparing a handling quality specifi-
cation, The.best available and’ prac;ical golution to this probiem at the

‘present time is to use at least two pilot subjects and look for systematic
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rating differences. The widely referenced Neal-Smith data® are notable for

their remarkable .nterpilot consistency. This may not appear to be the case

if one merely looks at these data; we conclude that it is so after conasiderable

analysis, the results of which will be presented later in this report.

D. THE NO-TRACKING HYPOTHESIS

It was established in Paragraph B that Cooper-Harper rating is propor-
tional to the square root of rms rate error: '

R = 3,83 ./6: (6)

This result applies for the single axis regulation of pitch attitude with

turbulence input in the absence of fnertial acceleration cues.

It follows from (6) that the optimization of handling qualities requires

that oq approach the value corresponding to the peréeption threshold; {.e.,

no tracking is performed, and the Cooper-Harper rating is 1. This appears to

explain Arnold's Cases 10 and 1l.

The No-Ttack'n;Tngothesis

Optimum handiing qualities demands minimum closed-loop control by the
_ pllot. ' : ‘

Flight Test Implicatioﬁé'.

One very attractive feature of [this concept is that it permits thé
transition between handling qualities data obtained for tracking and that

obtained from the usual flight test |which requires.gross maneuveriag. Time

available for task performance is not a factor In the assessment of handling
qualities if the problem can be reduced to its open-loop, constituent
~components.’ : : <
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Application to Specification Development

If the features of open-loop aircraft response to control can be identi-
fied which promote pilot tracking, then these¢ imply degraded handling quali-
ties. The quantification of such response’properties against available data
will then lead in a natural manner to the development cf handling qpality
specifications. This is the procedure that will be implemented in the
remainder of this report. . '

An Historical Perspective

The result expressed by (6), viz., R = 3,83 /;; , has ramifications that
may be discomforting to some. It ihplies‘chat pilots do not wish to exert
closed loop contrbl, and that the more required because of either aircraft-
FCS dynamics, turbulence intensity, or flight director prompting, the more
degraded the handling qualities. Héte, we assume that a pilot tracks q
because of task requireﬁents that (explicitly or implicitly) place limits on

* tolerable 6.

Why, then, have we spent all these years (three decades, approximately)
in pursuit, of better models of pilot dynamics for closed loop tracking? It
seems that the answer is . . . because it seemed like a reasonable thing to

do at the time. And it was.

What we have lacked from the study of'pilo;Tvehiclé system dyvnamics was
a concept for how system dynémics couiq be translated 1ﬁ£o.han4ling quality
assessments a¢ the analytical level. Reference 1 was dedicated to bridging
that techdology gap. The work on these pages mergly represents an attﬁmpt to
Eranslate that phiiosophy and théory into‘éngineering>dgsigp practice. .

 ,.In fact, the "no tracking" hypotﬁesis; above, seems to have taken us
full—circle:“ we have employed the art of pilot-vehicle analysis to the
limits of our ability and concluded that optimum handling qualitiés requires
minimum or no pilpt contribution to system dynanics{ For the development of

"handling quality specificatidns. this ‘s an enormous simplification. It
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remains to be seen whether nonoptimum handling qualities can be quantified

using those same parameters which identify optimum handling.

The cotreﬁt interpretation of these results is, we believe, that a pilot
does not wish to perforin unnecessarv tracking within the context of mission
performance. The accomplishment of gross maneuvers (as in air combat)
requires that thg pilot initiate a change in aircraft state and then stabilize
on a new one; this necessarily entails a certain level of closed loop control
at each énd of the problem, What he does not want is to be made (by dynamics
or turbulence) to perform delicate state regulation before, during, or after
the ba;ic maneuver is performed. The factors which degrade the handling
qualities sufficiently to cause this will also influence the pilot-vehicle
system dynamics in a tracking task; they cannot necessarily, however, be
entifely identified ‘from tracking experiments with gaussian inputs. This may
serve for tﬁe identification of adverse vehiclg properties that are directly
related to frequency domain parameters which govern the dynamics of closed
loop :taéking (e.g., phase margin, resonance, crossover frequency, etc.).
Those aircraft response properties that afe best expressed in the time domain
may not clearly appear from forced tracking experiments. ' The frequency
domain effects are the only part of this problem that has been addressed with
state~of-the-art pilot vehicle syQtems analysis methodology. .

What we conclude, thereforé,lis that tﬁe clasgic work remains valid and
usgfui. We have altered the context,forlits applicatidns to problems of
handling qualities. We have taken the further step of suggesting that.a
hybrid approach--incorporating aspects of both f;equency and time domain
modeling--is the natural evolution of the handling qualities theory of

- Reference 1. 'This‘directioﬁ will, we trust, properly account for the actracé 

tive features of both appréaches. Most meortahtly, the results of_this.wili
be based upon a physical model for handling qualities which should strip away
many. of the amb’guities and ad hoc qualitiés'of the subject which have '
prevented'ica realistic iﬁcorporation 1qto aircraft design practice.
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E. LESSONS FROM PILOT-VEHICLE SYSTEMS ANALYSES

Stereotypes for Aircraft Dynamics

Among McRuer's many contributions to the art of pilqt-#ehicle systems
analysis, perhaps the most important was the conéept of usihg.simple,stereo-
types for the general classification of aircfaft-FCS dynamics. These were
us{d in the experiments of Reference 3 as a means for simplifying the experi-~

mental design and for extending the range of data applicability.
These stereotypes are:
Yc(s) = Kcls"Kc’ Kc/sz; Kc[s-x and Kc/s(sTA)

The corresponding handling qualities for these range, in the order presente&,

from optimum to barely controllable.

Reference 1 offers an explanation for this ranking acéording to the

level of error rate control activity f{worklcad, if you must) required of the

pilot for acceptable tracking performance. This was used, in part, as a
heuristic defense of the multiple loop pilot model for single axis
trackingl1'9 The success of this result led directly to.the'identification
of aSq ag the central,han&ling qualities parameter for pitch,attiiude con=-
trol. In essence, this correlation should be regarded as a rationalization
of the connection betweed the'controlled element stereotype and the equaliza-

tion required of the pilot. "[Note'that thé manner in which pilot control of

‘rate error appears as a lag in the servo description of the human pilot is

explained in References 1 and 9.] However, this work did not yield a rational

assessment of the importanre of controlled element dynamic gain--the amﬁli-'

‘tude ratio vs frequency behavior on a Bode plot.
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Closed Loop Structural Stability,
Mode Switching and Pilot Technique

The servomechanisms theory for human pilnt dvnamics and the experiments
performed in establishing the general validity of the theoryfled to a funda-
_mental tenet of analytical handling qualities: handling qualities are

optimum for aircraft dynamics of the form Kc/s.

The thecry of Reference 1 suggests that the optimality of Kc/s_is due in
part to its minimum requirement for piloted control of rate (roughly but not
‘exactly the same as lead équalization). The rate control.required for task
vperformance is a direct function of the controlled element phase properties
(e.g., as on'a'Bode diagram). However, one of the rules for estimation of
pilot equalization requirements from the servo theory is that these be
selected to create a sizable region in the frequency domain where the slope
.of the open loop system amplitude ratio (pilot plus aircraft) is approxi-

' mately -20 db/decade. The open loop gain is then selected so that the U db
line passes thrbugh tt.e midpoint, roughly, of that region. However well this -
rqle might have been shown to work in past azplications, it is nonetheless

empirical.

The general question of the relative importance to handling qualities of
the gain and phase properties qf aircraft dynamics has never been properly
aséessed. The servo iheoty, as indicated above, uses these interchangeablv--
which may be satlsfabtory for closed loop con;rol with all-linear system
"dynamlcs. and €ér which ﬁigher ordér system dynamics do not exist which
significantly affect the system phase near croséover. It is plgusible that
the ampl;tude and phase properties of aircraft dynamics can have i{mportant,

distinct contributions to hardling qualities.

A‘Eurious item noted in connection with'the study of P10 was that for
aircraft known to have PIO tendencies the most appropriate pilot model for
the explanation of available results shculd be derived based onlv on the

. : . | .
amplitude ratio vs frequency properties of %-(jw). That ‘{s, PID tendencies
. s
appear to be more strongly reflected by magnitude than by phase
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properties. The importAnce of this observation cannot be overemphasized.
Once it is known which qf the elementary controlled élement stefeotypes most
closely approximates'the:aircraft dynamics of interest, then a realistic
assessment of pilot-véhiclé system bandwidth can be made. This can be done
based upon the flxed-baée simulétor data of Reference 3 which was distilled
to vield system crossover frequency as a function of controlled element form.
Some of these‘daﬁa.are shown in Figure 9 of fhis report. This frequency can
then be used to estimate PIO'potential; as was indicated in Reference 2, by
examining normal accéleration phase lag at that frequency. It was determined

that for the available case history data on PIC the selection of the appro-

R K K
priate controlled element stereotype (i.e., Kc’ ;2. -<, etc.) is best made by
. s ,

considering only the character of in the region of probable crossover

F_
s

frequency. The phase properties 3 %—(jw) are very impcrtant in defining
, B ' S ’
closed loop system stability and therefore pilot equalization requirements.

This, however, would be equally true in flight or in a fixed-base simulator;
it tells us nothing, really, about éirqraft behavior in the presence of

motion cues--i,e., in actuallflight} The phase angle behavior of % (Jw)
s
does have the important property of establishing the basic pilot-vehicle

system closed loop dynamics when acceleration is not a pilot cue. We are
. therefore led to suspect that the amplitude response properties of pitch
attitude are somehow related to the mechanisms by which kinesthetic cues can

influence piloﬁ;vehicie system dynamiés and handling qualities,

It was also noted that yhen %—_(s) = Kc PIO 1is a potentially severe
probleh?f’s [PIO does not fequite :hig, howéverzl. For dynamicélof this
form, stability of the‘élosed-lodﬁ 8‘» Fs would hardly seem 'to be a proﬁlem.
The fact that it is, in actual flight, suggests that the system stability is
somehow reduced because of motion cue effects. A'major problem for analysis

" is that we can't be certsin just what coﬁstitutes the system dynamics since
we don't know what '~ u. 3 are really used by the pilot in actual flight--ue can

only speculate and then test the speculstion.

93




wmes v oy

TR

TIPS TR %

| adiiided

Downloaded from http://www.éveryspec.com

The PIO theory? was developed By precisely that approach; its recent
confirmation against developmental experiences (F/TF-1530 and Shuttle)

"indicates the essential validity of the assumptions on which it is based.

The most prominent of these are:

(1) 'that nofmal acceleration 3zp is the only significant motion. cue,
(2) that the bandwidth of the single axis, piloted control of
zp(t) is determined by the bandwidth of the single axis,
_piloted contr.l of 6(t), and
(3) that azp(t) will probably not be controlled in siggle axis fashion
unless this is catalyzed by a sufficiently resonant 6(t) response-- -

which may be due to open or closed loop dynamics.

With a pure gain controlled element Qbrupt changes in pilot equalization

(rate feedback) can create large, abrupt changes in closed loop d&némics.

' The mechanism by which this can occur is explained in References 1 and 9
and is repeated herc. Using the'pilot—vehicle system model of Figure 2

(page 46), and introducing Kq and K, as shorthand representations for the

0
equivalent forward path gains in the pilot model, the servo model for the"
human pilot3 can be expressed in terms of multiple loop model parameters:

Yp(s) - e
1+ quYc(ﬁ)

All higher order pilot dynamics associated with time delays and the neuro-

"muscular system ate neglected: to illustrate the point.

The servo model Yp is therefore seen to include controlled element

————————

. dynamics. [It should be kept in mind that direct measurements of'Yé can

be made; this has not yet been done for the multiﬁle locp pilot mwodel
parameters.] When the controlled eiement is a pure gain, i.e.,

Yo(8) = K,

9% -
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then

- l(9 4
Yp(a) " K+l
qc
"Thus, pilot control.of_rite creates Qhat appears to be a low frequency lag in
the pilot dynamics éheh ﬁheée are interprefed against the classic servo model
(which requires a single input @nd-a single output). This result applies
only when Yc(g) !-Kc is a‘goéd approximation. The dfpendency nf’crossover

frequency on Kq can now be determined:

-1

' kY ( 3 mc)

K K

B R

! ‘nc ' 1 oW 2
:’. - ‘ KT T KK (Koxc) -1
o T qc

o and Kc' the change in w, ‘following a change in'Kq is

For constant K

Aw
c =\ AK AK . g =@
q/0 q c <o
w -w for K =K (nominal value)
co ¢ qQ 90
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Halving Kq (i1.e., AKq.- 3¢ qu) increases by 50 percent; if Kq 40,_

4K ‘= =K and v+ 2w This last example night correspond to the case

vh:re ta:a demanjs arecgo great that the pilot's attention i{s diverted away
from control of rate; this was the case postulated by the PIO theory ot
Reference 2. A large, abrupt increase in w, of this sort would generally
result in pilot resonance: posasible even short term, pitch loop

instability.

It was further suggesred in Reference 1 that a high-fidelity model
for pilot dynamics might include a switching functlon at the point where
comrands from the higher centers (cerebellum, thalamus, etc.) are trans-
mitted to the neuromuscular system for action. This would permit switching

to occur between all feedback cues to these higher centers (visual position,

- visual rate, kinesthetic) according to some lokic which we do not yet grasp.

This intuitive concept was implemented duriag the development of the Plo

theory of Reference 2 and led directly to the conclusfon that, for brief
periods during which a pilot concentrates only upon a single feedback quantitv.'
the corresponding pilot model is approximately K e txs where k is the gnln

of the x-channel (the one being . controlled) and Ty is tne correspondlng

channel time delay._ This model was incorporated’ directly into the

acceleration loop stability criterion of Reference 2 that establishes the

necessary condition for PIO to occur.

When the possibility of mode switching of rhls sort is admitted,

then it becomes apparent that the pure gain controlled.element may producelvery
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different closed loop properties than would be expected for the remainiung
controlled element stereotypes. The switching mechanism suggpstslthnt the
pilot-vehicle system dynamics will be nonstatinnary with measared crossove;
frequency‘vaflations of approxlmatoiy two-to~-one. This Is partiallv con-
firmed by the crossover frequency data of Reference 3, some of which are
shown {n Figure 10, Page 109, It must be borne. in mind that these data wvere

obtained from a single axis, visual tracking experlmenf. It is interesting

" that W becomes more variable as Yc(s) becomes more nearlv equal to the pure

gain stereotvpe., Once again, it is noted that the slope of

L
F
8

appears to adequately paraﬁoterize thia behavior.

. i} ~ .
Flight tests of afrcraft for which T Rc would be expected to demon-
: 8
strate "abrupt" vesponse to control; the pilot might comment that the required

control {s "touchy" or "overly sensitive." «ccasional resonances {n pitch

. would be expected to occur at frequenciéa of about twice the expocfvd pilot-

vehicle system bandwiath. While these might not apprecfably degrade handl ing
qualities in a fixed-base simulation, these resonanceas might, {n flight,
couple with sz to produce a scrious control problem.

' .

Cons{der the case Qlere'%—(s) ~ KC s8?. The handling qualities with such

dynamics are known to be poor., Stability is a problem which 1n solved only

by the generation of congiderable pilot lead. PI0 should not be so worrisome

a problem with these dyn mics (although {t can be {f the ¢ and ﬂzv dvnamics

'are mismatched). In fact, one recommendation® for eliminating PI0 tendencfes

"of the YF-12 in aerial refueling was to_tﬁtn,off the pitch damoer {n order to

force the dynamics to resemble Kc/sz.

In contrast with pure-gafin dynamick, the closed loop, pflot-atrcraft

system dynamics with %—(T)-§ Kc/n2 are insensitive to pilot equnllintlon and
. s / N .
gain, Once again, this result follows directly from the slope of the
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controlled element amplitude ratio. It is noted that Kc and Kc,s£ represent
. ; .

practical extremes for typical pitch attitude d&namiés.

We are led to suspect that the slope of in the region of

%f(jw)
s

crossover frequency for pitch tracking, i.e.,’

)

will parameterize the sensitivity of closed loop control to pilot technique.

d
dw

This conclusion is rot due to the slope effect on pitch controllability, per

se. It {s because of the manner by which the closed loop control of pitch
2

A ' can influence thé pilot's use of normal acceleration as a dominant cue.

The distinct effects due to 3 anandigzlg— that are hypothesized to
s . 8| '

‘exist can be summarized for the three stereotype pitch attitude dynamics, as

follows:

%—(S) > K

- c’
. ~ s

(a)' Fized base simulation: no motion cue exists. The pilot
equalizes the response by, effectively, creating substantial
low frequency 1ag.» Closed ibop.dynamics are sensitive to

pilot-adapted lag and gain when

The hdndlins qualitigh may be satisfactory, depending on input
amplitude and bandwidth, since centrolled element phase lag

.
30
3

at all frequenciel.
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(b) Actual flight: the slope

da_
dw

F
8

=0

can lead to sudded, large increases in closed loop frequency
" and consequent resonance due to variations in pilot gain

and lag. 1If the pilot attempts to track azp(t) resonances

resulting from 6 control, system stability can be degraded,

depending on
a

¥ z
F
s

at the frequency of 6 loop resonance.

) v Se

-] 8

In either fixed base simulation or actua1~flight, stability of

" the pitch closed loop is not a problem since

i) o
¥ F -90" .
s

is not enough to destabilize the closed loop. The slope

d ]| e : '
" Fsl -20 db/decade

1s sufficient to ensure that neither changes in pilot gain nor

~equalization will have a senéitivé effect on closed loop

dynamics. Besides, the equalization required 1s'm1n1ﬁar..

Closed loop pitch resonances are unlikely; therefore,
azp(t) is unlikely to bevtracke& in single axfs fashion.

Thus, motion cues will not be a potential handling qualities

problem and the rhase characteristics of a, - are entirely

irrelevant.
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8 8
In either fixed base simulation or actual flight.'qlosed loop

stability is a problem becsuse

¥8 L 1800
— = -180
-

Substantial lead equalization is required of the_pi}dc. and
handling qualities are poor. The pitch closed looé will be
resoﬁant at a low frequency-~typically about 1/2 Hz. The

eﬁfect of normal acceleration in actual flight wiii bé destabi-

lizing if

a

¥ °p
F
-3

is teco negaﬁive. Closed loop dyﬁamics will be insensitive to
pilot technique in the control of pitch attitude because of
the large slope

L

T l = -40 db/decade

g |

e

Effects.of Motion Cues

‘

Reference Z {dentified 3 ffg(jw y as a principal parametgr in evaluation

" of P10 susceptibility. The fre:uency We is any frequency qt.which closed

ioop pitch oscillations can be expected to occur with very smallldamping.

Normal acceleration was cited as the dominant inertial cue and the only one

necessary to(cohsider; 5: for,éxémple, can provide at most a "tweak" on pilot

dynamics vis~-a~vis those measured in a fixed base simulation of_trécking.'
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) az.
It was indicated without comment. above that } F_R(j“c) will parameterize

normal acceleration effects on basic short-period handling qualities. From

Reference 2 it appears that when the phase angle
ay . _
-3y B -
0(jwc) 3 Fs (jwc) »14.3wc

becomes equal to or less than -180°, PIO is a possibility. This presupposes

- that the pitch loop does resonate at frequency e tadlanslse;ond The phase
_ angle Q(jw ) is the total phase angle of the closed loop qutem Zp - F .

Rere we speculate that, so long as the Qitch loop is resonant, either @(jm )

or 3 ?-z(jm ) will parameterize the effect of zp on handling qualitieq.

. ‘ - ag
The implementation of the paramater ¥ F—B(J“c) requires that a rule
' s

exist for the determination of w This must be suitable for use in a MIL-

SPEC format. A suitable rule will be give» in the next article.

In thé above discussion the éonceptual model for PIOZ has been gen-
eralized to provide a model for the effects of motion on handling qualities
for non-Pl10 cases. This was done, however, under the presumption that PIO
results from pitch tracking. That is not always true.® Fortunately, it
appears that the: génerllized criterion to be given in the next section--

derived from closed loop constderationa--will adequacelv treat the open loop

o(jw ) could be investigated for suitability as metrics for motion cue
effects. In the spirit of Reference 2, the frequency we should be the

' dn-pcd natural frequency of any airframe or FCS wmode within a frequency range

1< we < '10 radian/second for which the corresponding damping ratio is less
than 0.2. ‘
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F. PRACTICAL METHODS FOR SPECIFICATION DEVELOPMENT

It has been proposed above, based on considerable research, that for
longitudlnel handiing qualities the dominant pilcting cue is q = @. This
result is for VFR., For instrument-directed flight, the appropriate cue would

be the first time derivative of the principal director cue.

We have suggested that the identification of reasonable handling quality
metrics requires that we search for vehicle response properties to‘gggg_lggg
control inputs which force the pilot to track; these, by the no-tracking
hypothesis, will indicate off~optimum handling qualities. We expéct. also,
that these will generally'correlaté pilot opinion rating throughéut the range

of handling qualities.
For those cases where the pilot must track because of aircraft dynamics,
a technique has been suggecied for the identification of aircraft dynamics

which result in adverse motion cue effects on handling qualities.

It only remains for u- to reduce these concepts to specific criteria.

. The functional description of these will be made in the remainder of this

section. These will be quantified against available fligh: test data in the

next section.

" Basic Handling Quality Questioné

The Ccoper-Harper scale is based on the notion that a pilot employs a
decision tree process in the evaluation of an aircraft's handling qualities.
Among the questions that must be answered by the pilot, the most important

are:

'o Is. the response to control too abrupt? alﬁggish? ,
° Does ;hc aircraft response require consideradble pilot cumpensation?
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. Is the normal acceleration response consistent with the pitch
response? Does it tend to.'"dig in" initially or overshoot the -
desired, final response?

° Is the aircraft PIO prone?

If the answer is yes to either of the first two questions, then it {is
probable that excessive tracking is requived of the pilot in actual closed
loop tasks such as fire control or in large amplitude maneuvering. Iﬁ that
case the final two questions will serve to quantify the extent of the
handling qualities degradaticn from optimum,

We note that the first question is oriented to the time domain. It
would be an unnecessary complication to reformulate this question into the
frequency domain. Note, too, that an aircraft's response can be neither too
sluggish nor too abrupt 1in responée to control, yet still require excessive

pilot compensation.

It should also be observed that with decoupled pitch and normal aqceleré-
tion degrees of freedom (as with a DLC and digital FCS) these four basic
questions still apply.

Handling Qualities Criteria: Preliminary

(1) Time-to-peak: The time to first peak tq of the q(t) response to a
step input in Fs (stick force) must lie between 0.2 seconds and
some upper limit. For aircraft that have deadbeat q(t) response,
tq 1s. defined to be the time to 90'percent of the steady stage q ;

value. Thus, require
0.2 ¢ tq < th .
The value t, must be determined from flight test data for those

aircraft dynamics that are rated as too SIuggish in their initial

response,
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The value tq = 0.2 seconds is specified since it represents an
approximate lower limit on human pilot time delay for tasks
typical of realistic flight contrnl. If the response is so abrupt
that tq < 0.2 seconds, then precision maneuvering will be
impossible without pilot compensation, i.e., tracking; the pilct,

in effect, would be made to "chase" the aircraft response.

The criterion on t should perhaps be a function of aircraft

type and flight phase.

The cornection between this criterion and C* or TRP is noted.
In essence, what we are saying here is that a time response
higtory such as C* or TRP is not generally neceséary“ Itlié

suffiéient‘that a portion of the time responses obey the simple.

'peak criterion. Thus, there is a strong correlation botween

those criteria and that propcsed here.

Level of Pilot Compensation: The phase lag of the pitch

response control dynamics at a criterion frequency 3 g_(jw )
: ' ‘ Fg = ¢
must be established u@ing available flight test data.
This relationship will be parameterized by d Q_(JU )
. ' do | F, 7 ¢
s

When thé slope is toc near zero, the phhse anglevvill be
irrelevant. When the slope is too large, in the negative
senge, this implies excessive phase lag in a linear
aircraft~FCS. '

Sensitivity of Response to Pilot Technique: The slope

of the amplitude ratio vs fieqhency for pitch dynamics,

)
@ | F e

must be greater (in the absolute sense) than that value for
which closed loop dynamics aré'aeﬁsitive to small variations in pilot

1104
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technique or to periods of pilot inattentiveness. This limit must
be chosen to satisfy available data. We anticipate that a zero
slope will be too small (i.e., the pure gain controlled element

case). . This criterion and that on )<%— are strongly related for
. ' s )
linearvaitCtaft-FCS dynamics. Increasing amplitudas ratio slope

usually implies increasing phase lag, for example. However,
according to fhe argument previougly made, it is best to consider
these effects separately since, in a time domain sense, they have
differing connotations. When highér order.system dynamics are
present, amplitude and pﬁase properties are independent to some
extent at low fraquency. This 1s clzar from the equivalent systems
model.

‘ ‘ az_
Motion Cue Effects: The phase angle 3 f—g(jmc) will be ceorrelated
s .

-with pilot opinion tating;of motion cue effects (the pilot induced

oscillation, ?2IOR, scale). The function
0 a z I :
$(Ju.) = 3 E-B(jwc) -14.3w_ degrees
o s

is proposed for use in the develcpment of an actual'handliﬁg quéli-
ties specification, since it is a centfal feature of the proposed
P10 specifi:ation.z; 'We anticipate that for Lével 1 handling
qualities, we must have O(jwc) greater than -180°--in the algebraic

sense, The’paraﬁeter

d_ |8 I B
2
*duF‘Juc) ‘
s

‘will be totally irrelevant to any relation between PIOR/POPR. and

o(jmc). A ccrﬁnin amount of ingenuity will be required to quantify'

‘handling quality requirements for DLC when the pitching and normal

acceleration degrees of freedom are decoubled. Ic is proposgdfthat
the rules given here will be suitable for interim requirements for
DLC 1if only the definition of w, is modified.
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(») PIO: The PlO spécification recommended in Reference il is adequate
for all advanced FCS. It is merely the limiting form of the

criterion for ¢(Jd¢2 to be quantified in Section Vi,

(6) Specifiation. of w. This parameter is the criterion frequency; 1t

is épptcximately equal to the crossover frequency of the pilot-
afrcraft svstem dynamics for the case of pitch attitude tracking.

It .s a fdnction of aircraft dynamics and disturbance bandwidth.

The data required for specification of W contained in Reference 3,
are shown in Figure 9; these are regarded by this author as irrefu-
table. Note that what we propose here is a specification for
engineering design and accéptance;-not a prediction of actual svstem

dvnamics,

The Reference 3 data are for single-axis, fixed-base tracking. The
. réader may question the use of such data for problems where moticn cues or
multiple loop tasks may have significant effect. The justification for
ignoring motion cue effecté for the specification of we is embodied in the
No--Tracking hypothesis. The more significant the motion cues are to handling
qualities, the more w, 28y depart fro, the ctoséover frequency of Reference 3--
which is totally irrelevant so long as the value for no motion can be success-
fully correlared with pilot opinion rating. * The more sighificant the motion
is to svstem dynamics, the more degraded the handling qualities. That, in
essence, {s jusgiftcation enoygh for using w, derived from fixed-base data.
Multiple loop effects are of no interest here since our concern is with the
specificution of basic aircrafe resﬁonaes that are task-inerendept. ‘Without
"good inner loop.dynauicq; good outer loop handling qdalitiés are impossible

té_achievc.

We propose that the slope function

8
Fu

w )

4
dw c

1C6
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1
é{ is the best parameter for the specification of w e The phase o: %--could be
- : ; .8
3 i used only 1if higher order system dynamics are not a factor--which, of course,
t contradicts the point of this entire report. The following empirical formu-
E‘; lae, based on the data of Figure 10, are recommended for the specification of
) the criterion frequency w_: ' .
. F'f e w = 6,0 when g-:g—(jw Yi> -1 o R
b c dw|F_"""e’| =
i : ' o - (10)
| d |e | e 48
o w, 0.2? EEF;U“C) + 6,27 when o _Fs(jwc) < -1
] ' J
The units are radians/second and db/octave; ‘the lpﬁter was chosen because it
‘f
, is convenient for computations with transfer function data given in numerical
form. This specification is illustfated in Figure-10.
1 ,
| In lieu of a better alternative, the slope %;lg (jwc) is defined to be
] ' -8
- 3 the average slope of %- on the region 2 € w <. 6. The values of R
’ 4 s .
3 calculated and shown in this report were obtained by averaging the slopes:
: 0 0 .
Ay = ir*éj) - F—(Zj) (db)
2 [ s s .
|e i
, b2 = [N - 74250 (@)
: 8 . s - | ‘
0 0 P
a3 _ {763 - [7(39) " (db)
s 8. :
Ca || AL ay 80+ a9
=—IF c 3. .
dw| s g
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For the data showm in this report the precise manner

in which v 1is
<

estimated is not usually critical. It can he, however. Unfortunatelv, we

can offer no definitive rule for the estimation of W, for
cases where the slope of %—
s

those occasional

varies considerably with small changes in «.

For such cases, engineering judgment must be exercised with the criteria of

this report used primarily as a guide. More recent work;

not reported on

these pages, suggests that it {s probably better to simply be consistent in

the method used for ocstimating W, and not change the method to f{t the

situation.

The bandwidth specified by Neal and Smith® and by Mayhewzl should be

regarded as an oversimplification of the criterion frequency'mc. We =submit

that the a priori definition of bandwidth accordirg to Flight Phase Category

or alrcraft class without regard for aircraft dynamics is

too crude to be

generally satisfactory for the development of handling qualities

specifications,

The'value .
dw

a better match with flight test data (Section VI).

)
8

(7) Applicability to Flight Control Task: It is prbvosed that the

= -1 was selected rather than 0 because it provides

specifications that are quantified in this and the next two sections

will apply equally wéll to all flight control tagks for which

precision control of attitude or flight path is

requirement.

These include both tracking and nontracking tasks. Problems such

' ai fire control during high-angle-off passes (typical of one-on-

many nngaaqmentd) are encompassed, we believe, by these specifica-
tions. The data available for the quantificationof these specifi-

cation proposals are strictly applicable to Clas
Flight Phase Categories A and C. B

110
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Section VI

-LONGITUDINAL SHORT-PERIOD
HANDLING QUALITY REQUIREMENTS

A.  APPROACH |

~In ihis.sectibn; the much referenced data base of Neal and'Smith6 will
be examined once again. The perspective, however, will be that of Section V.
The detailed calculations required for estimation of the various handling
quality parameters will not be shown; the results are summarized in Table 9.
All the data required for these calculations are contained in Reference 6 |

except for the normal acceleration dynamics; it is agssumed that these obey
the classic relationship,

P . 2,8 6 '
;.:(s) - m:r—e-z ;.—s-(s) : _ .

' This assumption appears to‘be justified since the NT-33A variable stability
airplane is not equipped with DLC and, apparently, did not employ a model-
following simulation technique. '

- B. A PROPOSED TIME~TO-FIRST-PEAK SPECIFICATION

The data of Table 10 supﬁort as a criterion for Level 1

0.2 € tqs 0.9 | , seconds | o . . (11)

vhgre.tq is the time-to-first-peak of q(t) following application of a stép

in longitudinal stick force Fs.- For an ovérdamped’reqponse tq.is the time
to 90 percent of final value. 1ne justification for the lower limit is
baged upon - human tésctioﬁ‘tiqe,delay considerations. When :q < 0.2, the
response is "too abrupt" and the pilot chases the q(t) response; i.e., he
is forced to track, ;n-violatipn of thg No-Trackin§ hypothesis. When tq >
0.9 the response is too sluggish; the pilot will comment that "the initial
motion' tends to "dig-in" or that the final response will "overshuot." This
’teapdﬁah 1slgenerally asgociateQ with excessive lag of 3 %-(jg).'

. , R
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Both of the limits proposed in (11) can be defended on a purely
empirical basis, Figure 11 is a plot of Cooper-Harper rating (averaged for
each case from Table 10) versus tq. It i{s clear that no case hrs a Level 1

- rating with tq < 0.2; the upver limit of tq = 0.9 seconds is not auite 80

firn because of the interaction of other pnunetric effects such as 3} — (jw )
s
or o(jmc). Still, it appears to be a reasonable criterion for these data.

C. A PROPOSED AMILITUDE RATIO SLOPE CRITERION

Figure 12 is a plot of 3 —-(jw ) versus Cooper~Harper ratings (avetaged
for ench case) for the Neal-Snith data from Table 10. The various symbols
cortespond to the slope paru\eter -a;- f‘—(j“’c) . The criterion frequency w,

. s .

is computed according to Equation (10) and is shown 1:'; Table 10, The case
‘auuber is indicated beside each data point. ’ -

It can be seen (with some study) that these d:i:a points divide con-

F

sistently into three groups according to.the slope of 9—-(.1.0):
‘ s

d |8

™ | E; Fs-(jwc) > -2 db/oct
° .-6 <L 9—'(Jb ) <‘-2’. db/oct |
. = dw -Fs e
¢ {8
s &« 'I:‘: Ju, | < -6 db/oct

The first group (slope > -2 db/oct) yields degraded hmdling qualities;

hen i -—(jw ) is very small, the dcgradation is less, but hmdling quliues
s
still are not Level 1. The explanation for this was given 1n the last

section. The second group (-6 < slope < =2 db/oct) yields good handling

116
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qualities provided that 3 %—(jmc) > -130°--then the aitframe—FCS dynamics
s )
tested are most like those of a simple integration; i.o., Kc/s.

The third group (slope < -6 db/oct) catrespouds to K /s -like dynamics

for which the phase lag generally tends to be excessive.

These results confirm the benavior postulated in Section V. The slope

In genetal, the impoftance

to hnndling qualities of phase angle is hidden by vatiations in the slope
parameter. In order to clarify this effect, the data of Figure 12 are

g— > 2 have been
]

removed, but only if 3 F—(juc) > - 1*6'. These are casgs_ZA, 2B, 3A, 3B, 4A,
SA, 6A, 7A, 7B, BA, 8B, iz. 13, and l4. These are the ¢aaes for which the

replotted on Figure 13; however, 311 cases for vhich %;

aircraft dynamics are similar to a pure gain; with the single exception of
case 7B, none are Level 1. Apparently, it is this conbination of near-zero -
slope and low phase lag that is most suséeptible to the adverse effects on

normal acceleration cues. ‘ o ;

We therefore corclude that hlndliha qualities are not generally Level 1

about -2 db/octnve--regardleoa of ¥ 3—(jac), It is there-

8
F—-(juc) 2 F_°
s s ;

fo;c proposed that for chgl 1, o :

when %;

g—(juc) < -2 db/oct (12)
]

a
‘du

This criterion and the phase angle criterion 6£ thi next paragraph are
_believed to applv for any FCS mechanization for which the pilot retains
direct control of pitch attitude or fuselage pointing modes. Specifically, )
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it lpplies':e the so~called maneuver-enhancement mode where DLC is coupled

"with pitch control to stiffen the flight path control fesponse.

D. A PROPOSED PHASE ANGLE SPECIFICATION

The data of Figure 13.indicate that a Level 1 boundary cccuré at

A

3 %—(Juc’ = -123°, only case 7D fails to obey this boundary. If the boundary
s : oo ‘

were set at:—lﬂo‘,'Several more boints rated as Level 2 would then lie in the
Level 1 regioh. The Level 2 boundary seems to occur at -165%; all Level 2 |
and Level 3 da;a.are cbrrectly grouped by this boundary specification. It is
noted that cases 1A and 9 are ra;ed‘Level é by the -123* limit on the Level 1
boundary. - This hight seem like an arbitrary divisicn; however, both these
cases are also categorized (correctly) as lLevel 2 by the accelération phase

speéification of the next section.

The pfoposed-specificdtion for pitch attitude phase angle response may

then be summarized as follows:

Level 1: 3 3(3u) 2 -123°
3

Level 2: -130°23 3~(Ju) 2 -165°. . | (13)
. s

Level 3: ¥ 2—(Ju ) < -165°
o , s '

" Although a Level 3 floor no,doubc.eiists. it cahnoc be dqtetminéd.fron
the Neal-Smith data. - o

E. A PROPOSED PHASE ANGLE SPECIFICATIO“’FOR NORMAL

ACCELERATION DYNAMICS ' '

So long ac'ihc 1dngitud1nal control of flfgh: path {is p:indipally
effected through elavon/elevator commands (i.e., a single point controller)

121
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it may seem irrelevant to. impose a further limit on normal acceleration
response.

However, with the use of additional control techniques (elevon plus
canards or flaps, for example) the relation between pitching and heaving
dynamics 1s determined by the FCS mechanization as much as by planform
aerodynamics. The DLC F-8 and the CCV-YF-16 are but two examples of such
gystems that have been flight tested.

In the general case w.ere éhe charicter of the FCS is unknown a priori
it is desirable to develop a specification for normal acceleration response

that is complementary to those given above for pitch response dynamics.

Throughout this report the difference between normal acceleration
measuréd at the center of mass and at the pilot's location is ignored.
Usually, this is negligible except for very iarge ailrcraft, For applica-
tions, when the difference is believed to be significant, the normal accélera—
tion should be pilot-centered v '

There is very little usable data available on the separate effects of
heaving control and pitching control on handling qualities. Vhat we propose
is to dissect the Neal-Smith data so that, insofar as possible}'the
functional effects of these two degrees of freedom may be isolatedﬂ This
wil; be accomplished via the following assumption:

Assumption:

The pilot induced oscillation rating (PIOR) scale, as it
was used by the pilot subjects in the Neal and Smith flight
"tests, is a measure of handling qualitiea degradation due to
normal acceleration dynamics.

Siace these flight tests, of necessity, varied both !zp and 6 dynamics

_ simultapeously, it is not possible to directly assess the degradation due

to motion; this can be done by implication, however,

122 .
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The further assumption is made that PIOR = 1.5 corresponds to the natural

Level 1 boundary, whereas PIOR = 3.5 corresponds to the Level 2 boundary.

.This assumption is based upon close inspection of the coﬁsistency between

PIOR and Cooper-Harper rating (Figures 14 and 15) from the Neal-Smith data
and with consideration for the adjectives used in the definitions of the two

scales.

Case 1: Conventional FCS or
With Maneuver Enhancement

The function ¢(jwc) is plotted in Figure 14 versus PIOR for all the
Neal-Smith data cases except those which violate the tq reaponse criterion
(Equation 11) or the slope criterion (Equation 13)., These are cases 2A, 2B,
3A, 3B, 4A, 4B, 4C, SA, 5B, 5C, SD, SE, 6A, 7A, is, 8A, 8B, 12, 13, and 14.

These exclusions are made in order to preserve the basic PIOR-¢ relationship

ag& to enable the development of a necessary condition for handling qualiéies
specification. By definitionm, '

azg.
' -3 —E(w ) -
¢Qu ) = 3 ¥ (Juy) -14.3 w

It must be observed that when motion cues are not degrading and when the
Cooper-Harper rating is Level 1, then ¢(juw).is not a handling qualities
parameter--it would be irrelevant for that condition. Thus any points in
Figure 14 for which PIOR € 1.5 and that are shown in the Level 2 region
should be discounted provided that 3 %ﬁ{jmc) > - 123°. This eliminates cases
2D, 3C, 7E, and{1l. Cases 2E, 3D, 3E, and 10 vidlgte the 8-phase criterion
and are therefore appropriately classified as level 2. . Cases 1B and 2F are,
in fact, Level 1 but are classified as Level 2 by both phhse criteria.

With that ¢lari.ication it is clear from Figure 14 that these data may
be divided into |[the three regions shown., The other exceptional cases are

discussed below:

Case 7D: The pilot's comments emphasiéed predictability of response -and tﬁe
difficulty of target acquisition. This might imply that the criterion

123
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frequency should be determined from the open loop airplane.dynamics and be
approximately equal to the short-period natural frequency (7.3 rad/sec).

This possibility is supported also by the Cooper-Harper rating given for'this
case (5.5) and its inconsistency with 3 —-{jw )--Figure 12.  When w, = 7.3 is

used, this point is drawn into the Level 2 region of Figure 14,

Case 7F: This case i~ interesting because it appears to indicate how signi-

ficant a test pilot's interpretation of task requirements can be to the
Cooper-Harper rating or PIOR obtained. This case was tested by both pilots W

and M. The results were as follows:

Cooper-Harper PIOR
Pilot M : 3616 2/2]2
Pilot W 71117 ' -/3.5/4

The pilots were self-consistent and at complete variance with each
other. The closed loop handling quality correlations for Pilot M are in
excellent agreement with the results of Figures 12 and 14, whereas that for
Pilot W would be consistent only if w, were selected to be nearly equal to

- the airframe short-period natutnl.frequency (7.3 rad/sec). This result is

indicated on Figure 14 where it is seen to be well within the Level 3 region,
as indicated by Pilot W's PIOR. Based on pilot conméntc,6 it appears that
Pilot M may have flown more "aggressively" with an emphasis on the time
required for target acquisition. Pilot W appears to have'based his evaluotion
on the' tracking capabilities of the aircraft after target acquioicion ‘had

‘been accomplished ’ ' : ‘

It io far from clear how such technique differences shouid-be'ration-
alized in a handling qualitieo specification. Here, ve metely'note that the
theory for handling qualitiea appesrs to explain the resulcs, provided that
we fully consider the extremes of probable pilot technique.

We reiterate . . . the pilot rating differences obtained for this case

are not evidence that pilot evaluations are inadequate, Quite the contrary.
They 'seem to imply that we must become more‘aophioticnted in the use of the
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Cooper-Harper scale and in the design of experiments for the collection of
handling qualities data.

Cases 6E and 6F: Both these cases are properly categorized as Level 3

according to the 6-phase criterion; for that reasén.'they should be discounted
in establishing the recommended acceleration phase boundaries showm in
Figure 14,

Case 1D: At the Level 2 boundary Case 1D violates the ¢ criterion of ¢ > - 220°

but is rated as Level 2 (POR = 4,1). Comparison of the ¥ %—
. N s

Cases 1p, .26, 2I, 4E, and 4D--all of which have similar ¢--suggests that
violations of the Level 2 criterion on ¢ should be classified as Level 2

%— 2 - 148°. This restriction is based primarily upon Case 1D and

s
should be subjected to further flight tests.

values for

whenever 3

Based upon the correlation obtained in Figure 14, it is proposed that
for conventional FCS design. or when maneuver enhancement is employed the

following requirements be met:

‘Level 1: ¢(jmc) > -160°

Level 2: -160° > ¢(Ju)) 2 -220° £14)

Level 3: -220° > o(jmc.) 2 7 (no data)

Case 2: Direct Lift Control Modes

It vas assumed in the last section that those atrcraft which violate the
slope ctitérién (Equation 13) correspond to those for which :hé essential
handling qualities problem 1s due to the adverse eifects of motion cues. In
tﬁis séction, wexwiah to pursue this idea to establish the basic connection

' between aircraft-FCS dynamics and handling qualities degradition due to

motion.
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If we plot ¢(jwc) vs PIOR for only those aircraft-FCS cases from the

Neal-Smith data which violate only the slope criterion (i.e., for which

du|F

—-3-1 > -2 db/oct but 0.2 < tq < .9) then the resulting trend will apply
8 . ,
regardless of pitch dynamics. In particular, it will apply when a DLC

! system 1is employed--for which 6 may be automatically controlled, for example.

The cases for which the slope criterion of Equation 13 is violated, but
for which the q-response time criterion (Equation 11) is satisficd are:

2A, 2B, 3B, 4A, 4B, 4C, 5A, 5B, 5C, 5D, SE, 6A, 7A, and 8B

‘For these cases o(jmc) is plotted vs PIOR in Figure 15. A strong correlation

appears to exist.

Based upon the data of Figure 15, 1: is proposed that suitabie new
handling qualities criteria for DLC are:

Level 1: o(jmc) > -130°
Level 2: -130° > &(juw) > -230° (15)

| Level 3: -230° > ¢(jw) > ? (no data)

In addition, when the task 1. power approach. tho criterion on flight path

angle reaponse of the next seccion 13 imposed.

For tasko such as aerial refueling and fornation flight, in which
' relative poaition is 1nportant. it 1s proposed . that the dynamics of the
first time derivative of x (where x is the relative, vertical displacement

from a target position) bo treated similarly :o 8 for conventional flight
e control"viz., require ' '
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< -2 db/octave ' (16)

It provides an’interesting and useful tie with classic man~machine
system dynamics to note that for the typical bandwidths of position control
dynamics--for example, w, 3.0--the proposed Level 1 specification of (15)
indicates that linear aircraft~FCS dynamics in the DLC mode must be similar
in form to Ké/a. The spocification is not quité so restrictive as the.
classic requirement at higher bandwidths. This comparison is valid provided
it is assumed that the pilot's principal visual cue is x __ 1.e.; relative

de
velocity.

"F. A COMMENT ON THE PIOR SCALE

It has been sugggsted by some that the PIOR scale (Figure 16) {is
redundant--that it contaias no iﬁformation that cannot be obtained from the
Cooper-ﬂarpér scale. The scale does not appear to be widely used and is
falling into. disuse at flight ﬁest organizations that have previously
employed it. ' '

We do not agree that the PIOR scalé is necessarily redundant, although
‘there is clearly some redundancy with the Cooper-Harper scale "built-in" by

the choice of rating descriptors. The basis for this position lies partly in

the success demonstrated in the last paragraphs ian correlating ¢(jw ) with
PIOR; the data correlation was essentially 100 percent. Partly, too, this

judgment is based upon a sense of how an evaluation pilot perceives the

interpretation of the Cooper—Harper and the PIOR scales vis-a~vis the piloting.

tasks.

The Cooper-Harpet scale (Figuro 17) emphasizes the ability of a pilot to

perform a control task and the effort required for this. In actual flight,

" the scale therefore interleaves the 1ndividual control modes. associated with
actitude and normal. acceleration. Except in near-PIO cases, however, the '
motion cue loops are probably not strongly coupled with the measures of
tracking performance that the pilot may be asked to evaluate. Thoa. motion
control--when it exists--can degrade.tho pilot‘s subjective evaluation of '
handling dualities with insignifioant.effect on piloting performance.'
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NUMERICAL
DESCRIPTION ' RATING
— — S e e
NO TENDENCY FCR PILOT TO INDUCE UNDESIRABLE ]
MQOTIONS
UNDES!IRABLE MOTIONS TEND TO OCCUR WHEN 2 }
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS , 3
TIGHT CONTROL. THESE MOTIONS CAN BE PREVENTED :
OR ELIMINATED BY PILOT TECHNIQUE. . z
UNDESIRABLE MOTIONS EASILY INDUCED WHEN PILOT . 3

"INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT
CONTROL. THESE MOTIONS CAN BE PREVENTED OR
ELIMINATED BUT ONLY AT SACRIFICE TO TASK PER.
FORMANCE OR THROUGH CONSIDERABLE PILOT
ATTENTION AND EFFORT.

OSCILLATIONS TEND TO DEVELOP WHEN PILOT INITIATES 4
ABRUPY MANEUVERS OR ATTEMPTS TIGHT CONTROL . )
PILOT MUST REDUCE GAIN OR ABANDON TASK TO
RECOVER.

DIVERGENT OSCILLATIONS TEND TO DEVELOP WHEN (]
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL PILOT MUST OPEN LOOP !V RELEASING
OR FREEZING THE STICK. .
DISTURBANCE OR NORMAL PILOT CONTROL MAY . [}
CAUSE DIVERGENT OSCILLATION.PILOT MUST OPEN
CONTROL LOOP 8Y RELEASING OR FREEZING 'I’NE
STICK.

. Figure 16. The Pilot Induced Oscillation.
Rating (PIOR) Scale
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The PIOR scale does not directly address task performance. Iﬁ is a
scale only for the quantification of handling qualities degradation due to

motion cue effects.

While the scales may be closely connected they do appear to be more
complementary than redundanc. The development of the criteria based on ¢(jm)
would .ot have been possible without the PIOR data from Reference 6.

The Cooper;ﬂarper scale is a bounded and, therefore, nonlinear scale.

The effects of its nonlinear nature may be seen in the an vs POR correla-~

tion (Figure 3) and, in the data of Figure 12 for 3 ——(jw ) vs POR. The

- e caas

PIOR scale seems very nonlinear because it is more truncated (6 points

* rather than 10). Thus, the correlations of ¢(juc) with PIOR (Figures 14 and
15) are distorted to account for-this. The PIOR scale emphasizes "undesirable
motions" or "oscillations.” Rather than diapense with the PIOR scale we
propose that it be revised as follows:

B T

' Change its name to reflect its probable use; f.e., it is used for
rating the significance to control difficulty of motion cue -
effects.

e Increase the scale to 10 points to increase its linearity and to
permit more sensitive comparisons to be made of the separate

effects of performance, workload and nqtioﬁ cues. .

7 ) Devise descriptors for each numerical rating that_will tend to

linearize the scale.
For the sorts of advanced FCS concepts that are considered in this

report, data oltained from a scale of this sort would be an ideal complement

to Cooper-Harper ratings.
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G. A COMMENT ON THE USE OF EQUIVALENT SYSTEHS TIHE DELAY
AS A HANDLING QUALITIES METRIC

The Level 1 phase criterion 3 ——(jm ) 2 -123® (Equation 13) can be

used to estimate the maximum lllowable time delay based upon the equivalent

systems model for pitch response, viz.,

8 (o) = K, s+ UT, e e
. v v
F 8 s + Z:EwE s + wE

The Level 1 requirement given in Paragraph D, above, is

8, . 1n0
)F—(juc) 2 <123

. Using the equivalent systems model this impliei that

: - ZC w '
1 ~1% o an
("e)max ~ 57.30, |40 * 2" <1/TE) - tan (NE" N wcz)

vhere w, mﬁsc be estimated by the formula

E—(jw), fo

< -1 db/oct

Cw = 6.27 + .27 %
c dw

or

> =1 db/oct
c .

" ' dle ,.
w, = 6.0 . for an F;—(jw)

1f g wp and IITE are known, then the aversage slope of %—(jw) can be
. ‘ . S
estimated; this fixes oc. With this value knownm, (TE)mQx can be determined
from (17). The results in the following tatle were obtained by this

'prbcedurca
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; ~ approach to hnndlin; qualitico npccification.

' =10
: E
g = 0.5.\
! wE uc (TE)max
2 2.9 = .042
4 5.1 . - .. .009 ;
6 6.0 - .089 , ' .
9 6.0 > .205 .
These examples are believed to be tepresenta;ive of actual flight test and ;'
simulation experiences. The effects of IITEIand CE are secondary.in com- il
parizon to the relative values of wp and W, ' ;
| | )
i
For the first example in the table, (rE)max = -.042 seconds; i.e., §
this configuration cannot meet the phase criterion. For the other cases, f
- it can be seen that ('E)mnx is very strong;y.dependent on wp. ;
It has been suggested by others in private'di§¢ussions that a reason- é
able specification might be tE < 0.1 seconds@ Reference 20 proposes 0.12 sec ;
for Flight Phase Category A, Level 1. The results here support that to a
certain extent. However, it appcarl that there are two basic objec;ions ‘to i
g rcquirenent of this sort: '?
' 1
(1) It is too oiupliotic. It nay be either too consetvative or not . A X
consctvativc cnough depending on aircraft-PCS dynamics. - ]
(2) Thc-patan‘ter Ty DAY be very'sensitivo to the method by which the
equivalent systems model is derived. ?
: }
L ;
The latter possibility 1. nufficiont resson to discard this simplified S "i
!
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H. SUMMARY OF PROPOSED REQUIREMENTS

. The requirements proposed are restricted to longitudinal iﬁode, short-
period dynamics of Class IV ai'rcraft, Flight Phase Category A and, we telieve,
the terminal phase of lunding. ' : '

(1) Time response: .
level 1: 0.2 € r.q < 0.9

Level 2: none proposed

(2) Slope criterion:

.Ad e
S *""E:'-(jwc)

ol db/oct
. )

Level 1: § < -2 dbfoct

Level 2@ none proposed

(3) 6-phase lag:
Level 1: 3 2—(ju_) > ~123°
s

Level 2: 3 %—-{ch) 2 -165°
8
(%) an-phase lég;—conventional flight path control or maneuver enhancement

modes:

Level 1: ¢ > -160°, for any value 3 %-2 -130°, or any

, - 9 , o
when 3 ;:—2 -122°%
R 8 . '
Level 2: ¢ =220, for any value 3 =— > -165°, or
: ’ . 8

any ¢ when 3 3~ -148%
o s _
(5) an-phaae lag~~DLC control of flight‘ path:' '
Level 1: ¢ > -130°
Level 2: 4 2 -230°
The 9-phase is irrelevant for this case.
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These requirements comprise a set of necessary conditions. FEach must
be satisfied at the Level 1 or 2 values if longitudinal handling qualities are
to be Level 1 or 2, respectively., Violation of any one will make the handling
qualities equal to the level for which the violation exists.

I. RANDLING QUALITY REQUIREMENTS FOR DISPLAY DESIGN

For piloting tasks which rcquiré that the pilot track a displayed cue
x (which may be any cue or combinations of cues that are displayed explicitly).
the results gliven in Paragraphs B, C and D are thought to'apply equally well
1f x is substituted for 0 and % for q. That i{s, we require that

1) 0.2 <t

i < 0.9 seconds Level 1
(2) 3 %—(jwc) > -123°, Level 1
. =T
-123° 2 3 E-(ju ) » -165°,  Level 2
8
C 3 E(u) g -165°, . Level 3 - (18)
8 ' X .
‘3) %; %—(jwc) < -2 db/octave, Leve s’l.aﬁd 2
s .

‘whére_the critericn frequency w, is computed by E uation 10, as before.

It is presumed that the pilot's essential task is to contrqllthe excur-
sions of x(t). The display by which this is acco plished could resemble the
HUD concept of Figure 8, previously discussed. ’ v

The difficulty posed to the displiy designer by these specitications {is

F
8

that the dynamics represented by l‘----(s),'ix'tvcvlve_ the airframe and FCS dynamics,
also. In fact, for conventional displays such as an Attitude Director

Indicator (ADI), the dynamics of %—(s) are (or should be) nearly identical
) o s N _ _
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' from Equation 10, then thgse.requirements cannot be applied directly.
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" with those of the aircraft plus FCS; i.e., we have not been accustomed to

dealing with primary displays which purposely introduce dynamic elements into
the man-machine syster loop for the'purpose of accomplishing a task or for
handling qualities enhancement. The usual problem of display design has teen
to eliminate display dynamics. insofar as possible. ‘

This scenario will probably change with the introduction of digital

~ computer generated displays; that proposed by Bateman?® is but one example.

In order to generate Bateman's display, a tremendous amount.of data acquisi-
tion (from a multitude of sensors), data processing, and sheer number-

crunching must be accomplished by one or several digic;l.compu9qré. Because

of the computational time required and practical limitations on frame rates,

display dynamics that are nontrivial to handling qualities appear to be
inevitable in some likely applicationms.

When significant nonlinearities (intentional or unintentional) are
present in ﬁhe display these must be accounted for in the application of
specifications (18). It is beyond the scope of this report to show how this
may be done.

The requirements proposed in (18) implicitly require that the aircraft-
FCS-display dynamics be similar in time-wise character to conventional
attitude‘dynamics. When the only displayed cue is one derived from fllgqt
path, for which the required bardwidth is much smaller than that given by W
However,. for such cases the flight path stability requirements of the next
section should:also,bé'approﬁriate as specifications for displéy deéign.

The entire issue of the design of‘combuter'generaCed displays shou1d be

carefully and systematically addressed from the‘viewpolnt of handling quali-
ties impadt. ,Itlis far from clear how a HUD concept such as that of Bateman
(Figure 8) should be implemented. Those consideratious reidted to multimode
FCS further complicate the display problem. '
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SECTION VII
FLIGHT PATH STABILITY IN POWER'AFPROACH

A. NECESSITY FOR A NEW SPECIFICATION

Paragraﬁh 3.2.1.3 of MIL-F-8785B establishes limits on the variation of
flight path angle v with airspeed in power approach. This assumes that dy/dv
represents a measure of flight path "stability" resulting from small changes in
airspeed due to the use of elevator control, only (th;ottle control is fixed
for application of this specification). -

This specification has begn criticized, both because aircraft with deficient
handling qualities satisfy it and vice versa. In general, it seems that

transport aircraft seem to obey the current specification but that is is clearly
inadequate for Class IV aircraft.

Whatever its vaiqe to design might be, the dy/dV specification may not
adequately encompass the range of pilot technique for glide slope control.
Throttle, in general, is an important flight path control. Navy doctrine;
in fact, requires that the principal glide slope control cue for carrier-
approach -- the "meatball" of the Fresnel Lens Opticai Landing System,;- be
controlled with throttle. USAF pilots are not similarly constrained. Differences
between the two service philosophies are due, 6f course, to back-side vs front-

side'powet approach operations.

The Background 'Information and User Guide for MIL-E-8785331, notes several
references that demqnscrate how constant-throttle, aICiFude—hold dynamics; with
the pilot in the loop, are destabilized yhen the elevator transfer function

numerator zero llTh1 becomes too negative. To a good approximatic ,
llTh1 = 1/m dD/dV
where D 18 the total drag. The zero 1/Th1 is theréfore negative only the back-side

of the drag-velocity curve, (Total drag D equals net drag minus thrust times

cosine f; and steddy-sta;e V in straight flight is regulated by elevator control
‘alone.) ' ' '
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/ : MIL-F-8785B places limits on dy/dV at constant throttle setting with airspeed

/ E changes effected only with elevator. These are from Paragraph 3.2.1.3:
Level 1; dy < 0.06 degrees/knot
‘ av :
. ' Level 2; . dy < 0.15 degrees/knot’
: dv :
: Level 3; dy < 0.24 degrees/knot
dv

- The derivatives are to be measured at v°min' Also, at a speed 5 knots slower
than v°min’ dy/dV shall not be more than 0.05.degrees/knot more positive than the
slope at vdmin'

This requirement'is intended to restrict the magnitude of dD/dV and thereby
limit the degree of pilot-aircraft instability that can result from the use of
elevator to control altitude errors. This, presumably, would influcnce the

level of throttle activity required for control of airspeed.

This requirement has two potential shortcomings. It implies that handling
qualities can be digcriminated according to factors related to the closed-loop
piloted control of altitude with elevator;v‘lt presupposes that altitude cues
exist, are available to the pilot, and are of sufficient quality to sustain
precision closed-loop control. For back-side approaches, throttle control of
flight path is the more likely techuique —— it is optional for the front-side
approach. Finally, altitude, per se, is not usually present as a cue for
closed-loop control. Even for carrier approach, the visual display is of path

~ angle error'-‘not'altitude. Acceptable altitude error is a range-dependent
function; tolerances on path angle error are (approximately) constant., It is
" noted that the results of Reference 14 support the conclusion that it is short-
period dynamics -- not phugoid -- which dominate pilot-aircraft system dynamics
in carrier approach.l

In this eection, we shall_ettempt to establish a rationnlAcorrelation between

ot 5

the proposed short-period requirements for handling qualities (Section VI) and

g e

additional, necessary requirements for power approach. First, let us briefly
review gsome specific case history data; these support the contention that

" MIL-F-8785B requireo revision and offer some insight into where its deficiencies '
1ie,

Sy e,

ok
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Reference 32 summarizes a McDonnell-Douglas study of the F-4 series aircraft,
Four models of the F-4 were inciuded: the F-4B and F-4M models, which have
1denticai airframes but different engines, and the F-4J and F-4K models, which
! ‘ élso have identical airframes (but different from the B and M models) and different

engines. The four models comprise a matrix of two airframes and two engines.

The F-4B/M airframe at vomin = 138 kt has %%‘-‘—0.01; at vomin -5, %% -
+ 0.01. It therefore meets the present Level 1 requirement. However, large
differences exist in the pilot ratings of the F-4B and F~4M handling qualities in
power approach. The F-4B, powered with two J79 turbojets, has consistently
received Level 1 pilot ratings by Navy pilots. The F-4M, powered with two Rolls;‘
Royce Spey turboféns, was rated 6 on the Coaper-Harper scale -- near the Level 2

boundary.

The F-4J/X airframe at a Vomin of 132 kts has g% = 0.07; at 5 kts slower,

g% = 0.10. "his airframe therefore falls into the Level 2 region of the present
specification. Pilot rating of the F-4J (J79 engines) is indeed Level 2 (Cooper-
Harper rating equal to 4.5); pilot rﬁting of the F-4K (Spey engines) is also

Level 2 (Cooper~Harper rating equal to 6), but very near the Level 2 boundary.

Thus, the F-4K has significantly degraded handling qualities'with respect to the
F-4J. The only difference between the aircraft is in the engine characteristics.
Reference 32 concludes that the present specification does not necessarily guarantee

Level 1 handling qualities for power approach.

In discussing paragraph 3.6.2, "Speed and flight path control devices",
Reference 32 considers the thrust response differences between the J79 and
Spey engines and concludes that the observed differences in handling qualities

" ‘ between the B and M mo&les is the result of engine performance differences. It
is recommended in Reference 32 that the present paragraph 3.6.2 be modified to
state that "engine thrust-to-throttle characteristics shall be compatible with the

ajrframe stability and control characteristics ,.; in the power approach confiéuration."

- s =

‘ Simiinr comparigons of the F-5A and F-5E aircraft have been reported in
References 33, 34 and 35. At v°m1n.-‘198 kts the F-5A has %% = -,055 and
S . 035 at Vopin =3¢+ These values are solidly within the Level 1 region of

dav

MIL-F-8785B. For the F=-5E the corresponding values are g% = +0.056 and.+0.087 -

also Level 1, but near the boundary.

140

‘ l
‘ . n R C . ' ' ' :
! L S . . o .
b - ——— g~ ——— - 4 : . v - . - e e e e v .
< _ . . : - ' T e
_ o _ . . R

';K“’u‘a P SN




} o ‘ 7 . ’ ’ Downloaded from http://www.everyspec.com

T T e s bt T st ren s . . [N - s

Although both the F-5A and F-5E satisfy the Level 1 criterion, their steady

B Y

state flight path responses are opposite in sense. If %% is a reasonable figure
of merit for power approach handling qualities then it seems reasonable to assume
that the F-5E would elicit different pilot comments than would the F-5A. This is
not the case. Pilot comments suggest that there is no perceptible difference in
power approach handling qualities, other than a slight tendency for the F-5E to

Ralhailies TRCY LAY S

touch down more firmly than the F-5A, following flare.3?

v ‘ ' Although it was not required to meet these requirementé, the YF-16 was compared
with the specifications of MIL-F-87858.36 at v°min = 133 kts, %%-- 0.12 and %% =0.178
- at vomin -5.} These values are near the Level 2 boundary. Nevertheless, the AFFIC
flying qualities evaluation 37 noted no difficulties in ﬁowet approach‘flight path
control (after the initial problem due to excessivg pitch sensitivity was corrected

with a feel system modification). Touchdowns were described as "gentle".

Cromwell and Ashkenas, in a classic study of carrier approach38, successfully
predicted the pilot-selected, minimﬁm approach airspeeds for five or seven aircraft
examples. This was done under the assumption that airspeed is controlled with
elevator and flight path angle with throttle. Cromwell and Ashkenas were led to
conclude that pilots preferred thrust control of altitude and elevator control of
speed for carrier approach despite analyses with showed that elevator control of
altitude had the desirable characteristics of high bandwidth, good phugoid damping,

and improved control authority.
B. PILOT-CENTERED FLIGHT PATH CONTROL PERFORMANCE

. The short-period hlndling quality metrics ptoposed in Section V1 are derived

t ‘ fron flight test data, averaged over a variety of £light control tasks. The power .

: : ‘ approach task, however, was not tested. The metrics of Section VI are proposed

: : ' as necessary criteria for acceptable handling: qunlitieb for those control tasks
requiring aggressive (time-constrained), ptecinion piloted control. There are, at
‘this writing, no data availnble for determinaciou of how (or 1f) the proposed short-
period requirements can be used for the development of power approach apecificationn.

L

Ay

* A.complicating factor is the nececuity to :ationally account fot the
cocrdination of thtottle and elevator control in povwer approach. There are various

¥
e
i

181

TR e o Ak §




o

R (T V. TN g TR o e

- . —— o e,

Downloaded from http://www.everyspec.com

‘ways in which throttle may be used for power approach control. For example,

throttle can be used only for airspeed regulation, with elevator used for path
angle control; this converts a back-side approach into a dynamically equivalent
front-side approach (insofar as the y + e loop is concerned). Alternatively,
throttle can be used to correct path angie error, with élevator used for speed
control. The latter technique is the more likely one for the back-side approach
vhere two compelling factors exist:. . '

(1) When low side flight path errors are corrected with increasing thrust,
flight safety may seem.to be enhanced.
(2) Line-of-sight displays of airspeed have not been customarily used.

The first factor is a confidence-building consideration. There is a real
danger of getting too slow, and settling due to faulty power management; the
chances for this are reduced when the approach profile requires increasing :hruSt
to touchdown. [There is, however, a very real chance that thelhigh fast '
approach in the middle will become a low, slow -- and dangerous -- approach near

touchdown because of power mismanagement]

The second factor (lack of speéd cues) inhibits the use of elevator for

glide-slope control when speed cannot be closely regulated with throttle --

‘otherwise the pilot-aircraft system dynamics tend to be unstable.

Regardless of how throttle and elevator might be used for control of

" glide-slope and speed, 1t is believed that pitch attitude must be closely

maintained with elevator. It is therefore plausible that the éhort—period
requirements of Section VI are also necessary tequirements for acceptable power:
approach handling qualities. This, however, may be too severe for specification
purposes; it has not been demonstrated whether the control precision requira=d for
approach and landing is of the same order as that required for air combat tasks --
although this seems reasonable for the post-flare portion of the approach.
Accordingly, until adequate déta become available it will be assumed that:

(1) The satisfaction of the short-period dynamic requirements of Section v
is sufficient to ensure the aééeptability of front-side powér approach
handling qualities. These, however. may be too stringent fot direct use
as design specificationa for the power approach condition.

w2 -
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(2) The back-side approach requires a.quaiitatively different control
| technique than that implied by the current specification of -1
In addition to short-period dynamic requirements, back-side
operation réquites a specification of flight path performance due to
: throttle. .

The "sufficiency”" of the short-period requirements means thatAgircraft
meeting these specifications should also have acceptable handling quélities in
front-side power approach. However, failure to satisfy the short-period
requirements does not mean that handling qualities will be unacceptable.

‘Various metrics for flight path performance vere .examined. These were
mostly derived from a comparison of the metrics previously developéd for ©
and 6 responses with equivalent metrics for.y and Y responses to both elevators
and théoctle control. Fourteen aircraft were analyzed. Thelr stability '
derivatives, total available thrust, thrust increment used for thrust respouse
calculations; engine response time (tepgine), and thrust line inclination
relativé to the nominal flight path are listed in Table 1l.

.Engine thrust response dynamics were simulated with a piecewise iinear model
based on the thrust response curves of Reference 32. ‘These are assqmed to be.
répresentative of turbojet and turbofan responses. The resulting ;ngine nodel
consisted of a characteristic response time that was a function of thrust level.
Typically, the initial thrust level for steady state power approach was estimated

- at 45 to 55 percent of . mil‘tary rated thrust (about 75 percent maximum rpm),
depending on the relative cleanness of the aerodynamic configuration. Engine .
acceleration times were'estimated from the steady state apﬁtoagh engine rpm range
and the time from idle to miliﬁary rafed.thrgst. Figure 18 {llustrates how the

"epgine thrust‘wan modeled. A step throttle input 1; assumed. The quel is
completely paraneterizcd‘by Athrust and tengine, The straight lines segments

3 approximate the actual thrust response. Actual engihe data was not available.

Q;.- It was believed that the thrust model .used should simulate the dominant features

of the propulsion system in this manner in order to construct a'realisticlmodel

! _,' for power aﬁproach handling qualitiea assessment. The valueayﬁthrﬁst and tengine

143

3 X N .o .
e da . o S WD, o - . By e e -b-‘f.)h-v b . . 5, i, &




Downloaded from http://www.everyspec.com

—— A D<A oy o

I8¢5 -LL-OCYs 37 2933390 39 53333

(PATTTITYTUA “ALp PIS I8ns1 [IW I53938) §/¥ IPAI3S] 2o 30Q WIRG 9.6 “TT OF ‘801 10A ‘ISTHAT wo1) peiverang ot
. ~ . ’ - o $85-109-a2 ¢
: - R R T ']
) (97iewaly trasces) 9st-21-524 ¢
. th-tetyL 20wy L}
B . $T-gt-azsiiy ;
. £51-CL~Ez 1LY "’
wird 3.9373 03 3o8dsax YigA uojIeByyILY IY INIYL ges L -DL~83 " LLEY | 4
4uPo14de (RUTLOU JO) LEK U3l pue - ) . 1-9:1 18 t
(4ov03¢i2 2an0d [#31d41) YOV 3j015.18 jo 28p3(Acux L4 PUBOIIIDLOY es A s 2 7 ] 1
BI3PTIBLY JOK FIVC PIAIPNIIS] - s
| i | e stz | | e - | . |
99351 “ 144 % c.A.n: m:vo ; UuseL m 177238 44 «S.u-ﬁ [$ 14 vM 1800 = §I05°- | L6 ~ m L1 4 €= cLec~ L2140 016"~ Ky-4 ?VW
| . ¢-
57818 _ e ¢....-W v {09387 m [0 44 2.Tw o N ..w ) 60 | €e- 18- “ [S 9 2d i [£15 900 R 474 A4 4 0L~ 1 19$5° 91-4% mew
{ i i : | ! i
9°1%¢ [ o.m\.um T onit'g . [A7A8 1 umo.u-w nﬁ.*nm | 12404 T = | ¢9° 0t~ W o LT TR KT S 2 0.3;.... [24 138 s2-3 {$)
$LYIT { 66T o.znw v uestye ~ S.u.: un.nnwnqnu.n M 2070°~ 9105° - .u.oau ~o=.n.n 6SCL°~ | OSy°~ [ {25 :3(. v7ir-3 a:“
[ €11 91" c.S: t ] ou's i 0ust §T°8-, €0E°- | §4900°- 100° = J ¥%°9 = | o069~ [£1 26 W1 14 24 11,00 -mao.w we-is aC_
G ES It “n.ga. € VKT w 05592 TOSETT-ivTeL- 1890°~ 1007 = | 67°CI= ! #0°9~ | Lg29°-} y0S2°~ (24 < b4 1408 -6 (I
o.nuo:“ S (6oLt “ ’ 9\\0.«3* oou.oﬂwnmcn. -t 19~ * S0~ oG 15°y - _ L o n:u.u_ "i’- °ys €°I - w3 {1
082 :o.cm m.nuum A AN A M [ZA303 6L°t-{ W'l~, 911G~ [ 244 . €911~ m SL°y~ | 969 -1 €1L°~ 1 743 [17¢o0g w-3
Pypews v tlnred oo ot ) osenter boster-fotste bogogee oo Lore- ! gooc | anee szizee | rrser 1ec0°- wey (1
sruett vttt losstzt e Lonytor bounccry Cr°T-; 99°- | 80~ 90 € 11| %00y % -] 11 (1340 590"~ x-vz: (1)
498 “02. M . € ;0239 500 tses-| 57 $CT0°- (4] (498444 m L 819~ | €9~ 14 8 "’ - s (1)
[ A $41 m JE AR R g ¥ 4 _" tjosn‘e 1 ooty 9T°€C-; 967"~ %5~ 9°0 1~ “ sez- 806 =t WI- | 0w~ y950°~ -4 (U
LSO S I LS SN M 144 “_?: [ 4714 (7728 S S 1720 S IR 4 M S@o.- f % A € A 1 tvu €2} gLec-) o2 9620 st -4 (1)
' €3 “ €3 luree w ,o.» 700 44 ) (23 2R I { 3% 22 B 14 4 56926~ ~<o\ - ( 2..3.0. _ $z-") ety-{ gsr-- $€0°~ uoSo 9-& (1)
[ Lt i - vy 3 H . -
gl e IS T T U B B N IR RS B B BN e
- oy Op f @& [ .
! 0 23 el : 1 I :
. ICRIR0D CL FSR0L5Td (34 JO KOTIVKILSY ¥OL . '
QIUINDTd YIVG JLAAXIGEIV LIVEONIV 20 LSS “IT TMVL




Downloaded from http://www.everyspec.com

m*“”‘;-ﬂaﬁw BT I R N as e Y - o 03 e s fee e e e - e e owe
3
Y 1~e ‘h -
 MRT
THRUST
ATHRUST
|
|
.
NorInAL L 1 1 ‘ ‘
¢ (P itﬁ,inc 3 Tengine . Teongine

"TIME ~ SEcS

Figure 18. Engine Thrust Model for Calculation
' of y(t) '
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listed in Table 11 were, in some ceses,'best-gbess estimates based on knowledge --

however, qualitative -- of engine responsiveness and aerodynamic configuration.

No stability augmentation was assumed for any of the aircraft examples in
Table 11 (excep;, of course, for the YF-16). The use of 'a pitch damper (available
on most ef the example aircraft) may result in improved flight path response to
elevator, but would probably not significanclv affect response to throttle input.

The Results

The only positive result that emerged from analysis of the aitcraft examples
from Table il was an apparert correlation between front—side/back-side operation

and the time required to arrest a rate of sink.

The time to arrest rate of sink, tg, was defined to be the time from
application of elevator or throttle control, to achieve a 39 increase in 1light
path angle. For a ~-3° approach tg corresponds to the minimum time required. tc

s

establish a positive rate of climb (see figure 19).

Table 12 summarizes t, for step elevator and step throttle inputs. The
magnitude of the thrust command is equal to Athrust (Table l1); propulsion
dynamics are included, as previously indicated. The magnitude of the elevator
input was sufficient to increase the angle of attack by a maximum of 5°; this
was determined for each aircraft by a separate calculation.

No conclusions are offered, based upon the data of Table 12, about the effects

of elevator response properties on handling qualities. There 13; however, an
apparent connection between t, and handling qualities for throttle response, but
only for those aircraft that are operated on the back-side of the drag curve.
The F-8C handling qualities in power approach are poor (tg = 6.35). The F-4B is

- acceptable (t, * 2.92) while the F-4M is poor (tg = 5.90). The F-111A wasi
unacceptable in carrier approach (tg = 5.39) == but acceptable for fieldllandings A
(t; = 1.85 with elevator). The A-6A is ncceptable (tg = 3.06). The RA-5C
(tg = 5. 10) and A-3B (t, - 5 03) are both probably matginal.

- —— e o e e Iﬁ s
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TABLE 12. SUMMARY OF RESULTS:
TIME TO ARREST RATE OF SINK tg

t,. TINE TO ARREST RATE OF SINK
ELEVATOR THROTTLE
AIRCRAFT CONTROL CONTROL
F-8C 2.85 . 6.35
. F-4B 2.92 2.92
F-S5A 2.42 , .95
A-6A 2.13 . 3.06 1
RA-5C 1 5.10 ‘ ;
A-3B .0 5.03 ' !
P-3B o 5.91 ;
Cc-5A . .58 ' 5.10 | L
DC-8 2.09 . 6.83 ' 2
NT-33A 2.17 5.39 B
F-111A 1.85 5.39 o
T-2C . 1.64 4.38 . | :
YF-1C' 2.35 3.24 ‘
F-4M 12,92 5.90
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C. A PROPOSED SPECIFICATION FOR FLIGHT PATH STABILITY

For those aircraft that are operated on the front-side of the drag curve
in power approach, the short-period requirements proposed in Section VI are

believed to also be sufficient criteria for pawer approach. Available data do
not support additional criteria.

For back-side aircraft the short-period requirements proposed in Section VI
are possibly neither necessary nor sufficient as criteria for power approach.
A requirement on time to arrest a rate of sink is proposed, in addition to any
requirement that may be imposed on short-period dynamics.

Until better criteria can be developed, it 1s recommended that the current

requirement on dy/dV be retained, but only for front-side, Class 11 & 1I1 aircraft.

The p: posed criterion for time to arrest rate of sink, applicable only to -

back-side operation (i.e. fcr those nominal power approach configurations for
which dD/dV < 0) for all Classes, is: .

Level 1; t4 < 3.0

Level 2; ' 3.0 < tg < 5.0 ' ' . "

Level 3; 5.0 < tg

.tg» in seconds, is defined in figure 19. The boundary values were selected from .
the results shown in Table 12. " ‘ . . :

More research is clearly needed if more Jefinitive power aeproach requiremwents
are to| be developed. '

+ The YF-6 data on paze 141 was from (Reference 36) and was only preliminary

analysis. This asnalysis may not truly repreaent the aircraft; flight data
is|not available.
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Section VIII

-HANDLING QUALITY REQUIREMENTS PECULIAR
TO DIGITAL FLIGHT CONTROL SYSTEMS

A, GENERAL

There are almost né hard data available suitable for the development of
empirically based handling quality specifications for DFCS. In this section,
a qualitative overview of the typical DFCS is taken and some functional leVei
requirements are propoéed. These are quantified insofar as possible. The
general viewpoint of the handling qualities problem is that given in previous
sections of this report. The "typical" DFCS is répresented by the generic

control system of Figure 1.

.'There are only:three areas of potential impact on handling qualities due

to DFCS peculiarities, per se. These are:

e analog-to-digital conversion (ADC) effects,
° control law implementation effects within the FCS computer, and
] digi:al-tp—lnalog conversion (DAC) effects.

Handling quality requirements for each of these three areas will be proposed
in the following articles.

B. THE TRANSPARENCY CRITERION

It 1s’pioposed that no matter how a DFCS is meéhanized the operations
that are peculiar to a digital proceass controllet--whethar hardware or soft-
ware oriented--must be transparent to the pilot. ' That 1égvthe digifal. '
elements of';he FCS must be "invisible" to him. It is proposed that a
o general pcdéement~cq thialeffect'bq included in future revisions to
MIL-F-8785B, | | |

o | 150
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c. CONTROL LAW IMPLEMENTATION AND LOW FREQUENCY
LIMITS ON ALLOWABLE FRAME RATE

. N ot g, ST 1 ’

It isn't entirely possible (or necessary) to forecast how aﬁalog informa-
tion defining the aircraft or target states might be used by one or several
central, digital processors which consiitute the major hardware peculiar to
the DFCS. We assume that this information will be processed via software to
define control commands and display features. | -

The digital process mechanics, together with the méchanics involved in
ADC and DAC, result in a transform model between commanded control signals
and anelog sensor outputs which supply the ADC. Whethér one visualizes this
model in terms of Z-transform, W-transform, etc. is entirely'irrelevaht. We
prefer to view it as just a‘computer‘progtam, in essence, with some sample
and hold effects contributed on either side. Due to the effects of digital

process mechanics, per se, these transform dynamics are not nece;sarily what

(B o ol de-e £

the FCS designer might want. Even simple numerical integration can alter
-system dynamiés;8 this may degrade numerical process étability in severe
cases. In very simple cases, the effect of using a digital computer to
implement a control law (pitch SAS, for example) could be represented as a

time delay of magnitude equal, say, to one~half that of the DFCS cytle time, |

-_.
L e

rer I

The details of how a DFCS is mechanized really aren't germane to the
functional specification of handling quality requirements. The requirements

3 - proposed in the two previous sections apply regardless of whéther a DFCS is
used or not. ' ' ' '

Thus, when a DFCS is used the requirements on pitch dynamics
(Equatiqns‘IZ and 13) are applicablée. These requirements will have a definite_
impact on how the DFCS might be mechanized. Aa an example, consider:an

airframe for which 3 2—-jw = -100’. with ac:ua:or and servo valve lag of
' e

-15° at w3 according to (12), the ‘maximum pernisaible phase lag due to the
digital computer, the ADC and DAC is '10°. If the digital system elements may
be treated as a time delay of T/2 seconds (T = frame period of DFCS for

151 .
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attitude control loop), then the absolute maximum value of T permitted by the

Level 1 criterion of (12) is

T - 2 x 10
max 57. 3wc

When @c = 5 radian/second, Toax = 1/15 second.
It is expected that the implications to handling qualities of low.
frequency digital sampling (i.e., low frame rate) are embodied in the pitch

attitude requirements proposed in Section VI.
D. HIGH FREQUENCY LIMIT ON ALLOWABLE FRAME RATE

A popular notion is that with the digital systems hardware either now
available or soon to be available, the operation of a DFCS can be made to
look just like an analog system merely by clocking the system at very high
frame rates (several hundred or thousand Hertz). This ignores the possible '

- adverse effects of ADC on the quality of system response'and performance.

An ADC converts an analog signal (a voltage) into a digital word. This
word consists of a fixed number of bits (é.g.._8, 12, or 16). Each binary
digit (bit) representé a certain fraction of the maximum analog signal value

or of the analog signal range.

If the ADC rate is so large that the sépafgtion between sdcéessive
signal samples sent to the cencral‘prpcessot'is.lgéé than the resolution
‘provided by one bit in the ADC' output, then the digital processor will not
recognize that a changethas occurred 1ﬁ thefanalog signal. 1t is impbssible'
to say what, in general, the specific effect of s;mpling at rates great
_ enough to exceed the ADC resolution limits might be. " However, it is intui-
tively plauéible that when the control law 1mp1emeﬁtacion requires table
lqok-ups,_numericél 1ntegtation;‘numérica1 differqntiétion. interpolation, or
any process based on the use of successive'sémples fof the estimation of
control commands,  the overall effecf will be similar to the injection of

152

. L

¥

L T ]

LR R e W R T Ok T T

é




Downloaded from http://www.everyspec.com

D NIRRT TR SRS S S

\ noise into a comparable analog process. This could result in degraded FCS

< ' performance and have a potentialiy adverse effect on handling qualities.

We propose, therefote, the following specification as an upper limit on
allowable frame rate: ‘

g ah o o PN e

(19)

where.
f = :rl-, Hertz

T = frame (sample) period of CPU operation, seconds

B SN AW S0 1 IR TP A 17, gy DR e )

w_ = crossover frequency for pitch attitude control;
defined by Equation 10, radian/second.

R = range of x(t) used for scéling of the ADC;

X - X

' A
range max min

n = wordlength, in number of bits, of the ADC for. x(t)

x = any aircraft’ state variable input to thé“ﬂﬁézﬁigwgeneral,
x=gq, 8, 4zp or a

X, = average ampliiude of x(t) perturbations from the average - ]
value of x(t) in a prescribed flight mode and FCS con- ’
figuration. It is recommended that the following values
be used for specification purposes:

x, = 1 degree/second for q(t),
Xo -3 degrees for o(t),.

Xe = 0.25°g for 8zy(t), and -
Xe = 3 degrees for af(t)

153




Downloaded from http://www.everyspec.com

X and X
max . min

used to establish the range of the ADC.

are the maximum and minimum values of x(t) that are

As an example, assume x(t) = q{t). Assume the range of q(t) to be
from -180 to 180 degrees/second; i.e., R = 360. The following table of

results are then obtained from (19):

W, n f

3 8 0.2
12 3.4
16 54.6

4 8 03
12 4.6
16 ' 72.8

For this example, it is clear that a 16 bit ADC is required and that the
‘maximum frame rate is surprisingly low. If it was desired that f = 100C Hz,
‘with w, = 4, (19) would require that n = 20 bits for this example., If n =
32 bits, the sample frequency could be nearly 5 MHgz,

. The development of the criterién expressed 1n‘(19) is straightforward.

If we can assume that

x(t) > X, sinw t

then

dx - Yo
dt max *“e
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In one frame period'Axmax = Xow T; this value must be greater than the ADC

~ resolution, which is r/2%, Thus,

R/Zn < x.wéT

or'

x.mc

1-
—-f<
T R/2"

But to maintain numerical procesé accuracy, it is advisable that the separa-
tica between Axmax and R/2" not be too small; otherwise many intersample
changes in x(t) will go undetected by the sampler. The factor of 10 is

introduced for that reason. The result is Equation 19,

The crossover frequency w, was selected as the criterion frequency based

on prior discussions in Section VI.
E. CONTROL ROUGHNESS

Central processor control output commands to the digital-to-analog
converter are, of course, discrete and occur once each frame period T. The
spectral properties of this converted digital command to control surface
actuators will not be exactly like those of a continuous analog controller.

In general, the DAC output will contain "glitches" representing discrete

jumps in commanded control from frame-to-frame. These glitches, if unfil-
tered, can reqnlt in aircraft response "harshness" that may result in
‘1ncrca;0d levels of cq (and therefore degraded piloc‘opinion rafing) with
corresponding degradation of control precision and tracking performance.

A qualitative statement should be included in MIL-F-8785B to the effect
that handling qualities degradation due to control roughnesi is not per-
missidle for Lavel 1.
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A quantitative requirement, and an implied validation procedure, is
given, as follows:

Assume that the central processor commands 6e(t) to equal a sinusoid; i.e.,
Ge(:i) = ée. sinwcti. i=1,2, ...

4 1s to be converted by the DAC. The DAC
output Gec(t) will be a reconstruction of the commanded sine wave. However,

The'digital signal Ge t

it will contain power at frequencies other than w. the actual power spectral

density will be a function of the DAC haidware. It is desired that the
responses q(t) and.azp(t) due to differences between 6e(t) and Ge (t) be

_ sufficiently small and not apparent to the pilot. [If control rogghness is

apparent at frequencies less than about ch, the pilot will very likely
attempt to track the roughness, in effect, and the tracking precision and
handling qualities may be sharply degraded.] To ensure that this is
obtained, require that ' '

(20)

where ACe is defined to be the maximum difference between 5ec(t) dnd'ité
fundamental §,(t):

'Ase - n;x

Se (£) = 8o (e) (1)

‘The values chosen for magnituQe'tolerances, 1;e.. .001 radian/second and

.0ig, are believed to be reasonable approximations to the respective percep-

‘tion thresholds of these piioting cues. The prescriptions of Equation (20)
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therefore require that the control signal's "noise" component be sufficiently
small that no perceptible effect is felt by the pilot. The criterion frequency

w, was selected because of its general 1mpoftance as a handling qualities
parameter.

The fundamental will differ in phase from Ge(t) b§ an amount ¢; it may
also differ in amplitude. Since the criterion signal 6 (t) is arbitrary to a
degree, there is no point in comparing Sec(t) with & (:) or with § (t)
‘shifted into phase with 6e (t) and its fundamental; that is, the harmonics of
§ c(t) are the problem and we treat them, directly.

The nagnitude, a, of the DAC output fundamental component §, must be
sufficient to yield

(1) %;(Juc)

a > 1 degree/second, and

a>0.25g

a
@ R

The requirements (20) could be met in one of two ways. A fairly crude
DAC could be used with large frame rate f. Swall frame rates could be used
with a more sophisticated DAC technique (CPU post-fil:ering,‘gteater word-
length, slever sanplé and hold rather than zeroth otdet, etc.).

v According to these criteria, phasc shifts introduced by the DAC are
tolerable, although thcy cannot be 80 large that the criteria of (12) and
(14) are violated. The criteria (20) specify how much discontinuity can be

tolerated at the DAC output before handling qunli:iea and control precision-
are degraded.:

The requirement (19) proposed as an upper limit'on-ffime'rate may, at
times, come into conflict with (20). The latter criteria tend to increase




Downloaded from http://www.everyspec.com

the required frame rate. When T is minimum to satisfy (19) yet (20) are
still violated, one solution is to decrease Aée. This c#n be done with an
analog post-filter at the DAC output or, perhaps, with digital post-filtering
at the DAC input. When this is done, however, the filtering should be no

more than required to meet the criteria (20); otherwise the phase criteria on

8 and azp responses may be violated. ‘As a general rule, filtering operations

introduced for the purpose of signal smoothing must be carefully executed if
handling qualities are to remain satisfactory and problems such as PIO. ‘

avoided.
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APPENDIX

. RECOMMENDED REVISIONS TO MIL-F-8785B:
LONGITUDINAL PILOT-INDUCED OSCILLATIONS
Ralph H. Smith
Systems Research Laboratories, Inc.

- 11 May 1977
Contract F33615-77-C-3011

INTRODUCTION

Recent work (Reference 2) done under séonsorship of the AFFDL has
resulted in the formulation of a theory for longitudinal, pilot-induéed
oscillation (PI0). This theory has been appliéd to the study of past occur~
rences of PIO for which suitable documentstion exists; it has been shown to
explain how PIO is initiated and how the phenomenon is dependent upon air-

frame and control system parameters. The theory is predictive; it appears to
enable the forecasting of PIO during designm.

From the PIO theory of Reference 2 it is iutended to develop acceptance
criteria for aircraft procurement that can be used to minimize the possibility

that a PIO~susceptible aircraft design will reach the flight test phase of
development.

PHILOSOPHY

It is assumed in this recommended revision thst the essential purpose of
MIL-F-8785B is to serve as a document for aircraft procurement. MIL-F-8785B
should also assist the aircraft design process by providing specifications
for patan-ter selection to enable thc quali:at.vc requirements of MIL-F-87858
to be nacisficd. ingof T as this 1: posciblc. It is alno assumed that each
specification para;raph will be documented s a guide to systems design.

This back-up docu-nntation is assuzed to be advisory, only, and not con-'
tractually binding.
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This recommended revision represents an attempt to address the realities

‘of present and probable near-teru future aitcraft design approaches. Air-

craft are not designed entirely on paper prior to their manufacture; the

flight simulator has become an 1mpottant tool for system design, test and -

_evaluation. It is possible to make analytical predictions of aircraft

handling qualities and pilot-vehicle system dynamics. Such assessments could
p1a§ a vital rqle in the earliest stages of aircraft conceptual and pre-
liminary design; however, the quantificatidd'éf an aircraft or flight control
system design ultimately requires pilot¥1n-theéloop test and evaluation.

This recommended revision is submitted bgsed on the premise that both

analysis and simulation will be used in & coordinated, sequedtial, and

* (possibly) iterative fashion to predict and experimentally assess tle implica-

tions to handling qualities of airframe or control system design trade-offs.

There apperrs to be a general misconception about pilot-vehicle systems
analysis, its use for the identification of suitable'handling’quality
parameters, and the use of analyticai»predfction methods for the derivation.
of speqificacions for aircraft or control system design. The philosophy on

which the'present recommendation is based is that the prodhc; desired of such

analyses must be clearly understood; otherwise the'potential benefits of
pilot-vehicle systems analysis methods can never be realized. After all,
these methods have been available fot about fwo decades; they were originally
developed to enable the prediction and specification of handling qualities,
but to this date they have had very little impact on either handling qusli-

ties prediction or on MIL-F-8785B. The basic reason for this failure appears

to be the belief by many that these anaiysis'methpds caﬁ replace MIL-F-8785B.
They cannot. - MIL-F-8785B 1s a buyer's guide. wherea§ the pilot-vehicle

analysis methods ctn be (and hnve been) used to develop design methods. Thel
specitications for deaign acceptance and methods for designing to specifica-

tion conpliqncc are two distinct problem areas and must be recognized as such.

The recoﬁnended revision to MIL-F-8785B for lohgitudinal PIO is the i

aecondary product of systematic applicntion of pilot-vehicle control theory.

The product of this 6.1 research was a theory for pilot-vehicle systen
dynamics in the incipient and fully dcvqlopcd P10. This theory is useful for
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the prediction of PIO-prone aircraft dynamics (classical or nonclassical); it
is, in itself, useless as a specification to preclude PIO. The eonaersion of
the theory into & suitable specification for aircraft -control system design
~was a task of near-equal difficulty to that of developing the original
theory. '

Pitch attitude dynamics were shown to be a central factor in the develop-
ment of PId. One difficulty in preparing a specification fot PIO was to
ensure compatibility with the present short-period dynamic requirements of
MIi-Ff87858. Another problem was to integrate the overall dynamié require-
ments with those of the artificial feel system and any control system non-
linearities included. These are relatively easy considgraéibns tb make in a
theoretical description of PIO; they are troublesome in tbé development of a

specification.

The approach taken in the development of.the PIO specificaticn revision

wvas to

(1) Concentrate on airframe dynamics that are not specified elsewhere
in MIL-F-8785B. ' ' '

(2) Assume that the PIO specification is co apply independently of the
short-period dynamic requirements of the current MIL-F-8785B (and
this is validated by the PIO theory).

(3) Strive for simplicity.

(4) Maintain an overall character of specification tha: is as near to
that of the present MIL-F-8785D as possible; in particular. there
was :& be no overt reference to controversial pildt-vehicle systems
analysis metheds. ‘ | '

(5) Not propose any apecification ital that could not be justified on
‘an alpitical basis.

(6) Ultimately, take MILfF-87853 to be a Suyer'a guide (not a &eaign
guide), retain the ptaacné qualitative statement thaé PIO shall not
be allowed, and assume that the theoretical descripéion of P10
(Reference 2) will be cited by MIL-F-8785B as a deaign guide for
meeting the specification requirements.

161
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In the main, the proposed revision meets these goals.

Finally, it was intended that the proposed revisions address the require-
ments of the flight test community and the SPO engineers who must test,
evaluate and certify flight safety‘and specification compiiance. The pro-
posed specification stacements are believed to lend themselves to flight
testability. Possibly oné of the most 1mpottant’impacts these revisions, if
adopted, would have is on the flight test identification of pitch-sensitive
versus PIO-prone aircraft configurations. This is a matter of'no little

importance in the procurement process.

It should be noted that these proposed requirements are unrestricted in
their applicability. They are equally valid for classical and nonclassical
aircraft control system dynamics.

MIL-F-8785B: paragraph:
3.2.2.3 longftudinal pilot-induced oscillations. There shall be no tendency

for pilot-induced oscillations, that is, sustained or uncontrollable oscilla-
ticns resulting from the efforts of the pilot to control the airplane.

Proposed revision: None

Rationale for nonrevision: This qualiiative requirement should be retained
1h view of uncertainties in the state¢ of the art of flight control system

' design. PIO is a complex problem. This paragraph is an implicit recognition
of its complexity and an admission that no) detailed sbecification car,’ at

this time, be a guarantee against building|a PIO-prone airframe-control’

system,

MIL-F--8785B paragraph: :
3.2,2.3.1 Transient control forces. The eak elevator-control forces

‘ developed during sbrupt maneuvers shall not be objectionaﬁiy-light. and the
buildup of control forze during the maneuver entry shall lead the buildup of

. normal acceleration. - Specifically, the following réquirpnent shall be met
when the elevator control is pumped sinusoidally. For all input frequeuncies,
the ratio of the peak force amplitude to tha peak normal load factor '
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amplitude at the c.g. measured from the steady oscillation, shall be greater
than: '

Center-Stick Controllers 3.0 pounds per g

‘Wheel Controllers 6.0 pounds per g

_Propoéed revisions

3.2.2.3.1 Control System Dynamics. The following requirements shall be met

when the elevator is pumped sinusoidally for all amplitudes within the
structural limits of the airframe and at frequencies 1 < w < 10 radian/

second.

3.2,2.3.1,1 Control Feel. The deflection of the pilot's control must lag
the control force throughout the iudicated frequency range (rigid control ‘
devices are excluded from this requirement). In addition, the peak elevator ;
control forces developed during atrupt maneuvers shall not be objectionably ¢
light, and the buildup of control fof;e during the maneuver entry shall lead
the buildup bf normal acceleration. .

3.2.2.3.1.3 Control System Phagse Lag: Elevator surface deflection § must

e e cmm — e e

not lag the pilot's contcsl force Fs by an excessive amount. In addition,

the total phase angle by which normal acceleration 3zp. measured ay the
pilot's lpcatioﬁ. lags the pilot's control force at a criterion frequency w

must be less in magnitude than 180—14;3uR degrees, where w, is in radlan’

R

second. That 1is

3 o ay. o .
3 ';5' (juR) +3 -6-:1 (ij) < 18()—110.3«:R degrees

The criterion erQucdcy'uR is dcfingd'to be any frequency within the
range 1 Sw, < 10 radian/second at which lightly damped (resonaut) ou:inj

. T ORT .
tions in pitch attitude can ronul;-fron turbulence inputs or from pilotin

~ control of the sircraft when used in the intended, operational manner. THis
requirement may be waived at the discretion of the procuring activity for
those flight condicions for which

163
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(Jug)| < .01 g/deg/sec

3.2,2.3.2 Stick-Free Short-Period Dynamics. The pitch attitude response

. dynamics of the airframe plus control system, O/Fs(jw), shall not change
abruptly with the motion amplitudes of pitch, pitch rate, or normal accelera-
tion unless it can be shown that'this will not result {n a pilot-induced

oscillation.

Rationale for Revision:

(a). The requirements of the current paragraph 3.2.2.3.1 are still considered
to be valid. However, in view of Reference 1, new requirements shoulid be
imposed on the control system and a new, qualitative requirement should be
initiated dealing with stick-free, short-period dynamics. It is also more
systematic to further discriminate among the three fe&tutes of contrbl system
dynamics related to load factor response, .control feel characte:istics, and
control s&stem phase lag; this provides a close conceptual tie with the past
requirements (which are retained more or less intact) and provides a con-
venient ‘mechanism for introducing the new PIO requirements'suggested by the

theory of Reference 2.

(b) It is presumed that satisfaction of the requirement cited in the_pro;<
posed paragraph 3.2.2.3.1 will be certified by the System Program Office or

. the Air Force Flight Test' Center in any manner that 1is convenient to :hem:'

In fact, sinusoidal control neéd not-~-and probably would not--be used; a more.
sophisticated test procedure could be easily devised using modern signal
.njly'is concepts and methods. However, the intent of the‘requiremént is
made clear by issuing the specifications in the form ahown; it is unambiguous.
The rcqulre-cnt that these spocificationl be met for 311 practical control

, anplitudc. is new; its purpose is to ensure that effects of anplitude-
dopcndnnc control or aorodynanic nonlinearitieu are -dequatcly uonsldered 1n;
the assessment and acceptance of an nit;tqft s handling qualities. The
requirement that the control system specifications be satisfied over the
frequency range of one toAten radian per second is an attempt to avoid over-
specification of control dynamic requirements; for manual comtrol, it is

sufficient that only this restricted freqhency range be considered.
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(¢) Proposed paragraph 3.2.2.3.1.1 is very nearly the same as tﬁe original
requirement on transient control forces (paragraph 3.2.2.3.1). 1t differs in
that the load factor is now referenced to the pilot's location, rather than
the cg; generally, this is an insignifiéant difference. It does lend explicit
recognition to the fact that the pilot-centered motion cues are those that
are important to handling qualities. Also, for some combinations of .short-
ﬁeriod frequency, control location and distance of the pilot from the cg the
effect is significant. Iﬁ general, it appéats that the formulation of the
PIO requirements in ferms of normal acceleration.on the pilot tends to
provide a small additional margin of latitude to the control system designer.
Paragraph 3.2.2.3.1.1 also specifies that side-stick controller force
characteristics be treated the éame as center-stick. Data do not appear to
exist to entirely validate this requirement; it seems reasonable to expect
that it will be approximately as valid as the current specification for
center-sticks since the same neuromuscular system is involved in both.
Research is needed in this area. However, the side~stick controller require-
ments are not addressed by the curreat MIL-F-8785B; it is helieved that
quantitative specifications are important,and the proposgd‘payﬁgraph attempts

to address this requirement.

" {(d) The requirement proposed in paragraph 3.2.2.4.2 that the pilot's control

deflection always lag the control force cannct entirely be justified on
e@piricni grounds; the data do ndt exist. This requirement, alone, might
have eliminated the longitudinal PIO experienced with the A4D-2 and the
T-38A. CALSPAN (Reference 42) proposed the same requirement for éhbstantially
the same reasons; their. proposed paragraph was 3.2. 2 3 (page 38 of ’ '
Reference 62) Although this requiremen: is partly intuitive, it appears to
be consistent with what little is known about. interactions between the neuro-

nuacular system, the feel system and human subjective response. There is

: some evidence (e,g.. Reference 43) to indicate that decreasing average stick

force levels will result in increased pilot phase lag; by the PIO theofy of
Reference 2, this would promote PIO in a pilot-vehicle system that had a

tendency to develop pitch loop resonance. It is probably true in general

" that ﬁhe'average.stlckvforce level will decrease vhgn<scick deflection tends

to lead stick force.. Also, the violation of this specification would be
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prima facie evidence of probable violation uf paragraphs 3.2.2.3.1.1 and
3.2.2.3.1.2.

(e) The rationale on which the proposed specification of paragraph 3.2.2.3.1.3
1s based is fully explained in Reference 2. The PIO theory of Reference 2
postulates that if the pitch loop is resonant at ftequency Wps then the pilot
may at some time (which cannot necessarily be predicted) attempt to control
normal acceleration sz to the exclusion or near exclusion of 0. If that
happens, then. the violation of the phase criterion of 3.2.2.3.1.3 implies

that the acceleration loop will be dynamically unstable and that a PIO will.

be 1n1t1ated.‘ This paragraph provides the flight control system engineer -

- with a quantitative criterion for required minimum feel and control system

dynamic eerformance. The amplitude criterion of this paragrapt is proposed
as a quantitative guide for preliminary identification in the design process
(airframe or flight control system) of those flight conditions for which
longitudinal PIO 1s probably not a realistic possibility. More data should
be collected from 1n—£light simulation to establish the validity of this
response ratio; the number selected, .0l g/deg/sec, conforms with past cases
of longitudinal PIO (Reterence 2). The frequency wp 1s, in disguise, a
closed-loop, pilot-vehicle parameter. Fortunately, it is also a very physical
parameter (pitch‘loop resonant frequency) that is readily understood and
accepted. No method {is given in the proposed specification for its selection;
methods for doing so are conteined'in Reference 2. The frequency we can be
readily identified from simulation or from flight test; it would probably be
eﬁ easy matter for SPO engineers to ascertain compliance with 3.2.2.3.1.3
without relying on pilot-vehicle analysis methods. Anelytical estiﬁates can,
and'should~ be made by the airframe manufacturer as part of the .design |

evolution.

(f) Paragraph 3.2.2.3.2 is_abquelitntive requirement included to eliminate
PIO, PIO tendencies, or keneral handling qﬁality deficiencies resulting from
sudden changes in aircraft dynamic response to stick force control. This can
occhr dhe‘to boﬁweigﬁts..couﬁledfwith static friction, or due to saturation .
of elements within the automatic control system. PIO has been initiated due
to these reasons in the cases of the T-38A, tﬁe A4D-2, and the YF-lf.

‘
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