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THEME

Judging the suitability of an aircraft to safely and effectively perform its mission without undue pilot skill and discomfort
is what “flying qualities” is al) about. Central to such judgement, and to the design of suitable aircraft plus flight control
systems, is an understanding of what the pilot can do with ease and comfort or conversely what bothers him. The Lectures
are designed, collectively, to impart such understanding to both novice and seasoned practitioners in flying qualities and
flight control and thereby to provide the bridge required to extend flying qualities requirements from simple “classic™
response aircraft, to the much altered responses attending the use of full-time active control. It also provides a unifying
connection among the empirically derived flying qualities requirements of different aircraft types, e.g. fixed- and rotary-wing.

Mathematical models of pilot control behaviour are fundiamental and basic to such appreciation and interpretation, and
are exposed and explained. The application of various models to flying qualities problems is discussed; and the influences
regarding the generic likes and dislikes of pilots drawn from such studies are listed and catalogued. The effects of distractions
due to excessive turbulence or due to secondary tasks or to required display scanning, both involving divided attention, are
examined and treated.

For purposes of ready and universal “characterization™, the aircraft plus flight control system (plus displays if
applicabie), which may be of quite high order, and have new “command™ and “hold” modes of control is approximately
matched by a lower order equivalent system of sufficient bandwidth to be indicative of the pilot’s concerns. The fixed form
representations for such equivalent systems and the “matching” considerations are described; and the experimental data base
is also presented and discussed.

Finally, some of the pitfalls and benefits of using simulators for flight control system development and flying qualities
research are exposed and clarified.

This Lecture Series, sponsored by the Flight Mechanics Panel of AGARD, has been implemented by the Consultant
and Exchange Programme.

Le terme “Qualités de Vol” implique une évaluation de aptitude d'un aéronef a accomplir efficacement sa mission dans
les conditions de sécurité requises, sans géne excessive pour le pilote et sans I'obliger a dépasser les limites normales de sa
compétence technique.

De méme que pour I'étude d'aéronefs et de systemes de commandes de vol adaptées, toute évaluation de ce genre passe
par la compréhension de ce que le pilote est capable de faire aisément et sans géne, ou, au contraire, de ce qui le géne.

L’ensemble des exposés est organisé pour fournir une telle compréhension au débutants, comme aux spécialistes dans
le domaine des qualités de vol et des systemes de commandes de vol. Les conférences servent ainsi de “pont”, indispensable &
I'évolution des spécifications des qualités de vol des aéronefs a réponse “classique™ vers une spécification qui tient compte
des réactions tout i fait différentes engendrées par les commandes actives permanentes. Elles servent en méme temps de lien
qui permet d'intégrer les spécifications des qualités de vol obtenues empiriquement pour différents types d'aéronefs, par
exemple 2 voilure fixe et a voilure tournante.

Les modéles mathématiques du compor des commandes de pilotage sont fondamentaux et nécessaires pour de
telles analyses et évaluations. Iis sont présentés et des explications sont données. L application de différents modéles aux
problémes des qualités de vol est traitée. Les conséquences des préférences et des aversions des pilotes révélées par de telles
études sont répertoriées. Les effets des distractions occasionnées par un excédent de turbulence, I'exécution de taches
secorndaires ou par le balayage des visualisation nécessaires par le pilote, impliquant une division d'attention. sont examinés
et traités.

Aux fins d'une “caractérisation” facile et universelle de l'aéronef et du systeme de commandes de vol (plus les
visualisations, si nécessaire) qui peuvent étre refativement sophistiquées et avoir des modes de commandes nouvelles du type
“commande-maintien™, on peut utiliser un systéme quasi-équivalent moins sophistiqué, dont la bande passante est
suffisamment large pour étre représentative des préoccupations du pilote. Les representations de forme fixe de tels systémes
équivalents et les considérations “d"adaptation” sont décrites, et la base de données expérimentale sont également présentées
et traitées.

Enfin, certains avantages et désavantages de la mise en oeuvre des simulateurs, pour le développement des systémes de
commandes de vol et la recherche dans le domaine des qualités de vol sont exposés et de éclaircissements sont donnés.

Ce Cycle de conférences est présenté dans le cadre du programme des consultants et des échanges, sous l'égide du
Panel AGARD de la Mécanique du Vol.

iii
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INTRODUCTION AND OVERVIEW

Irving L. Ashkenas
Vice President
Systeams Technology, Inc.
13766 S. Hawthorne Blvd.
Hawthorne, CA 90250, USA

This lecture series is designed to offer s review of some basic flying qualities
issues and concepts which can orient and enlighten nevcomers to the field and enhance
and simplify the transition from "old"™ to "new"™ aircraft projects for the sore seasoned
engineer. Such transition must recognize that the present directly-applicable flying
qualities dats are grossly inadequate to handle the growing dimensions of the "nevw”
flying qudlities "matrix" which continues to steadily and repidly increase -- fros
classic to sugmented sircraft, to full-suthority cossand augmeatastion, to integrated
flight, fire, propulsion comtrol, to gust and load alleviation, to superaugmentation, to
supermsneuversbility, to task-tailored flyimg qualities and who knows wvhat next.
Accordingly, it is not poseible at this time, and probably never will be, to provide
explicit experimentally-based guidance for all "nev"™ control modes and combinatioms.
Rather the basic idea is, and has been for a long time now (Ref. 1), to develop a viable
theorstic framsework and sose supporting data, which can be used in a general and generic
way to provide usable and useful guidance to the development of good flying qualities
regardless of system structure.

So to begin with, let's define flying qualities and why they're important. There
are a variety of definitions =-- the lecture seriee adbstract has one. Another is
(Ref. 2), "those airplane characteristics which govern the ease or precision with which
the pilot can accomplish the mission.” Yet another (Ref. 1) is, "those -- properties of
a vehicle that permit the pilot to fully exploit its performance and other potential inm
a variety of missions sand roles -- (so that) limitations on the airplane do not origi-
nate in any kind of a pilot-vehicle control probleam, but =-- in-some other design
aspect.” The point 1s, that safety, mission performance snd response to auxiliary and
emergency demands are all enhanced by good flying qualities, which basically embody
three recognized facets:

1) Trim and Unattendad Operation

The pilot must always be able to trim the airplane, hands off, so that he
can, in fact, achieve sn unattended state of operation in a ressonabdle lemgth of
time. Unattended operation relates to whether tha airplane and fliight comntrol
systes 1is stable, or mildly to strongly divergent; and whether it can be left
unattended while the pilot devotes some of hisg sttention to tasks other than
controlling the vehicle.

2) Large Amplitude Maneuvers

These are sometimes restricted by control power, sometimes by the nature of
the response. In sny case, the maneuver results from a programmed, largely
open-loop, pilot input triggered by some cue or imminent denger, e.g., &n
attacking aircraft, gust upset, imainent collision, etc.

3) Regulation and Precision Flying

The pilot is now in closed-loop control, holding the airplane to whatever
course or attitude he desires {n the presence of wind and other disturbances,
and futhermore, precisely saneuvering snd controlling the vehicle down a given
trajectory within applicable constraints.

The most difficult sspect of the first two categories is identification of the situ~
ations sand circumstances to which they apply. Once this has bdeen asccevplished the
analysis problems reduces to computing a response to a specified input; the pilot's role
is basically as an odserver or s skilled gensrstor of open-loop, programmed commands.
In the last category, however, the pilot dynasice are central and analytical treatment
of the pilot~sircraft-display as a feedback system is essential; furthermore such
snalyses generally reveal the most critical, crucial and universal aspects of the flying
qualities problem =-- those that ere the primary basis for pilot assessments. Accord-
ingly, most of the lectures sre devoted to explaining and elucidating use of closed-loop
pilot-vehicle theory, methodology, and experimental correlates in the specification and
identification of fundamental, pilot-centered flying qualities requirements.

Tor the bdenefit of some who may not bde too familiar with hasic closed-loop analysis
we'll now identify some of the elements thereof. In the first place the Laplace~-
transformed, lineariszed, small perturdbation, differential equations of motion, in wmatrix
torm, yield the imput/output transfer function Gg(s) of the vehicle itself, This 48
pazt of the totsl open~loop depicted in Pig. ). The basic analysis problem 1s: given
the open-loop G(s) to find the closed-loop output/input transfer function C/146. The
Fig. 2 example for G(s) = K/s shows that the closed-loop characteristics are set by the
opan-loop (gero dB) Bode gain which ia tura sets the crossover frequency, a. The 90°
phase margin (crossover phase +180°) results inm closed-l00op characteristics which are
first-order. PFor a second order system the closed-loop damping ratio f., is related to
the open-loop phsse margin, ¢y, as depicted in Fig. 3; for cthese and wsore complex
systess phase margine of abdout 40° yield "good™ daamping ratios near 0.3.

e - IO D TSR U sy eae cn s P



http://www.abbottaerospace.com/technical-library

12

Vhen we consider feedback systems involving more than a single loop, closure of the
innarsost loop proceeds as above with G(s) expressed in terws of a charscteristic denom-
igator, A, and an output/input-specific naumerator, i.e., rveferring to Pig. 1, G(s) =
Wg/a. The successive additional loops each wodify both the characteristic and the
nuserators ss indicsted in the Pig. & simple example (adapted from Ref. 3).

With these basic concepts nov "refreshed,” ve're, hopefully, resdy to listen end
understand our firet lecture.

i. Ashkenas, I. L., "Twenty-Five Years of Handling Qualities Research,” J. Afrcraft,
l@l. 21, Wo. S5, May 1984, pp. 287-301,

2. Hoh, Roger H., David G. Mitchell, Irving L. Ashkenas, Proposed MIL Standard and

Randbook ~- ll*lu% Qualities of Air Vehicles Vol. I: Proposed NMIL Standsrd,
~TR=-82~ » Nov. 1982,

3. MecRuer, Duane T,, lrving L. Ashkenas, and Dunstan Craham, Afircraft Dynamice and
Automstic Control, Princeton University Press, Princeton, W.J., 1973,
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Vehicle Equations
. )
apg8 v ayg¢ + 8 gr = Vg 8, + Y4 6
8218 + 2320 + az3r = L&‘G. + L&rG,

8318 + a32¢ + azyr = Ny 84 + Wj &

Controller Equations

Sa = E(9) = Golo. - ¥
6§ = f£f(r) = -Gr
With the £(r) + &, loop closed

: - *
aj18 + aj9 + (a)y + thcr)r - Ygb,
8218 + az2¢0 + (a3 + Lkrcr)r - Lae‘

8318 + 9320 + (a33 + N5 Gpdr = Ngs,

The ¢/8, transfer function developed from this array,
denoted as (¢/8,) r +» &, is given by

apy  ¥§, a3+ Y 6
.
s

.
a1 Llg, a3+ Lg Gy

1 L]
() .t Na f33 % Melr
R ajp a1y 833+ Y6,

*
821 827 833 % Lg Gy
1 4

v
837 a3z a3y + Ng Gy

After minor manipulation,

A

4z 1+6 ¢

o = [t - “33 * Gl 8, - - N’G. . N
82 °© (?;)t_. 8c 3+ c;u,;; - %a T+ G.Rg_ Y

Nx § is identified as a "coupling numerator” defined by
alr

ay;  v§, Y3, (s - vy V3, Y%
r ] [] + .
8.5 - laan Ly, L - -Lg Lg, Lg,
1
a31  B§, N, -Ng Ng,  Ng,
1
= Aye(s Tor

and is recognized as the characteristic determsinant with terms
ia the ¢ and r colusns replaced by aileron and rudder control
effectiveness terms, respectively.

Figure 4. Multiple Loop Example Derivation



http://www.abbottaerospace.com/technical-library

AU TS I e et ettt ¢ - B =~ - - RN e

PILOT NODELING

Duane T. McRuer
President
Systems Technology, Imc.
13766 S. Hawthorne Blvd.
Hlawthorne, CA 90250, USA

The paper begins with s description of pilot control behavior in general. This {is
followed by emphasizing the essential teatures of pilot dynamics for closed-loop control
of aircraft. The crossover model is presented as the simplest and most useful model for
the majority of flying qualitles analyses. Two models are developed {n some detaf{l: a
structural~-isomorphic forms which accounte for some human subsysteas as well as the total
input-output behavior; and an algorithmic optimal contro!l model which attempts to wimic
the pilot's total response only. Both full and divided attention conditions are
treated.

INTRODUCTION

The humsn operator in 2 msn-machine system is the archetype hierarchical, adaptive,
optimalizing, decision-making controller. Control theories can also be classified using
similar adjectives, so it is not surprising that almost every new advance in control
theory has lad to attempts to better understand additional aspects of human behavior in
the perspective of this advance. Sonetimes, but not always, these atteapts have been
fruitful, and a control theory paradigm has evolved which is useful in quantifying the
human's operatrions. Just as theory has been used to "explain" experiment, 8o unex-
plained experimental results beget new theory. The results of this widespread synergis-
tic activity have been documented in hundreds of research pspers and in a series of sum-
mary surveys which have appeared aperiodically. (A chronological listing of surveys is
given at the end of this paper, succeeding the reference list). As & consequence, much
of the successful art is now mature. Furthermore, it has become a fundamental wmode of
thinking on the part of technical practitioners ia the fields of operator/vehicle con-
trol systea integration, vehicle handling qualities and, indeed, all aspects of {nterac-
tive man-machine systems.

Besides the technological aspects of manual control, {interdisciplinary activities
between control engineers, physiologists, and experimental psychologists have led to
control theory descriptions of human subsystem behavior and to the interpretation of the
human’s psychophysfological outputs 1in control engineering terms. These interdisci-
plinary areas have been especially productive in building psychophysiological models of
those human subsysteas fnvolved ia the human controller, in understanding biodynamics as
affected by environmental variables, and in interpreting objectively the effects of
alcohol, drugs, fatigue, etec., as operator impairments.

Froam this rich variety there are many aspects of san-machine control that could be
addressed, but the emphasis here will be on a few examples particularly pertinent to
flying qualities. Although the models treated do not represent an exhaustive cross-
section of the fleld, they do include bdoth classical and wmodern control theoretical
viewpoints, We shall begin with a description of some of the ways in which humans
behave as controllers and thereby introduce some of the mysterious complexities which
face researchers in this field. From these starting polants, the discussion will be con-
tracted to emphasize human bdehavior {n closed-loop compensatory systems, and the two
currently predosinant types of human operator modeling used to describe this behavior
are discussed in some detail. The first of these is a structural model which atteampts
to account for many of the subsystem aspects of the human controller as well as the
totsl input-output behavior. The second model treated is algorithaic, which primarily
attempts only to miaic the human operator's total response.

TAR SEVERAL WATURES OF MAR MACAINE COATROL —- A CATALOC OF BENAVIORAL COMPLEXITIES

The humen pilot ie complicated to describe quantitatively because of his enormous
versatility as an information processing device. Figure | shows the general pathways
required to descridbe human behavior in an interactive man-machine system wherein the
human operates on visually sensed inputs and cosmunicates with the machine via a manipu-
lative output, This control system block diagram indicates the mianiwum nuamder of the
msjor functionsl signsl pathways internal to the human operator needed to characterize
different behavioral features of the human controller. The constituent sensing, data
processing, cosputing, and sctuating elements are connected as {internal signal pro-
cessing pathways which can be reconfigured as the situation changes. Functional opera-
tions on internsl signsle within a given pathway may also de modified. Thus, we have
adaptaction bdoth of the pathways involved snd of the functions perforamed. The specific
internal signal organizational possidilities shown have been discovered by manipulating
experimental situations (e.g., by changing systea inputs and machine dynamics) to teo-
late different combinations of the specific Blocks shown.

To describe the components of the figure start at the far right with the controlled
element; this is the machine Ddeing controlled by the human. To its left fs the actual
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Figure 1. Major Human Pilot Pathways in a Pilot-Vehicle System

interface between the human and the machine -- the neuromuscular actuation system, which
is the human's output mechanisam. This in itself {s a complicated feedback control
system capable of operating as an open-loop or combined open-loop/closed-loop system,
although that level of complication is not explicit in the simple feedback control
system shown here. The neuromuscular system comprises limb, =wuscle, and manipulator
dynamics in the forward loop and muscle spindle and tendon organ ensembles as feedback
elements, All thegse elements operate within the human at the level from the spinal cord
to the periphery.

There are other sensor sources, such as joint receptors and peripheral vision, which
indicate limb output position. These operate through higher centers and are subsumed in
the proprioceptive feedback loop incorporating a block at the perceptual level further
to the left in the diagram. 1If motion cues are present these too can be assoclated in
similar proprioceptive blocks with feedbacks from the controlled element output.

The three other pathways shown at the perceptual level correspond to three different
types of control operations on the visually presented system inputs. Depending on which
pathway is effectively present, the control structure of the man-machine system can
appear to be open-loop, or combination open-loop/closed-loop, or totally closed-loop
with respect to visual stimuli.

When the compensatory block is appropriate at the perceptual level, the human con-
troller acts in response to errors or controlled element output quantities only. With
this pathway operational, continuous closed-loop control is exerted on the machine so as
to minimize system errors in the presence of commands and disturbances. Compensatory
behavior will be present when the commands and disturbances are random—appearing and
when the only information displayed to the human controller consists of system errors or
machine outputs,

When the command finputs can be distinguished from the system outputs by virtue of
the display (e.g.,, 1 and ® are shown or detectsble as separate entities relative to a
reference) or preview (e.g., as in following a curved pathway), the pursuit pathway
joins the compensatory. This new pathway provides an open-loop control inm conjunction
with the compensatory closed-loop errer-correcting action. The quality of the overall
control can, in principle, be much superior to that where compensatory acts alone,

An even higher level of control is possible, When complete familiarity with the
controlled element dynamics and the entire perceptual field 1s achieved, the operator
can generate neuromuscular commands which are deft, discrete, properly timed, scaled,
and sequenced so as to result in machine outputs which are exactly as desired. These
neuromuscular commands are selected from a repertoire of previously learned control
movements., They are conditioned responses which may be triggered by the situation and
the command and control quantities, but they are not continuously dependent on these
quantities. This pure open-loop programmed-control-like behavior is called precogni-
tive, Like the pursuit pathway, it often appears in company with the compensatory
operations as a dual-mode control -- a form where the control exerted {s initiated and
largely accomplished by the precognitive action and then may be completed with compensa-
tory error-reduction operations.
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The above description of pathways available for human control activities has empha-~-
sized the visual modality, Similar behavior patterns are present in the other modal-
ities as well. Thus, man's interactions with sachines can be even more extraordinsrily
varied than described here, and can range completely over the spectruam from open-loop to
closed-loop in character in one or more modalities. Juet what pathways of the overall
system are present at a particular time depends on the detailed nature of the specific
task at hand and the corresponding perceptual situation. All of the fundamental path-
waye are involved in various piloted-atircraft maneuvers. Thus all these festures are
potentisily significant i{n vehicle flying qualittes. In the sequel we shall, however,
consider only the simplest form of closed~loop behavior -- compensatory operations.

COMPENSATORY OPERATION AND THE CROSSOVER NODEL

The compensatory pathways in the visual modality have been by far the most exten-
sively studied {n man-machine systems. Thousands of experiments have been performed,
and most of the adaptive features of the human operator associasted with these kinds of
operations are well understood. Both classical control and optimal control theoretical
formulations are available to predict steady-state and dynamic performance.

Pigure 2 illustrates 1in vector blo-.: diagram form a general system configuration
appropriate to closed-loop man-machine control. The diagram shows the human operating
on a number of perceived quantities, y(t), and exerting control over an aircraft ("con-
trolled element”) by actuating a number of controls, u_(t). The response of the con-~
trolled element to actuation of the controls and to 11-curblnce- is presented on a
"display.” As used here, display 1includes dynamic geometrical perspectives of the
visual fleld, other visual stimuli present on physical display elements either on the
aircraft or in the surround, and proprioceptive, tactile, aural, and other information
impinging on the pilot. From the display the human separates the information needed for
monitoring from that required for control purposes. Only the latter directly affects
the human's operations as a controller, although both present attentional demands and
thereby affect workload.

After receiving the displayed information the pilot internally selects and equalices
appropriate signals and sends the results on to the neuromuscular sctuation subsysteam
for control asction. The equalization and neuromuscular properties depend on the task
variables (effective aircraft dynamics, display, and inputs); they in fact constitute
the pilot's adaptive features whereby he atteapts to offset any dynamic deficiencies of
the remaining system elements. 1In the process of accomplishing control the human intro-
duces observation, scanning, divided attention, equalization, and motor noises (together
constituting "remnant”), These unwanted components of the operator's signals are func-
tions of the task and the qualities of the display.

Two types of human operator models sre available to handle the details in Fig, 2.
The first is & multiloop, multi-wodality model, based on describing functions, which {s
structurally isomorphic in that {ts component dynamics are intended to parallel the
dynamics of more or less identifiable human operator subsystems. The emphasis is on
cause and effect relationships having similarity {n form and structural counections with
those of the human operator. The second type of model is algorithmic., It uses linear-
quadratic-guassian optimal control theory, modified to permit & pure time delay and
operator-induced noises to be given quantities along with the mschine characteristics,

Disturbonce Commond
Inputs, wi{t) Inputs, i (t)
Controlled x(t) y(t)
[——> Element Display®
Dynomics
*including externol visual
field, kinesthetic and
proprioceptive cues
HUMAN PILOT
wn(t) [Newomuscular/ wit) | Equalization | 4 ) 21
Moanipulator ¢ ond' | o P;:::;;:' -
Subsystem Operations
Motor Noise Observation,
and Equotization Noise
(Processing and Scanning Remnont)

Pigure 2. A Generalized Man-Machine Systeam Structure
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Both types of models represent the san-sechine system as quasilinear in the sense
that the response to & given input is divided into two parts -~ a component vhich corre-
sponds to the responses of equivalent linear elements driven by that {nput and a
"remnant™ or noise component which represents the difference between the response of the
actual system and an equivalent systes based on the linear element. Verbal-analytical
{nstructions which express the adaptation of the human population to the task varisbles
are su important formal feature of the structural {somorphic model and have counter-
parts, such as the specification of the performance index, in the aslgorithmic wmodel
form. Por limited sf{tuations, both representstions can be used to predict human oper-
ator dynamic behavior (in some sense), operator-induced noise (remnant), workload
indtces, visual ecanning effects, and overall system performance such as mpan-squared
system errors and control activities.

The major fundsmental differences between the models are their conceptual bases,
t.e., causal and structural isomorphic as contrasted to slgorithaic and (potentially)
teleologic; the computational techaiques ociated with the exercise of the model; and
the nature of model 1identificstion processes. At the present time there are other
differences between the structursl isomorphic and slgorithaic models relsting to their
regimes of aspplication and their validated capabilities for prediction. These latter
differences are not, however, fundamental; instead, they reflect the relative maturity
and extent of application.

Both the structural 1isomorphic and the algorithmic model approaches will be
described below. As a preliminary let us first examine some of the general characteris-
tics of human pilot dynamic response {n coapensatory man-machine systeas by considering
an elementary exsmple. Pigure 3a shows a display and functional block diagras of a
simple single-loop man-machine system. The controlled element dynamics are given by:

Ke

Te = s(Ts + 1) )

This could represent, for exsmple, the i{dealized roll angle to aileron transfer func-
tion. The compensatory display presents the pilot with a visual stisulus which shows
only the difference between the system forcing function and the system output, (Histor-
fcally this s the definition of compeneatory; modern usage applies the word cospensa-
tory to the situations wherein the human operates on errors regardless of the display
details.) The pilot's task is to winimize the presented error signal by attespting to
keep it superimposed on a stationary point or linme on the display. This i{s accomplished
by the manipulative control action c¢(t) which affects the controlled element, and gives
rise to the system output m(t) being controlled. The usual purpose of a system of this
nature 18 to make the system output closely regemble the system forcing function or, in
other words, to make the output follow the fnput. The quality of the following is indi~
cated by the system error, which is, of course, the operator's visual stimulus.

Pigure 3b (Ref. 1) presents typical time historfes in this system when a random-
appearing forcing function is applied. The first thing to notice about the time
histories f{s that the systes output, w, does indeed follow the forcing fumction, 1, very
closely. Only a slight tisme lag keeps the output from being a nearly {dentfcal dupli-
cate of the forcing function, although there are some small, random wiggles here and
there on the output. On the other hand, the operator's output does not correspond at
all well with the system error, even {f the error {is delayed. Rowever, the operator
output lagged by (s + 1/T) is spproximately proportional to the error signal delayed by
Q.16 sec. Thus, as an approximation, the operator's transfer characteristic can be
inferced to be:

Y, = Ky(Ts + 1)e~ T8
3 » <

This result states that the operator develops a lead which {s approximately equal to the
first-order lag cosponent of the controlled element dynamics and that the operator's
response lage his stimulus by t sec. The open-loop man-machine transfer characteristic
appears as:

. [Kp(Ts + 1)e”™ Ik,
Ye © WhH D ™

KpRee™ ™ ue™™
L] s

(&)

The data of Pig. 4 illustrate how well this latter relationship is obeyed for a variety
of sudbjects, The agreement with the amplitude ratio is excellent over a broad range of
fraquencies. The phase agreement is good in the region of the crossover frequency, u,
but departs somewhat at lower frequencies. Pigure 4 also shows the extended operastor
aodel wherein a time constant, 1/a, describes those phase contributions in the crossover
region which arise from leads snd lags (in the pilot and/or the rest of the systea)
which are present well below the crossover frequency band. This phase contribution ts
represented by e~3a/¥, 1t (s an approximstion not intended to extend to extrenely low
frequencies.
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If now a large variety of controlled element forms are used and simflar measurements
are taken, the human transfer characteristics will be different for each controlled
element. But, for & very wide range of controlled element dynamics, the form of the
total open-loop transfer characteristic about the crossover frequency will remain sub-
stantially invarianet, In other words, experiment shows that Eq, 4 has some pretension
to general applicability. The effective time delay, t, which {s of course only a low-
frequency approximation to all manner of high-frequency leads and lags, 1is not a con-
stant, It depends prisarily on the amount of lead equalization required of the oper-
ator, as shown fn Fig. 5 (Ref. 1). This indicates that pilot equalization to offset
controlled element dynamic deficlencies has an associated computational time penailty,
With this proviso on v, the Eq. 4 relationship becomes the well-known simplified croes-

over model of compensatory msanual control theory. The human operator's adaptation to

controlled element dynamics is implicit in the relattonship, i.e., for a particular set
of controlled element dynagics defined by Y. the human will adopt a crossover region
transfer characteristic Y, = w.,e~“T18/9Y.., The general form of the human's response would
thus be determined by tge specifics of Y., and changes in this task variable evoke
changes in Yp such that the crossover model open-loop transfer characteristic form is
preserved.

The crossover model also applies when the machine dynamics are smoothly time varying
(Ref. 2). The crossover frequency tends to be constant for a given set of task vari-
ables. 1t increases slightly as forcing function bandwidth is {ncreased and is reduced
for very small input amplitudes. This {s a consequence of the operator’'s indifference
threshold, which is the most important nonlinearity to be considered i{n connection with
crossover model transfer charscterlistics,

The second component of the operator's response 1is operator-induced noise or
reanant. This can, in principle, result from several sources, but in single-loop
systems with linear manipulators the basic cause appears to be random time-varying
behavior within the operator primarily gassociated with fluctuations in the effective
time delay. This can de interpreted as a random change {n phase, akin to a random fre-
quency modulation, or to variations of iaternal sampling rate in a sampled data inter-
pretstion of the operator (Refs. I, 3~6)., 1In any event, the remnant is a continuous,
relatively broadband, power spectral density which, as shown in Fig. 6, scales approxi-
sately with the mean-squared error (Refs, 4, 5).

Task varisbles other than the machine dynamics, as well as environmental and oper~
ator-centered varisdles, can change open-loop gain, effective time delay, and reanant,
Accordingly s, snd t veriations become a quantification of changes or differences in the
task, environmentsl, and operator-centered variables expressed directly in terms of the
operator’s control ections, In messuring the effects of training for {mstance, .
increases with trials uantil stadle conditions are obtained for that particular subject
and set of constant task snd environmental variables. Similarly, the remnant say also
change as & function of the control situstions., TFor instance, comparison of Figs. 6a
and &b shows the change in remnsnt bdandwidth and level assoclated with the lead equali~-
sation required to offeet controlled element lags. As another example Ref. 7 shows that
operator gain 1ie decreased and reuwnant is increased as consequence of ingested
aleohol.
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Figure 6. Normalized Remmant Spectra

To generalize these remarks, the total pilot actions can be thought of as that of an
sdaptive plastic sensory-sotor link -- adaptive in that the pilot fa task-adjusted to
offset controlled element dynamic deficlencies and to respond to forcing function com-
mands or regulate against disturbances; plastic in that the sdsptive charactecristics are
further shaped by the external and {internal (pilot-centered) environments. These
behavioral features must be accounted for in either the structural isomorphic or algo-
rithaic models. A general descriptfon of these models and some of their charecteristics
follovws.

TAR STRUCTURAL ISONORPRIC HUNAN OPERATOR MODEL

The axtensive analytical and axperimental studies of closed-loop man-machine systems
conducted since World War I1 have had as a principal goal the msthematical quantifica-
tion of human dynamic behavior and the development of laws which permit this behavior to
be predicted. 1In general, emphasis has been on the human operator as a complete entity
rather than as a summation of functional subsystesms.

In recent years, the precfsion and dynamic range of messurements taken with the
total human operator have {ncressed greatly -- to the point that certain of the measure-
ments made over certain frequency ranges can be associated with the human subsystem
dynamics., Thus, the study of the human operator as a whole has now arrived at the stage
where not only must subsystem models sum up to be cospatible with the total human dyna-
sic model, but subsystem and total system studies can be directly related. Accordingly,
control engineering descriptions of the overall human (see, e.g., the 1list of surveys),
dynamical descriptions of the human motor coordination system, studies of predictive
control conducted for physiological understanding, and studies of neuromuscular actua-
tion systems, which were originally separated disciplines, now become united.

As described in Ref. 8, the adaptive and plastic properties of the operator permit
the experimenter to set the stage and write a script calling for a particular form of
action. Tadble 1 {iltlustrates some of the experimental procedures which can be used to
evoke varfous types of behavior.

By properly selecting combinations of these procedures and techniques, particular
channels of human dynasic operations can be isolated, examined, and ameasured. Appro-
priate models which "explain” each of these varieties of behavior and which are also
compatible with what is known from other views of experimental psychology and phyeiology
can then be constructed to form s current version of the structural {somsorphic wodel.
One such construction, which is somewhat sisplified, is given in Pig, 7, Here the con-
trolled element and display blocks constitute the machine, whereas all the resaining
detail reflects the man. .

Starting at the far right is the neurosuscular actuation system. Because the man-
machine system depicted here is operating on random-sppesaring signals which have essen-
tially stationaty statistics, the neuromusculsr system is fluctuating about a&n operating
point which in general corresponds to some steady-state or average tension. This {s
graphically f{llustrated by examination of the average and differential EMG signals shown

* S Sy . — W
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TABLE 1. EXPERIMENTAL PROCEDURES TO EVOKE HUMAN OPERATOR BEHAVIORAL CHANGES

PROCEDURE (EFPECTS) BEHAVIORAL MODIFICATIONS (EXAMPLES)
Controlled Element Equalization changes and associated time delay increments
Adjustment

Scaling of joint movement and force ranges;

Menipulator Modificarion Activation of proprioceptive pathvays

Systen Forcing Punction

Changas
Bandwidth Pine tune tssk-induced stress;
Adjust average neuromuscular teunsion and associated time
delay incresents;
Amplitudes Operator gain (for amplitudes near indifference threshold)
Additional Visual Scanning, operator gains as affected by parafoveal and
Inputs foveal viewing
Excitation of Addit{ional Activation of additional internal pathways (e.g., vestibular,
Modalities kinesthetic) and consequent equalization changes
External Environsental Change task-induced stress;
Modification Differentially change some internsl subsystems dynamics

Derugs Hodify operator-centered variables;
8 Differentiaslly affect various internal signal pathways

in Pig. 3b. Consequently, the dynsaic operstions of muscles, which can act only in con-
traction, can be treated as positive or negative fluctuatfons of wmany agonist/antagonfet
pairs about a steady tension bias value. This permits a great simplification in depict-
ing the dynamic essentials in terms of a block diagram. The forward path of the neuro-
muscular systea shown includes ensembles of muscles operating on coupled skeletal and
manipulator dynamice. The feedback path sensors operating at the espinal level are
primarily spindlie and Golgf tendon organs. Because the fndividusl actione of specific
sensors are difficult to separate in the intact human the systes showvn has a feedback
alement labeled as spindle/tendon organ ensembles. The spindle characteristics may very
well be predominant for the small wotions and relatively light forces involved fun wost
of the measurements thus far accomplished. The effective dynamice of the closed-loop
neuromuscular system from the alpha motor neuron commsnd signals to sanipulator force
can be approximated over a wide frequency range by the third-order transfer function
shown, This form is also compatibdle with small perturbation dynsmics based on experi-
mentally verified analytical models of muscle and manipulator characteristics (Refs. 9,
10). The parameter vslues are strongly dependent on the steady-state neuromuscular ten-
sion, vy, due to the gamms motor system. The gamma commands sleo affect the dynamics of
the spindle ensembles asnd, in fact, provide another pathway (not shown) capadle of
actuating the neuromuscular eystem via the spindle enseambles. These features are
pictured by the arrovs indicating varlation in the Z,, and Py, factors in the neuro-
muscular systes feedback block and in the v, snd v, inputs.

This rudimentary level of neuromuscular actuation system description is s minimim to
have value even in gross physiologicsl descriptions. It is an essential feature in the
study of husan pilot characteristics in vibratory environments (Ref. {1) snd {s also
often needed for the study of limb/manipulator system dynamics 1in eircraft control
(e.g., Refs. 12, 13). For many other man-machine systes applications, however, the
neuromuscular asctuation dynamics are so high in frequency as to be relatively unimpor-
tant in their details. In these cases, a pure time delay, 1,,, or a first-order lag can
be used as s low-frequency approxisation.

The neuromuscular actuation systes described thus far is appropriate when the mani-
pulator is restrained dy a stiff spring and the control actions involve very 1little
joint movement. When significant joint movements are present, proprioceptive pathway
elements enter fnto the neuromuscular actuation systea dynamics. These derive froa
several sources, the most important being peripheral vision and joint receptors in the
1imd. These feedbacks act through higher centers and thereby exhibit larger response
time delays. When they are present, the neuromuscular actuaticn system bandwidth may be
reduced significantly.

Proceed now to the sensory mechanisms at the far left of the human operstor. A good
deal of the detail in the visual pathway {s intended to emphasice tha parallel opera-
tions of parafoveal and foveal vision and cthe control of eye movements. An important
feature of the visual pathways is that essentially continuous signals from & particular
display element can be availabdle to the operstor, by virtue of the parallel fovesl and
parafoveal pathways, even vhen the eye is scanning, The essence of past work in man-
machine syetens involving many displays (Refs. i, 14-18) shows that:

Camees A SAm W T s 4b P s wim o w s T v e e Gep . e
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l. A fairly setationary scaaning strstegy evolves for a given task and display
array.

2. The operator's output coantrol sotions are much more continvous than a discrete
saupling of input signals coincident with foveal eye fixatione would imply.

3. The first~order effects of scanaing are to reduce gain and incresse reanant in
the scanned chaanels.

The degree of gsin reduction depends on parafovesal vieving angle and relative parafoveal
to foveal dwell times.

The other sensory slements are vestibular and kinesthetic (Refs. 19-23), which are
present when the pilot is wmoving, as in a msaeuvering airplane or a moving base simu-
tator. The pilot contains neurological elements capable of sensing rotary and linear
accelerations, These are prisarily in the vestibular apparatus, although other semnsors
and pathways can also be involved. The rotary motion feedbacks usually associated with
the semicircular canals act like signals from a highly overdamped angular accelerometer,
Over the frequency range from about 0.2 to 10 rad/sec the output signal {s proportional
to angular rate, so the sensor can function as a rate gyro. for prolonged steady
turning the sensor washes out; thus, spurious sensations occur in steady rotstions or
when the turning motion stops. This pathway hae s threshold on the order of 1-2 deg/
sec. Because the rotary motion sensing apparstus gives rise to an angular-rate-like cue
directly, any need for generating angular rate iaformation by means of a lead equalized
visual cue may de reduced. This feedback can also be thought of as an inner loop which
tende to reduce the effective operator time delay in the visusl pathway. For fnstance,
in terws of crossover model characteristics, the presence of rotary motion can reduce
the effective time delay for otherwise visual tasks by as much as 0.1 sec.

The other fumnctional operation of the vestibular snd kinesthetic pathways {is the
provision of the "nystagmus crossfeeds™ to the oculomotor system. Thase produce invol-
untary eye motfions as a function of the excitation of the vestibular spparatus. These
eye movements can be helpful in properly directing the gate, although many of their moet
interesting properties involve their effects {im disorientation and {llusions. The
motion effects which conflict with the visual wodality can seriously distort the opera-
tor's perception of the state of affairs and can be so severe as to affect the human's
econtrol capacity.

Turn now to the ceatrsl elements. As shown there, the operator can develop a neuro-
suscular systea input command which is the suamstion of a lag, proportiomnal, lead, and
doudbie-lead function of the system error. The 1lag and proportional channels have a
basic time delay, t,, associated with them. The higher derivative channels have addi-
tional incremental delays. These incremental time delays constitute the dynsmic cost of
lead generstion, They are abdout 1/3 sec tor rate, Ty, and greater than 1/2 sec for the
scceleration channel, 7,. The proportional, rate, and acceleration equalication {is
shown as separate parallel channels primarily bdecause of their respective latency dif-
ferences. This independence of these channels is oversimplified, for common neuro-
logical apparatus is uadoubtedly present for each function. These common elements are
sodeled heare by the central processing and integration block preceding the visual
channel snd the motor comsand {ntegrative wmechanisme succeeding 1{t. Besides the
different time delays, the other evidence for parallel channels {s the difference in
response quality as a function of the low-frequency equalizstion supplied by the
operator. For example, when very-low-frequency leads are present, as if operstions were
through the rate or acceleration channels, the operator's output tends to be wmore dis-
crete and pulselike than when little or no lead is required.

The channel gains and the time constant T; are all shown as varisble quantities.
These, in conjunction with the neuromuscular system variations with y,, constitute the
principal sdaptive changes 1in the operator characteristics es display, controlled
element, and environmental conditions change. For a given controlled elesent, these are
of course adjusted such that the crossover model applies over ite frequency range of
validicy, Thue, the extremely complicsted structural isomorphic model reduces to the
visual and/or vestibular equaliszation sctuslly present and with neuromuscular dynamice
as pertinent to the task. VWhen a higher degree of exactitude is required, the struc-
tural fsomorphic model 1is adjusted via a series of asnalytical/verbal rules which take
into account the details of the task variables. A version of these rules is sussarised
below,

Equalisatien Selection and Adjustaent

Por aircraft applications & particular equalisation 1s selected from the general
fora

R(Tyie ¢+ 1)
Toes 1T

such that the following properties obtain:

(a) The eystem can de stadiliged dy proper selection of gain, preferadly over a
very broad reglon.

(d) Over a consideradle frequency ramge in the unit gain crossover region (that
frequency band cqatered op the crossover frequency, ), the open-loop des-
eriving function Y'Ye(ju) - has spproximately e =20 dB/decade slope.

T
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(e) |! Ye(ju)| >> 1} at low frequencies to provide good low-frequency closed-loop
rogponlo to systems forcing functions {(comsands).

Bxamples of form selection and basic adjustment are provided in Table 2.
Tine Delay Adjustasnt

Exanples of time delay adjustment appropriste for aircraft are listed in Table 3.
The visual lag and proportional channels have a bdasic (minimum) time delay, Ty of
0.1 sec asssociated with either or both of them vhen all other effects (e.g., motion
sensing, full limb/manipulator neuromuscular system, and display computational lags) are
represented separately; t, should be increased to 0.2 sec, {f fixed-base operations are
being coneidered with visual lag and/or proportional equalization, full neurosuscular
system and separaste displey effects. If the neurosuscular system can be spproximated by
a pure delay, add TIH to 1,, vhere examples of values for Tu are given in Tuble 3. The
visual lesd equalizationm ‘.' an additional incremental dnfLy. This fncremeatal tiame
delay constitutes the dynamic cost of pilot lead generation in the visual modelity.

Crossover Frequency with Fell Atteatios
The factors involved in estimating crossover frequency, wey, with full attention to
control activity consist of the following:

(a) Rectssngular sud quasi-rectasgular forciang fumction spectra (discrete power-
spactral densities that are essentislly rectangular and low-pass continuous
spectrs with a high-frequency cutoff equivalent to a third- or higher-order lag
filter).

(1) Basic crossover frequescy, &, _. The basic crossover frequency for quasi-
tectangular forcing funcciol spectra {is found by adding the phase
angle, ~wt,, due to the base effective time delay, to the phase angles of
the controlled element and the previously estimated Y equalizer
characteristics. Estimstes for w. and the associated pilot gain are then
sade from the conditfons for neutrfl stabilfity,

- (5)
“eo 21,
(2) Phase sargis, . The phase margin for this forcing function category

corresponds to an incremental time delay, "e(“ﬁ ).
e

& ¢ (0.08 w ) ow, (&)

(b) Low-psss with s roll-off of less than third-order ssnd sugwented (shelf-typa)
continuous faput spectra.

(1) Comtimuous sttestioa remmant. Approximations to the forme of injected

remnant, &, , when reflected to the pilot's input signal under conditions
of continuoul attention were shown in Fig. 6,

0}! to 0.5) where integral and/or proportional

’ o + 3°9) equalization are used
an
q[‘..
° 0.1 to 0.5 M
¢ -L—L—,ﬁg——L—L where lead equalization 1s used
(u + 1)

-
where 0:- j; 0..(-)«!.
(2) PRemisel ecressover freguency, w,.. With equalization and effective time
delay, t,, eelected as above, %hc nosinal crossover frequency, ., and
associated pilot gain is eetimated from the condition to provide sminimum
msesn-squared error ia the presence of the appropriate foras of continuous
attention remnsnt in Ites (d)(1) adove. The nominal cases (contimuous
teanant msgnitude set to the geometric mean of the values cited adove)

are: .
w/ %y
Ro Pilot Lead: 0.783
Low-Prequency Pilot Lead: 0.662

where w, 18 the maximus full atteation crossover frequency at the dynsafc stadility
lisit corresponding to sero phase sargin (4 = 0). Thus o = v/21,.
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TABLE 2. TYPICAL PILOT EQUALIZATION CHARACTERISTICS
CONTROLLED ELEMENT EQUALIZER ADJUSTMENT
EXANPLE OF APPROXIMATE TRANSPER PILOT LOM- NID- HiGH
CONTROLLED PUNCTION IN CROSSOVER EQUALIZER FREQUENCY FREQUENCY FREQUENCY
ELEMENT REGION FORM (e <L ue) ( u REGION) (0> w)
Perfact ACAR K, Lag-Lesd 1/74 - l;ltft:.:':t:'fl:;
High- Ty to partially
Rate Command K. /jw Frequency - - o‘?t-et T4+ Tyy
Lead (TL LR < 1)
Lateral Low~ Ty, not available
Course K‘:/(jm)2 Prequency l/TL -— to offset
Displacement Lead T+ Tey
Mid- .
frequency - ‘I'L - T -
Lead
Roll Control Kc/ju(‘l'ju + 1)
Righ- Ty to partially
Frequency - - offset
Lead T+ Tyy + T
Low-
Frequency /Ty - -
X Lead
€ wy << U/
Practical ju 7 2z J
ACAR ) ~E LR Lag-Lead iyt R T, to partislly
w > 1/« ¢ oltt'let T+ Tyy
TABLE 3. TIME DELAY ADJUSTMENT
Effective Visual Delay, Ty Qualifications
Ty 0.1 see Other effects (e.g., wmotion sensing, limb-manipulator-
sinimus neurosuscular systeam, display comsputations) are repre-
sented by their sepsrate dynsaics in Fig. 5
Add Tyy to T, 1f aneuromuscular system dynamics are not represented -~
where Tyy = 0.1 sec, if manipulator s stiff (isometric)
or 1" = 0.2 sec, if manipulator is freely moving (iso-
tonlcr
Add 0.1 sec to T, 1f fixed dase operations are being considered
Add another incresent to 71, Refer to figure below for firet-order
as a function of the lead and add
equalization, TL 1
by ° TyEeszIaRyT, T 0023 see
© Moving Bose Dato
X T-33 Flight Data
Effective 3
Pilot
Lotency o
11 Lo.o5. 0208 y)p
(1/sec) Te T
! \
o ' ' A A A A A A
[+] [ 4 6 8
Pilot's Leod Equalization Breok Frequency,!/ T (rad/sec)
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(c) MNeminsl crossover frequemcy regression. VWhen u;_nears or becomes greater then
0.8 w, for the quasi-rectangular forcing fuasction case or when 'ﬂ,/“t is
greate? than 1 for the lov-pass and sugmented low-pass spectra, then the®cross-
over frequency regresses to values much lower than uho and e o tespectively.

(d) HNomisal crossover frequeacy iavariasce propertiaes.

(1) o, - K, independesnce. After initisl adjustment, changes in controlled
ofc.cnt gain, Kc. are offset by changes in pilot gainm, Kp, 1.e., nominal
crossover frequency, wy, 18 invari{ant with Koo

(2) - w; independence. Nowinal crossover frequency increases only slighely

.
vfth orcing fuanction bandwidth until crossover frequency regression
occurs.

(e) Threshold propertieces. With very lov stimulus amwplitudes, a threshold charac-
teristic should be included In serifes with the pilot's describiag fuaction.
Also, when full-attention, nearly coantinuocus coatrol actions are not required,
an indifference threshold is likely to be present. Both of these lower o, from
what would be estimated using the adbove sdjustament cules.

The w, regressicn phenomenon mentioned in the adjustment rules refers to a reduction
of pilot gain and, hence, of crossover frequency wvhen the forcing function bandwidth
becomes too large. The reason for this is best described dy referring to the relative
mean-squared error plotted in Fig, 8 for the crossover model subjected to a rectangular
torcing function spectrum. If the ratio wj/w, 18 less than about 0.8, an increase in
normal{ised gain €t “c) will result in & decrease in normalized mean-squared error. When
this approximate fuequnllty is reversed, the norealized mean-squared error can become
greater than 1 as gein {e incresased. The trend, therefore, for high forcing function
bandwidths t{s to reduce gain. This regression effect has practical consequences when-
ever the pilot {s required to track bdroadband signals.

The adjustsent rules given above are generally adequate for the pilot's lower-
frequency dynamics in tasks with spring-restrained ssnipulators. The higher-frequency
properties due primarily to the neuromuscular actuation system are included only to the
extent that Tyy is a component of 1,.

The neuromuscular system dynamics will change markedly es the manipulator 1load
dynsmics are modified. One of the most {mportant of these possible nodifications is
reduct{ion in sciffness of the spring restraiats. Thia is a common feature of alleron
controls, as opposed to elevator and rudder controls. When the spring forces are light,
the manipulator approaches the free-moving (isotonic) extreme. In these cases, the
pilot must supply proprioceptive feedbacks that introduce {ato the neuromuscular systesm
dynamics addicional delays that are not present with the isometric sftuation. Available
data from Refs. 10, 24, 25 {indicete that the effect of this proprioceptive feedback
tequired of the pilot when the manipulator i{s free-moving is to increase the effective
time delay by approximately 0.1 sec. This can be added directly to the previously dis-
cussed time delay, .. 1t amounts to an additional time delay cost incurred by forcing
the piiot to close a positional loop about the manipulator.

Por some conffigurations of wanipulator and effective vehicle dynamics, the higher
frequency chsracteristice of the neuromuscular system can be faportant. In particular,
the peaking tendency assoclated with the second-order mode in the limb/manipulator block
of Fig., 7 can be sufficiently large to nake a higher frequency gain margin ({n the fre-
quency raage from 2 to 3 Hz) negligible or even negative. Whether this will lead to an
fastadility will depend on the accompanying phase, Such very high frequency pilot-
effective vehicle oscillations as "roll ratchet™ can be caused by this coupling. The
detalled nature of the peaking tendency is a very strong function of the manipulator and
the rest of the controlled element dynamics. The peak can be "tuned” to a maximum or
aiaimus by the presence of just the right amount of controlled element lag. Thus, for
exasple, a pure Y, = K/s will have 1little 1f any peaking while a Y. = K/s(Te + 1), with
T about 0.1 sec, will have & great deal. The known connections sre sll empiricel;
therefore, the reader is referred to Refs. 12 and 13, which present gll of the svailable
dats.

Another "structural model™ of the humsan pilot has been fruitfully applied to flying
qualities problems (Refs. 26-29). This model mskes most of the adjustments of the piliot
equaliisation via feedback pathways instead of in the forward loop, and the "fsomorphic”
teatures ars not modeled. A good deal of effort has been spent on validation with the
existing data dase, and with developing connections with pilot ratings via the theory of
Ref. 29,

Having completed thie review of the structural-fsomorphic and crossover pilot models
for full sttentioa situations, we next examine relationships between pilot workload and
pilot dynamice which will help to treat divided attention situations involviang control
operations.

o a s . N ——
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Figure 8. Mean-Squared Error Based on Crossover Model

PIVEDED ATTERTION PILOT-VENICLE-TASK MODEL

The pilot is, in general, involved in two types of operations -- control tasks and a
diverse cosbinstion of weonitoring/supervising/comaunicating/data~gathering/decision~
making activities referred to ss "mansgerial” tasks. While the pilot's attention is
"divided” between the "control™ and "managerisl™ tasks, these are often performed nearly
sinultaneocusly as parallel processing operations. Neither type of task 1s necessarily
prisacry or secondary.

In the most complex or desanding missfon phases, the two task categories may require
all of the pilot's available asttention. These high workload mission phases have a asajor
impact in design, because, as tasks thet are critical for either control, decision
making, or humen error potential, they provide the context in which system roles are
estadlished and human and equipment resources are allocated.

The managerial tasks often result in discrete action sequences, For many of these,
the skilled and experienced pilot has developed & nearly routine, highly rehearsed,
response repertoire to meet normsl and a«any unusual demands. These types of nearly
sutosatic action sequences are subject to "slipe"” of intention or execution, also
ceferred to as "adsent-minded errors.” A commonly-cited exasmple of a elip is the
pilot's failure to lower the landing gear or flaps due to distractions like voice com-
aunications and in-cockpit warning alarss. Current studies of cognitive behavior,
assoclisted with humen error (e.g., Ref. 30), esphasite thet slips are most likely to
occur under divided attention conditione.

Por & given eituation, the ainimus divided sttention level will be established by
the comtrol taske. Consequeantly, we need a divided sttention model for control opera-
tions. The model should provide such results as:
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° The nature of control tssk performance degradation due to divided attentiomn

[ An indication of the attentional demsnds required far various levels of control
activity and the excess capacity left for msnagerisl tasks.

An slementary model suitable for such purposes is summarized below. It places heavy
emphasis on both the attentional demands for control tasks and the excess capacity left
for menagerial tssks. These are quantitative indices. The attentional demaad for con-
trol 1is equal to the average "control dwell fraction” (0 < n < 1), while the "excess
cspacity” left over for other operations is the sverage "control interrupt fraction”
(1-n)e The control interrupt fraction {is therefore slso teramed the “"managerial dwell
traction.”

The theory of divided attention operations can be considered as an extension to the
well-established theory of display scanning and signal sampling/reconstruction (Refs. 1,
15, and 31)., 1In the control task, the human pilot's behavior can again be characterized
in mathematical terms by describing functions that depend on the effective dynamics of
the sircraft being controlled, the dynamics of the pilot-vehicle interfaces (displays
and controllers), and a "remnant.” These two components acve depicted in the block dia-
gram of Pig, 9, wherein the dynamics of the effective pilot-vehicle system are charac-
terized dy the crossover model described previously. Far more elaborate models of the
pilot are possible, but the crossover model is quite adequate to characterize matters at
the level needed here.

Recall that, when the pilot's full attention 1is focused on the control task, the
crossover frequency, w,, of the pilot-vehicle system is maximized consistent with near
ninimum mean-squared error. The closed-locop perforsance issue {s handled by a minimiza-
tion process that arises from & coampromise in following the command input while reducing
the relative influence of the reanant. The remnant {n full attention operations 4s a
broadband random process that can be considerad as a pilot-induced noise.

When managerial tesks are also considered, both the describing function and the
remnant characterizing the pilot's control behavior will be affected by the divided
attention nature of the pilot's total operations. The describing function and remnant
will be modified to account for the additional signal processing or supplementary paral-
lel sensing needed to continue control operations while the pflot is attending to the
managerisl tasks. Depending on the specific detsils, these modifications may reduce the
effective pilot gain, add to the effective time delay, and/or incresse the injected
noise. Thus the system crossover frequency will be reduced simultaneocusly with an
increased contribution of noise to the uncorrelated system error. Both effects will
cause the precision of coatrol task performance to be reduced from a full attention
baseline. Similar modifications to the pilot-vehicle dynamics are made even with full-
atteaction control operations when the visual cuee are modified to call for divided
visual attention, for exasple, in changing from head-up vieual meteorological conditions
(VMC) to the head-down ifastrument panel scanning needed for manual approach in IMC oper-
ations.

Divided Attention

Remnont
System
Forcing System | €2 n PILOT / VEHICLE SYSTEM System
Function Error 1 o Output
’ Ly .
. N
G 1Y) Y, § we expl-jwry) m

Ye * Effective dynamics of vehicle (e.q., aircraft plus stability
augmentation plus displays)

Yp = Full attention pilot describing tunction

Yp = Perceptuol describing # ion to for divided attention

we * Oy

Te = Overall pilot-vehicle system effective lotency
¢u = System phase margin (w/2 - rewe)
Snn * Processing remnant spectrum (nt ~ o)

et = Meon squared system error

Note: e(t) is “error” ond subscript “e” in v, is "effective”

Figure 9, Pilot-Vehicle Systen for Divided Attention Control Task

—en s .. Cham LA e UL S, R NSE O L g A o .
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In the divided attention situations of primary interest, {t is asssumed that the
pilot has been well trained in the control and managerial tasks involved. His attention
is allocsted among control and managerial tasks {n which information {s simultaneocusly
gathered from several “"perceptual flelds."” These fields may include:

Visual "Segments"

Foveal ’
Parafoveal Parallel Pathways
Peripheral ‘

Proprioceptive "Segments”
Yestibular
Joint receptors
Stretch receptors Parallel Pathways
Pressure receptors
Etc.
Aural "Segments”

Tactile "Segments"

and others. The word "segment” is intended to convey the properties of extent, thresh-
olds, input/output dynamics, etc., that charscterize the particular seneory modsalities
involved as they are integrated into useful perceptual signal sources. The easiest to
describe are the visual perceptual field segments, which can be divided on a physio-
logical basis into foveal, parafoveal, and peripheral pathways. Besides the differing
spatial (geometric) extent of these segments there are also differences {n threshold,
dynasic properties, contrast background, etc.--all the ©bewildering coeplexities
sssociated with vision {n {ts amyriad details., For our purposes here, the key point to
understand {s that a visual "display”" can be attended to not only with the foveal seg-
sent but also with the parafoveal. Thus a control task not requiring the high acuity
property of foveal vision could involve sharing between the foveal and parafoveal path-
ways for control, with attentional adjustments of rhe foveal pathways between the con-
trol operations and elsevhere (e.g., reading information, conducting visual search,
etc.). The "perceptual scanning” process in this case {s the "switching” of the input
signals for the pilot's control task from the foveal plus parafoveal to the parafoveal
alone pathways.

"Perceptual scanning” is, of course, more general than the siaple shifts between
foveal and parafovesl visual pathways serving to provide continuous information to the
pliot from a visual display. All of the other perceptual fields for each input modality
are also operating more or less continuously and providing signals that impinge on the
pilot's sensorium. Although all of these data inputs are present, they are not neces-
sarily acted upon simultaneously. However, in the highly trained, unimpaired pilot, the
inputs delivered from several perceptusl fields may be, in some sense, "operated on" in
parallel all of the time. One feature of "impairment"” is a reduction in this capacity
of parallel or nearly simultaneous operations in different fnput channels.

A related concept needed here is that of "attention," adding to the ability to sense
and perceive stimuli a readiness to respond to selected stisulf. By analogy with visual
perception, we can conceive of an attentional field having a principal focus and bor-
ders. Attentional fields have both spatial and intensive aspects. Thus inattention or
impaired attention can result in a narrowing of the spatial borders, an increase {n the
minimum stimulus needed to cause an operator output, or both., A comsmon example is "tun-
neling"” of vision ("gunsight vision") wherein, under highly stressful conditions, the
visual perceptual field is narrowed. As far as active pllot control processes are con-
cerned, the perceptual scanning and attentional field features are joined; that is, all
manner of perceptual faputs are impinging on the pilot at any one time, but the astten-
tional foci serve to activate selected perceptual fields as sources of comtrol or
managerial task "signals.”

The pilot's primary attention may be shifted from one signal source to another in
the course of conducting a particular mission phase. Yet, when a countrol task (s
involved, it aust be attended to from time to time. So, too, for the managerial
tasks. In the course of operational training, the pilot learns to switch primary atten-
tion from one task element and/or perceptual segment to another, and then another, and
back to the first, etec. ?hiu {s conveniently thought of as a perceptual scanning
process. When the pilot finally becomes skilled fn the operational scenarfo, the scan-~
ning behavior over the task duration exhibits certain stable properties in a statistical
sense, for instance, the proportion of the time spent on a particular ilaput-gathering
chore, the dwell times on certain iustruments, and the total time before prominent
festures of the scanning process are repeated tend to develop stable prodabilities.
This 1s not to say that the scanning is elther periodic or uniformly sequential (i.e.,
from "A" to "B" to "C" and back every time) but rather that cyclical activity is present
in the perceptual scanning process.
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Control tasks conducted under divided asttention conditions both in flight and labor-
atory research have shown that the coverage of elements (e.g., instruments or perceptual
fields) in a given array of input sources has s definite average frequency and cor-
responding mean sampling interval, T,, albeit with appreciable variance. The mean “con-

) : trol dwell time,” Tqs is the time spent on {aformation sources needed for control pur~
\ poses. Its duration depends on what information has to be extracted. The ratio of
. ' these two times gives the “control dwell fraction," n = Tyg/Tgs which indicates, on the
: average, the proportion of the total control plus managerisl task scanning time interval
required by the control task.

The information transfer characteristics of the divided attention attributes of the
human controller may be modeled as a quasi-linear, random~input "perceptual describing
function,” Y,., This multiplies the full~-attention {(continuous control) human describing
function(s), Yp, to provide the describing function(s) for the humsan pilot's control
activities,

The simplest way to develop an internal signal from a finite duration sampled input
is to act proportionally to the sampled signal. Then, during the fixation period, T,,
the pilot's output would be proportional to the perceptual input being sampled, while
outside the fixation period, it will be zero (see Fig., 10, lines a and b). The des-
cribing function is based on the best linear fit of the output, in the mesn-squared
sense. For this simple finite dwell time sampling, the perceptual describing function
is just the dwell fraction itself, Y, = n. The “remnant™ accoumts for all of the
pilot’s higher frequency power not linearly connected with the input. The describing
function and remnant are shown on line c¢ of Fig. 10 (Ref. 15). [It 18 important to
emphasize that the signals shown in Fig, 10 are highly idealized for clarity. Every~
thing 13 really much more randoa: the signals themselves, the dvwell times (Td), and the
sampling intervals (T')-]

From Fig. 10 it is easy to see, as the divided attention level is changed to reduce
the control dwell fraction, n, that

[ ] The describing function, Y., is reduced
L) The remnant is increased

The crossover model in Fig. 9 shows that a reduction in Y, will cause a concomitant
reduction in the pilot-vehicle system crossover frequency, w.. For the crossover model,
w. is also the pilot-vehicle system loop gain. This is directly related to the system
phase margin, [ YD) by
- F- (8)
L 7 " Tele

where 1, 18 the overall pilot-vehicle system latency, so the reduction in w, will be
reflected in increased phase margin.

As can readily be appreciated from the above discussion, the effects of divided
attention can have profound consequences on the pilot-vehicle system performance in con-
trol activities. These can be conveniently summarized by the {llustrative case sketched
in Fig. 11. As already noted, divided attention results in lower crossovver frequency
and assocliated increased phase margin. As far as the pllot-vehicle system dynamics arte
concerned, a major consequence 1s a significantly increased error ia control activ-
ities. As shown in Fig. 11, divided attention penalizes the error performance in two
vays:

° By reduction of the permissible crossover gain, and

° By a mejor increase in the cemnant due to the divided attention (i.e.,, lack of
attention to the control tasks),

Figure 11 shows that the full attention pilot-vehicle system error begins to
increase only as the dynamic stability 1imit {s approached; at lower gains, error is
reduced as gain increases. While a similar trend is shown for divided attention, the
error may still increase without bound for circumstances where there is still a large
dynsaic stability margin. This is because the closed-loop effect of divided attention
remnant, the power level of which scales with mean-squared error as in Weber-law noise,
causes error signal fnstability in the mean-squared sense (Refs, 15 and 32). From the
analyst's point of view, this property of control tasks with divided attention requires
a larger phase margin (even more stable operation of the control task than with full
attention) as the control dwell fraction is decreased.

A Weber-law model of divided attention remnant has been applied to the error sigrmal
in the "crossover law model” shown in Fig. 9 (Refs. 15, 33 through 36). The model of
divided attention remnant includes factors representing average attentional dwell time
fraction (on the control task) and variability thereabout. A quantitative example of
the effects of divided attention on performance {e presented in Fig. 12. In Fig. 12a, ;
the abscissa 1s normalized crossover frequency (analogous to Fig. 11), while Fig. 12b I

§ provides the same data plotted with phase margin as the abscissa. The forcing function
M {s white noise psssed through a third-order Butterworth filter with normalizad break-
& point w,t, = 0.25. The full attention condition {s the lowest curve in both portions of
3 fig., 12, The divided attention conditions that govern the remnant are shown as fanmilies

with control task dwell fraction, n, as the parameter. 1In this example, the normal{zed

e wrere = - - - - T T T AR s AR -
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control dwell interval is set at T‘/Y. = 1,5, snd the normalized lower bdound on the
scanning interval, 8§ = 0.5.

Pigures 11 and 12 show the profound effects of divided attention on control system
performance particularly emphasiszsiang the two “stability limite.” The first is the full
attention liwit given by w, = IIZI., which {is approsched by the full atteation, n = 1,
curve., The second is the "instability in the mean square.” This is assoclated with the
inequality constraint

r 1 2 .'2' 1
. 1-p2 - < )
e 7
e

The bases for this phenomenon and other divided attention analytical relstionships will
be summarized below.

Note that mean-square error instability occurs at progressively {increasing phase
sargins ss the attentional dwell fraction om the control taek decreases. Ffurthermore,
the phase margins for minima in normalized error varisace are even greater, and the
sinims are broad., Typically, the "bdlow up™ phase margin {s less than the phase margin
for best performance by 10 to 16 deg. Pigure 13 puts these points {ato context by
shovwing the phase margins for the blow up condition (F = 1), the phase -.r‘ln’ for the
m{nima (frow Fig. 12), and the phase margins for a velue of error coherence, ¢, of 1/2
(corresponding to P = 0.5). This curve coincides alwost exsctly with the ainimum mean-
squared error curve when the coantrol dwell fraction is lese than 1/2. FPor larger con-
trol dwell fractions, say from 1/2 to 1, the phase margin for minimsum mean-squared error
is essentially a linear function of dwell fraction, as indicated by the fit on Fig. 13.

Analytical formulas (derived in Ref, 34), on which coastructions such as Pige. 12
and 13 are based, sre summarized in Table 4. The phase margin-dependent function I(‘r.
1e/Tq) lor normalized crossover frequency-dependent function K(vr u.s t/Tg)] is shown {a
P!g. 14, The curves are given as families with two parameters: (a) tﬁe norsalized con-
trol dwell time T,/71,, and (b) the nondimensional variable Brt,, where 8§ = 2/T4. The
Ty/tg = 0 (91' = ») curve is the simplified fumction A(¢y). As phase margin increases,
tgll becomes a regsonable approximate bound for the more complete function.

One of the most interesting features provided by the formulas is the 1limit assoc-
{ated with the fundamental constraint.

00 -
Ta
— |
T =15
80 b -8 = 5
Pn wiTe® .25 (3rd order Butterworth)
(deg)

6° +68°(1-n)

20

1
8

i 1
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Control Dwell Fraction,n = Tq/ T,

Pigure 1), Effect of Divided Attention on Phase Margins
for Minisum Mean-Squared Ecror
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TABLE 4. BASIC DIVIDED ATTENTION RELATIONSHIPS

DIVIDED ATTENTION REMNANT POWER SPECTRAL DENSITY

r(l-n)(l-a) 0cs=T /T, <1

an -
[ ) ] 0 <n=T,/1, <1
where o2 & jo. ..’(l) de
T° is the lower bound on the attentional scanning or sampling ianterval
T
s

Tg is the mesn value of the attentional dwell interval

is the mean value of the stteational scananing or sampling interval
9qe(®w) 18 the error power spectral density, (units of orror)z/(rld/lec)

SYSTEM PERFORMANCE

Total Input-and Uncorrelated
Systen Disturbance~ Mean-Squared-Error
Mean-Squared Corcelated Caused bdy
Error Mean-Squared-Error Divided Attention
e e e Smmm—— o ——
o2 - c% + 05

)
-2 T,e“(1-n)(1-8) po . 2
[, IRl e s = [ e

e

where G is the open-loop descriding function of the pilot vehicle system (Fig. 9)
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Divided Attention Error Stability Liwmit
-.’.
F = — < 1, or
'2
1 (Tg = Ta)1 - 8
4 Te (10)

 1E :—:)

The curves of Fig. 14 cen be used directly in conjunction with Eq. (10) to determine
the winfimum phase margin or maximum normaliized crossover frequency svailable for a given
level of divided attention. The maximum value of l(o-, Ty/ 1) must be less than
T,/ (Tg = Td)(l - 8)., With an appropriate change of labeling on ghe ordinate, the curves
cgon become boundaries for stability in the mean-square, with locations below the curves
corresponding to allowable phase margins.

For some purposes, the inequality of Eq. 10 may be awkward to work with because of
the dependence of both sides on T,. The simpler, more approximate forw using the A(¢,)
may therefore be more useful. With this approximation, the Eq. 10 condition becomes

1 (Te - Tg)1 - 8) _ Tq . _ .yl -_n
T o —':(1 8) (=) 11)

These last relationships emphasize the need to constrain the system phase margin to
keep the error in divided attention operations within bounds. This follows because
(1-n)/n increases as the managerial demands increase. ([For s given control task, the
overall system latency is the sum of the net high-frequency systeam lag and the pilot's
eftective delay, The control task dwell tiwe, T,, defines how long the pilot wsust
fixste on various "display"™ elements to asssimilate the {nformation needed for control,
Thue Ty/t1, 1is approximately constant for a given control-display task, send (i-n)/n
governs the inequality]. Then, as the naximus sllovable value of X(4,, 'e/rd) is
reduced to maintain the inequality, PFig, 14 indicates that the divided attention control
task phase margin sust be increased. Because the normalized crossover frequency, Te Wes
is directly retated to the phase margin by & = (w/2) - Tqtics this can also be inter-
preted as indicating cthat the control task crossover frequency is reduced.

The f{mplications of these statements include:

L[] The control task error has an extremely strong dependence on the control task
dwell fraction, (The pilot-vehicle system gain is reduced and the system "rea-
nant” or effective uncorrelated input due to lack of attention to the control
task is incressed as control task attention decreases).

1 L] 1f the task couwplex requires significant division of pilot attention between

managerial and control tasks, the dynasics of the systeam being controlled by the
pilot must be able to support very large pilot-vehicle system phase margins. As
a corollary, the controlled system must possess dynamic properties that require
little asttention to control,

These iaplications are, of course, consistent with the conventional wisdom that attitude
control and path control functions are among the highest priorities for automation.
Steps in this direction cut down the control dwell fraction directly, and incresse the
fraction of attention that can bde devoted to managerial task sequences.

ALCORITANIC NUMAN PILOT MODEL

1 An alternatfive approach to the estimation and description of human control behavior
has been the application of modern optisal control theory. The starting points in this
process are the well-founded theory of the linear-quadratic-gaussian stochastic control
probleas and msanual control theory snd dats. To successfully marcy these two elements is
not easy, yet progress has been wade (e.g., Refs. 37-46), Some notable applications to
filying qualities probdlems have also bdeen pudblished (e.g., Refs. 47-49). The concept
rests on the presuaption that human operator responses can be emulated by an analogous
optimal control system, The optimal systes operates to sinimize a quadrstic perforsance
1 index {n the presence of various systeam inputs and noises. 1In doing so it provides a
L representation for at least some of the adaptive characteristics of the human operator.
The basic considerstion in this algorithwic approach 1is provision of techniques for
imposing those characteristics of the human which represent bdoth favorable (e.g., adap-
h tation) and unfavoradle (e.g., time delay and remnant) features so they are consonant
with experiment, Related techniques must account for certalinm very fundamental human

characteristice, such as the effective time delay and neuromuscular delays.

The genersl wnodel {s shown {in Pig, 1S. At the top are the smachine properties
involving the controlled element and display as acted on by disturbances. These are
represented by linear stste vector and display vector-matrix equatioans. The distur-
bance, w(t), {s & vector of white gaussian nolse processes. 1If the forcing functions
are colored, they are represented by filtered white gaussfan nofise. The additional
states ctequired to represent the filter dynasice are appended to the controlled element
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state vector and result in expanded A, B, C, and & matrices. Deterministic di{stur-~
bances can be modeled by adding non-zero mean coamponents to the disturbance vector, with
the addition of still more elements to the state vector and associated matrices. The
display variables are linear combinations of the system states and the pilot ocutput,

In the optimal coantrol foraulation the human pllot's charscteristics can be divided
into two categories -- those which represent fntrinsic husan limitations, and thus which
are not subject to optimization, and those properties which are subject to adaptation
and thus optimization. In the firet category are the effective time delay and the
reanant, To some extent the neuromuscular systes properties and/or the pilot-vehicle
system crossover form and bandwidth also fall into this category, although thefr con-
nections in the OCM formulation are somewhat obscure. (This will be illustrated later.)
In the optimal control model the remnant is accounted for by observation noise and motor
noise, shown respectively at the pilot's input and neuromuscular command output points.
The observation noise vector is added to the display output y(t). A separate noise con-
ponent, v, (t) is associated with each display output component, yi(t). As noted in
Fig. 6a, {ﬁc reanant added at the operator's input is relatively wideband, so each com-
ponent is assumed to be an independent gaussian white noise process. The spectral den-
sity is proportional to the mean-squared value of the displayed component, with a pro-
portionality factor Pi, which is 8 noise-to-signal ratio. In general, the human
operator is presumed to obtain both displacement and rate information from a single dis-
play variable, and good results have been obtained by assuming that Py for the position
and rate variables 1is the same. In single-loop control situations numerical values
of Py of about 0.01 are typical. As can be appreciated from Fig. 6s, this is relatively
invarient over a wide range of systea dynamics snd input spectra. To the extent that
this is so, the normalized observation noise can be considered to be primarfly operator-
dependent.

The many internal time delays associated with visual, central processing, integra-
tive, and other operations are combined into a lumped perceptual delay, r. For simpli-
city, it s assumed in the current optimsal control model that all cutputs are delayed by
the same amount. (We have noted in connection with the structural isomorphic model that
there is & delay incresent associated with rate perception.)

The "motor noise,” like the observation noise, is assumed to be a zero-msesn gaussian
white noise with spectral density proportional to the mean-rquared operator output. An
sdditional coamponent, V¥V, , is sometimes included to account for the fact that the human
operator {ntroduces nol=' into an undisturbed system. A motor noise/signal ratio, Py
of 0.003 has been found to provide a good mstch to some experimental data. 1

The neuromuscular system is represented by a lag matrix, Tye This s not explictitly
aodeled as an inherent limitation. Instead, it is imposed by weighting control rate
terss in the cost function used to generate the optimal coatrol. For single-loop con-
trol prodlems with linesr, wide bandwidth manipulators, this weighting is purposely
selected to yield Ty of spproximately 0.1 sec to represent this inhereant limitation. As
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will be seen later, this weighting tends to set the frequency rasange over which the
pilot~vehicle system wmay aspproximate the crossover model in a siagle {anput, single
output system, When everything is taken ifate accouat in aa effective pllot describiag
function Y, the divect neuromuscular lasg represented by Ty will be cancelled by other
quantities, although the total effective time delay may reflect some neuromuecular lag.

The rewsining elements of the human operator are adaptive to the system character-
1stics and to changes in the explicit human operator limitastions described above, Esti-
mation of the delayed state vector i{s accomplished via a Kelman filter, This delayed
state estimate is fed to a least-mean-squared predictor to yield the estimated state
vector, x{(t). The optimal gain matrix, L, is generated by solving the optisal regulator
problean for a quadrstic cost function of the form

lis 1

Ju) = E tee ¥ L’ (y'Qy + u'Ru + u'Gu) dt} )

Because the cost functional weightings preordain the details of cthe controller gain
matrix, L, the selection of weightings is critical to the model's success, This is par-
ticularly the csse when the model's purpose is to si{mulate human operator responses.
Por simple single-loop control situations, excellent agreement with experimentsl
measurements has been obtsined with & cost functionsl of the extreaely simple form:

To>=»

Ju) = E e b LT W2+ gD a:} ITE))

where e is the compensatory system error and ¢ =4 is the operator's control rate. The
value of g is eelected as described asbove to yield an appropriate neuromuscular
delay, Tye. Por more complex sfituations, the rvelative weights are determined based
sither on maximum allowable deviations or limits, or from a knowledge of human prefer-
ences a&nd capadbilities. This is eimiler to the technique suggested by Ref. 50, wherein
the weighting on each quadratic term is simsply the inverse of the sgquare of the corre-
sponding allowable deviation. The solutions for this modified Kalman filtering predic-
tion and optimal control problem are given by, for example, Ref. 38, 39, 42, and S!i.
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Sose appreciation of the degree vwith which actual human operator data can be charac-
terized by the optimal comtrol model csn be gleaned from Fig. 16. Theoretical and
messured frequency responses for sn elementary single-loop seystem with s rate (Y. =
K./8) controlled element (Ref. 44) are compared. These frequency response data fadicate
that the model reproduces the essential characteristics of the human coantroller with
excellent fidelity. Perhaps more {mportant, the parameter vslues for other simple con-
trolled elements, such as Y, = K, snd K. /e (Ref. 44) are very consistent, although the
time delay needed to smatch the operator characteristics for K./e dynamics was somewhat
longer. This, of coursas, is to be expected from considerations desc-ibed earlier and
does not coanstitute a defect in the wodel.

The optimal control model results, of course, ian & very high order descriding func-
tion form when fthe various matrices are developed {iato transfer functions, Conse-
quently, the fsact that the OCM results presented in Fig, 16 are very similar to the
extremely simple crossover model is s matter of great {iaterest. Reference 51 reduces
the OCM calculations involved to applications on & PC and slso provides for the genera-
tion of transfer function data in factored form. This step is very helpful to {ndicate
what 1is taking place f{asfde the othecwise obscure OCM gcalculations. For the simple
Yo = K./s case discussed above, the total Y, is glven by (Ref. 51)

¢ = {131 3.10)(5.45)(10.1)[~0.866, 32.1 } {(o z)(_g._o_s_)_} (1o
] T (1.98)(5.48) (9.94) [ 428, 21.91(39.1) 0)(2)(9.94)
where (s + a) = (a) and (82 + 2Cups + w2l = (g, @)

Thus, for the simple X_ /s controlled element the pilot model is an eighth degree over
ninth degree transfer fuaction! However, this is immediately reduced by three degrees
because of the exact cancellations given in the second bracketted quantity. Notice here
that the neuromuscular system pole given by (9.94) is exactly cancelled by a zero. The
remaining brscketted quanticty slso has a nuaber of nearly cencelling terms, {.c.,
(5.45)/(5.44) and another apearance of the neuromuscular mode, (10,1)/(9.94). Finally,
when the high frequency terms ([-0.866, 23.1]/(0.428, 2i.9], which are the result of
using second-order Pade approximates for the pure time delay, together with the pole at
39.1, ate converted to an effective time delay, the pilot model becomes,

& 3.80(3.10 -0.14s
B RRGHY . (s

This is, at last, the simple Y, sought. The frequency response data from very low fre-
quencies to well beyond the crossover region is described very well by this much reduced
wodel.

This set of calculations is very revealing. The most interesting aspects are the
exact and nearly exact cancellations of dynamice which were initially put into the amodel
formulation as a representation of the neuromuscular system. Purther, the peaking ten-
dency present at higher frequencies beyond the crossover region is due (in the case of
Ref. S51) to s shift, as a consequence of closing the 1loop, of the denominator ters
associated with the Pade approximate for the pure time delay in the open-loop pilloe.
Clearly it is essential to resolve the OCM data into a Y, factored form {f one i{s to
really understand the results in their most fundamental sense.

The algorithmic and computational advantages of the optimal control model wmake {t
extresely valuable as s mesns to make quantitative estimates of the human operator's
dynamic response ian control tasks for which the model is appropriate, Besides the need
to simplify, ss 1llustrated above, there are three other aspects which give some d1ffi-
culty. The first is philosophical and relates to the explicit requirement that the
humsan operator description contain a complete internal model of the human's intrinsic
characteristics and the system dynsaics and disturbances. Thus, for the state estima-
tfon to be accomplished, the A, B, C, D, and K matrices plus the systes disturbances and
the humen tise delay, observation nolse, and motor nofse wmust all be known. Further,
for the controller equslization adjustments, the A and B matrices plus the weights in
the cost functional are needed, All of this amounts to an essentially complete "know-
ledge™ by the human of the man-machine system characteristics. Internal models have a
long history in psychology for several purposes, Por fastance, their elaboration sand
refinesent have served as a useful coanstruct for the development of skill by dint of
training. In fact, even the siample crossover aodel can be interpreted as an fmplicit
internal model of the human and controlled element dynamic characteristics {n the cross-
over region, The key problem {s thus not with the concept of an internal smodel, but
rather {its degree of perfection, especially in extremely ‘complex systems where the
required internal model is equally complicated.

The second difficulty is that of attespting to identify the underlying model para-
meters from experimental data. Not only 1s this {nverse problem fundamentally A4iffi-
cult, bdut the optimal control model reviewsd here suffers from overparasetecization.
Thus, from an identification viewpoint, the odservation and motor noises are not resolv-~
able, and the feedback matrix and the observer gain matrix can only be deterained up to
e siefilarity traneformation of the model (Ref. 52).
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The third problem ares is specificstion of the cost function, The teleological
charscter of the linear quadrastic optimal wmodel is imperfect because the perforsance
eriterion sust be shaped to the task. As & practical matter, this has seldom posed a
serious problem when the model has been applied by an experienced practitioner, None-
theless, an aura of artistry is present ia this requirement.

In the structural isosorphic model, & very large number of experimentally observed
phenomsena sre accounted for, Since its inception, a great deal of effort has been
devoted to similarly account for human operator behavior with the algorithaic wodel.
This has rvequired, in the main, adjustments {a the cost function or in those properties
associated with the human operator's limitations, such as normaliged observation or
msotor nolse. The model has proved to be quite flexible in accommodating most of the
sany behavior changes desired. Table 5 summarizes some procedures and techniques which
have been found suitable to accomplish this accoamodation (Refs. 36-38, 41-4S5). Thus
advanced wodeling festures, such as divided attention operations, can be handled with
the OCM, Consequently both the structural and algorithmic forws of pilot model are now
quite mature and can be used in a comwplementary fashion to solve pilot-vehicle analysis
probleas and to help resolve data interpretation issues.

TABLE 5. PROCEDURES FOR ADJUSTMENT OF THE ALGORITHMIC MODEL

FEATURES TO BE MODELED SUITABLE PROCEDURES AND MEANS
Effective time delay Least squares prediction applied to output of Kalman estimate
accomodation of delayed states

Basic crossover behavior Use of control rate welighting in distinction to control
weighting in cost function

Effective neuromuscular Select ratio of control weighting to control rate weighting
lag Ty (e.g., "g") in cost function

Selection of cost Choose weights to be inverse of squares of the respective
function weights on maximum al'owable values

states and control

Reanant Ohservition noise covariances scaled with mean-squared state.
te2f’ 'ual (non-scaled) observation noise component to account
for {mprecisiaon due to lack of creferences,

Motor noise to reflect inability to generate control motions
precisely.

Residual motor noise to reflect human's introduction of noise
into an undisturbed system.

Low-fregquency phase lag Use larger wotor noise level than actually present in deter-
mining Kalman €ilter gains

Perceptual and Scale observation noise inversely with equivalent gain
indiffecence thresholds (random input describing function for threshold)
Scanning effects Scale observation noise {nversely with attentional frac-

tion (fl) of each display, subject to the constraint that
(Tfy) + ¢ <1, £f; > 0.

margin
Different noise levels for foveal and parafoveal viewing.
Workload (attentional) Attentional workload effects evaluated by examining perform-
ance as a function of the reserved workload margin, f-ar It
| gln
Motion cues Add model of human motion sensory apparatus (e,g., vestibular

system, proprioception) to state and output equatfions.
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SUMMNARY

The role of pilot opinion and rating {n defining flying qualities, and the pflot-
adapted control behavior that impinges on such ratings are delineated and discussed.
This is preparatory to the exemplary application of frequency domain pilot-models to the
examination and elucidation of a variety of flying qualities situations/probleams, This
examination starts with singla-loop situations which progress in complexity; and then
shifts to multiple-loop cases, which also progress in coamplexity.

This succession is designed to {ncreasingly reveal the basic pilot-centered require-
ments for good flying qualities. Such requirements, which stem from easily achieved
pilot adaption and good resulting closed-loop responses, are more generally applicable
to "new" unknown situations than are classical requirements on the open-loop controlled
element dynamic parameters, However, the latter do in fact influence the ease of
piloted closure and the rcesulting closed-loop responses so, when properly expressed {n
terms of characteristics in the projected crossover frequency region, may also achieve a
degree of generality.

The pilot-centered requirements illustrated by the examples, and others found in the
literature, are collected and briefly discussed to conclude the lecture.

INTRODUCTION ~— PILOT RATING CONSIDERATIONS

Before we consider applications of pilot-vehfcle analysi{s we have to recognize that
flying qualities are based on judgements delivered by pilots and reflected in recorded
opinton/commentary; and also (usually) by a rating number which 1is arrived at through a
rating systenm in a well-defined and hopefully universal manner. The most favored system
curreatly in use is the Cooper-Harper scale (Ref. 1) which is reproduced in Fig., 1. We
can see, from the widespread appearance of the words "pilot compensation,” that closed-
loop operation is an important rating consideration. In fact, ratings of closed-loop
operation (usually the most demanding task) are generally indicative of overall rating.

0f course, for a given set of aircraft characteristics, {including cockpit controls
and manipulators, the ratings depend on the intended mission; and on the mission~related
tasks and task varisbles, environment including visibility and disturbances, and display
quantities and arrangement, The rating numbers are not objective, but rather are sub-
jective, and are ordinal rather than interval, meaning that differences between numbers
are npot necessarily the same. Nevertheless, such subjective ratings are related to
measures of pllot workload in a regular way, as shown (Ref. 2) in Fig. 2. Here pilot
ratings for a series of primary single-loop tasks are plotted versus the steady-state
maximum first-order divergences (s-1A,) controllable by the pilot at the same time in a
gecondary task. The value of xs achleved, normalized by the value achievable when con-
trolling only the divergence, is a measure of the attention or capacity the pllot can
divert from the main, primary task; 1l.e,, his excess available capacity for other
control while performing the primary task -~ so labeled in Fig. 2. The division of the
rating scale Into flying qualiries "levels"™ {s in accordance with MIL-SPEC~8785 usage.
Pilot rating is thus an indirect {indlcation of task attentional demand and perhaps,
therefore, more quantitati{ve than expected from the ordinal nature of the rating scale.

More direct {indications of workload are the quantitative 1lead (compensation)
required, as wmeasured by the 1Y slope at the crossover frequency; and the departure of
gain from a near-optimum value. Thus for Level 1 pilot ratings:,

The pilot lead (anticipation, compensation) dlYp|dB/d(1n 0) Ju, must be less than
20 dB/dec, corresponding to an effective lead time constant, Ty < 1 sec

The effective controlled element gain (e.g., stick seasitivity) must be adjusted to
near optimum values.

The control dwell fraction must be less than 1/3.

The 1ast satems from the attentional workload associated with the Fig. 2 Level 1
boundary; the first two from the Fig, 3 results (Ref. 3).

RNIRN 157 B et bt & o

4



http://www.abbottaerospace.com/technical-library

32

We've already mentioned the potential influence of disturbance inputs and Table 1,
(from Ref. 4) illustrates the allowable degradations {n rating with atmospheric turbu-
lence. The turbdulence levels themselves, when not weasured quantitatively, are defined
in Refs. 1, 4, by descriptions of the effects on the aircraft and occupant: e.ge,
severe turbulence "-- causes large, abrupt changes in altfitude and/or the sltitude =~-
and large variations in airspeed;" and "Occupants are forced violently againet seat
belts or shoulder straps. Unsecured objects are tossed about.” When known, as in simu-
lation, or measured for certain flight situations, light, moderate, and severe turbu-
lence levels are quantitatively defined below in terms of rms horizontal gust (G“g)=

%
MAGNITUDE 2
(ft/sec)
Light 0-3
Moderate 5
Severe 10
Extrene 24

The differences in ratings, due to atmospheric disturbances, shown in Table 1 are
those that are allowable not necessarily those that will occur, In fact the suscepti-
bility to gusts and turbulence is strongly affected by the stability and windproofing
afforded by the flight-control~-augmented configuration under test. For example in the
Ref. 5 flight-tests where light to moderate turbulence from 1.0 to 4.0 ft/eec rms was
encountered, the pilot rating increased by about 2 !/, points for the basic control
system, but not at all for either the rate- or attitude-command control systeas. Also
the Ref. 6 flight results show that the flying qualities of stable alrcraft are not as
much affected by increasing turbulence level as are uanstsble aircraft.

Additional Applications Literature

Having thus furnished some addittonal background on the meaning and significance of
pilot rating and its general closed-loop and pilot model correlates, we are now in posi{-
tion to pursue the subject application studies. However, before we go into specific
example applications it 1is very pertinent to point out the existence of Ref. 7 which
catalogues a large number of application studies and contains close to 250 references.
Many of these references are mostly assigned to one or the other of the categories shown
in the "Applications” Table 2., Note that the reference numbers in Table 2 are those for
the Ref. 7 listings.

SIKGLE-LOOP ROLL CONTROL
(Example 1)

In general, before we can pursue a viable closed-loop analysis of human control we
have to be sure that the loop(s) we select for closure correspond to those the pilot is
really controlling, This isn't always easy to do because even for a single input/single
output case it may not be clear which response the pilot is rezlly concerned with espe-
cially when the "task" {8 relatively unstructured. A case in point {8 the uncertainty
sometimes voiced relative to the motions of most significance in characterizing short
period stable and sometimes unstable (PIO) oscillations. The choices are between 6, a,
n, and there have been advocates of each.

However, for the lateral case the situation is not as obtuse and there seems uni-
versal agreement that closure of the single é¢-loop 1is a basic flying task which reveals
' some key closed-loop flying qualities considerations, More specifically, control and
regulation of bank angle using ailerons fs a fundamental lateral control task, either
1 for {ts own sake or as an inner loop for heading or flight path control.

The complete aircraft-alone roll dynamics usually has the form

Lka (82 + 27,048 + u%)

2
$a (8 + 1/Tg) (8 + 1/Tg) (82 + 255uq8 + ud)
1 N on N’ N, ————
. ] %
Spiral Roll Dutch roll
1 Subsidence
] ;
4y Y
i S s G TR i \ N R i Sl
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The roll subsidence idealization which neglects the spiral, Dutch roll and numerator
dynamics is glven by

, LEgCuy/ap)? ,
%: (s + l;TRs )

and the appropriate approximate Yp for this Ye, is

Te

A ———
Y, & Rp(Tpjw + 1) e 8l To(Tr) - areluy)] &)

with Ty TR

So, the open-loop describing function (G = YPYC) becomes

y 2
¢ a KgLa;x(“'“Q/“’d) e-jm[ro(vk) - Are(w)} )

The closed-loop system accordingly has the familiar crossover-model form wce—T8/g
with w, = Kpl a(uw/u)dsE and 1 = 1,(Tp) - At(wy)e. In additfon to good closed-loop per-
formance, satisfactory pilot ratings will require proper adjustment of manipulator gains
and a coafortable level of pilot lead, Ty = Tps For Level 1 ratings this pilot lead
(anticipation, compensation) must cotrespond to T, < 1 which is equivaleant to dJYp'dl/
da(tn m)]uc less than 20 dB/decade as shown earlier, This requirement on T, is really
the basis for the usuyal li{m{tations of Tp to values no smaller than about one, for
satisfactory flying qualities,

Now considering the complete model dynamics, the simplest measure of the deviation
from the simplified roll subsidence reprecentation 1a given by the mO/md ratio.

C
( Mg + lxz) (C‘B " I1(:)
Y M C 1 1
(ﬂ)z - Nﬁul‘ﬂ PR 15“ x na z
Ty Lg N c (5)
64" B L+ Ixz “lg
x V\B

w
(;ﬁ) can range from negative values to positive values > 1

For C1g < 0 (positive effective dihedral) and a stable Dutch roll (N5'> 0), the key
parameter i{s N}, = {.e., for Nka < 0 = "adverse" afleron yaw, (u wu)z < 1; and for N% >
0 =« "favorable" yaw, (“¢”d) > 1. These approximate relationships are given graphic
interpretation in Fig, 4.

The closed-loop pilot-aircraft system analysis, reflecting the same pilot describing
functlion characteristics as for the {deallized roll case, would then involve the open-
loop transfer function

KETLe-tes(s + l/TL)(s2 + 25@“03 + m%)

&
(s + 1/Tg)(s + U/TRI(3Z + 25998 + wl) (%)

-18/2 -
Bode and root locus plots of this syatem for Ty & Tp, ¢~ =~ 51g77— : l——-11L% (the
Pade' approximant), L, and 7, small, and the relative magnitude §f the key fadedid given
by wg < wy < /TR < 271e are presented in Plg. 5,

The most obvious feature of the pilot-aircraft system closure depicted {s the
closed~loop dutch roll instability at moderate values of gain. In effect, the pilot’'s
actions In controlling bank angle with proportional alleron rolling moments {acurs
aileron yawing moments, roughly proportional to r = g4/U,, which reduce the dutch roll
damping.
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Thie an early example of sigaificant closed-loop flying qualities effects
attributable to numerator parameters. In fact a can become negative resulting i{n s
directionally divergent characteristic for the wings-held-level coadition. Incidentally
w in the guise of a non-dimensfonal LCDP (lstersl coatrol divergence parameter)
2 'Cng - Cgg * Cn8/Ceg is used to characterize spin susceptibility (Ref. 8).

TURN COORDINATION
(Example 2)

The wy/wyg effects of the foregoing simple example are only of real significance when
the yaw amping is small as for most unaugmented aircraft at high altitude. Modern
flight-control augmentation {invariably adds sufficient directional damping so that
i{ncipient (conditional) instabiliry due to u./mu > 1 ts not s problem. However, the
basic roll-yaw coupling 1is still there and can present a turn coordination problea to
the pilot. One way of achieving such coordination is through the pilot's use of a
learned (prograammed) rudder response to a given aileron (or roll command) {input: in
effect a crossfeed of atleron to rudder.

Pilot~adapted crossfeeds in multi-output/input conditions have not been sSystem-
aticaly measured. For one thing such behavior is, as indicated above, a programmed,
timed response and has difficult-to-define statistical propertcies. However, the
reguired crossfeed to perfectly coordinate a turn can be easily computed and taken as a
measure of the difficulty of the piloting task. This notion was used in Ref. 9 to
identify parameters related to both the nmagnitude and the dynamic time-history, or
“phasing” of the required "ideal" rudder response to a step aileron input.

These parameters, NSa/Lg, and u respectively, are shown in Fig. 6§ to define iso-
opinion reglions indicative of the task difficulty. The broadest region around u = -1.0
is assoctated with relatively simple crossfeed dynamics: an initial input which falls
to a required steady state rudder of szero degrees. By contrast the y = +1,0 region
requires steady rudder values equal to twice the initial value. According to tve
lssu-gtionu and simplifications leading to these results, the effective wvalues of Ng,
and L&, for augmented aircraft (including possible imperfect crossfeeds) are the yawing
and rolling accelerations due to a wheel (or stick) input at frequencies above 6.0 rad/
sec.

WINGS LEVEL TURNINC
(Bzample 3)

As noted, the above example does not, strictly speaking, follow from closed~loop
considerations; although crossfeeds may be an {important aspect of closed-loop opera-
tions. A better example of cross coupling effects, in this case reflecting closed-loop
control problems, {3 af€forded by the Ref. 10 study of direct force control (DFC) systeams
which theoretically give the possibility of iIndependent control of the six motion
degrees of freedom. However, realistically, practical mechanization of a DFC mode nust
recognize the departures of the feedback and crossfeed equalization from the {deal (com-
pletely decoupled) values. Establishing acceptable, less than {deal, response is an
important aspect of the flying qualities requirements picture.

We must also recognize {n such non-ifdeal cases, that the use of secondary controls
by the pilot to improve the response to the primary control (such as using rudder to
eliminate adverse yaw as in the last example) {s specifically prohibited. This follows
inasmuch as the sole purpose of independent control over six degrees of freedom 1is to
simplify the piloting task; it i{s therefore fundawentally inconsistent to require sec-
ondary control usage. Some experimental verification of this was obtained during the
flight tests (later discussed) where the pilots objected to using lateral stick to
counter the effects of adverse roll coupling {n the wings level turn mode.

Bendwidth Hypothesis

Another fundamental 1s that the basic reason for the extra complication of independ-
ent control 1s to sllow improved performance {n some specified task, nearly always
entailing faster closed-loop responses, The increased closed-loop response is desired
and necessary whether the loop {s closed via an automatic system or by the human pilot,
1.e., there is a minimum guidance and control, as well as a possible pilot-centered,
requirement.

Accordingly, it was hypothesized that the achievable piloted systes bandwidth, would
be indicative not only of closed-loop speed of response, but also of pilot rating.
Furthermore, the open-loop "bandwidth" defined by asmplitude and gain margins similar to
those characterizing 17TR as the roll-control time/frequency response parameter of wmost
direct interest, would be related to and could be substituted, for the real closed-loop
bandwidth, as a correlating parameter, The selected "bandwidth" definition, consistent
with such usasges, is the minimum frequency for which there is a gain margin of 6 dB or a
phase margin of 45°,

e 2 e
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Dynamic Considerations

The available bandwidth which can be obtained from any particular direct force con-
trol mode is related to its lisiting (Numerator) respounse, corresponding to infinitely
tight feedbacks, as listed below (tight feedbacks and lisiting response {n that order):

B+ 8,y ¢+ 6, for wings-level turn, 8y/8g¢ * Ygag
ay + Bgg, 4+ 8y for yaw pointing, ¥/ 8, LN /(.2 - “;. - Nh)
¥+ 8., b+ 8, for lateral translation, v/ggg* ¥ %f/(s - Y,)

The longitudinal degrees of freedom, agz, 9, v, have anaslogous feedbacks and limiting
forms with Yggr replaced by Zs;, Né by Mg, Ny by Mg, Ng by -Mg and Yv by Zw.

Whereas the responses of the pointing and translation modes are inherently circum-
scribed by the limiting-form dynamics shown above, those of the normal acceleration and
wings-level turn modes are basically infinite {(opea-locp phase > -90 deg), assuming a
pure DFC response. The implication of this is that 1in the normal acceleration and
wings-level turn mode the inherent closed-loop response limitations will not be due to
basic loop dynamics but rather to coupling and or imperfect cancellations in the DFC
feedback and crossfeed mechanizations.

Flight Test Results

Based partially on this last observation, most of the rather limited flight test
program, conducted to test the bandwidth hypothesis, was accoaplished using the winge-
level turn (WLT) as a representative mode of control; it also showed considerable poten-

tial operational utility in the YF-16 flight tests (Ref. 11). The selected task was

air-to~air tracking using the DSPF Princeton Navion against a target aircraft maneuvering

through a random series of bank angle reversals. The primary objective was to establish
whether bandwidth is indeed the appropriate handling qualities parameter to separate
satisfactory, acceptable, and unacceptable flying qualities for DFC modes., The configu-
rations tested included one with minimal coupling (WLTl), two each with favorable roll
(10, 12) and yaw (2, 5) coupling, and three each with unfavorable roll (11, 13, 14) and
yaw (3, &, 15) coupling. Selected examples of the flight test Fourier transformed
heading responses are shown in Fig. 7.

Pigure 8 shows the Cooper-Harper pilot ratings, for the air-to-air tracking task
using the wings-level turn mode, plotted versus heading bandwidth. The open symbols
indicate that the vartations in heading bandwidth were achieved via yaw coupling. That
is, the crossfeed gain from DFC control to the rudder was increased above its nominal
value to achieve favorable yaw coupling and reduced below its nominal value to achieve
unfavorable yaw coupling. The closed symbols indicate that the heading bandwidth was
varied via changes in roll coupling, i.e., the DFC control to eileron gain. To the
pilot, favorable yaw coupling appears as a tendency for the nose to move in the direc~
tion of the commanded turn, whereas unfavorable yaw coupling appears as a tendency for
the nose initially to swing away from the commanded turn. When flying s configuration
with favorable roll coupling, the pilot will observe a tendency for the aircraft to roll
in the direction of the commanded wings-level turn, thereby improving the basic response
characteristics (provided roll is not too large). Finally, adverse roll coupling
appears to the pilot as a tendency for the afrcraft to bank away from the commanded
wings~-level turn.

If the bandwidth hypothesis is valid, the pilot ratings and commentary should be
sinmilar for aircraft with approximately equal values of heading bandwidth, regardless of
the secondary aircraft motions. The results shown in Fig. 8 confirm that this is {indeed
the case; more specifically:

° The pilot rating for Configurations WLT4 and WLTiI5 (adverse yaw coupling) are

) approximately the same as the pilot rating for Configuration WLT13 (adverse roll
coupling). As can be seen from Fig. 8, all of these configurations have approx-
{ imately the same heading bandwidth of between 0.7 and 0.8 rad/sec.

. Configuratfon WLT3 (slight adverse yaw coupling) has approximately the same
pilot rating as Configuration WLT14 (slight adverse roll coupling). The band-
width of these configurations sre both approximatel: 1.1 rad/sec.

[ Configurations WLTI10 and WLT12 have significant favoradle roll coupling and cor-
: respondingly high values of heading bandwidth. Configuration WLTS also has a
M large value of hesding bandwidth (4.1 rad/sec) by virtue of ite highly proverse

H yaw coupling. Pigure 8 indicetes that these configurations are all rated

4 approximately the same.

. e e e s
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Ceaclusions

The above examples provide strong evidence to indicate that satisfactory DFC flying
qualities depend primarily on the ability of the pilot to incresse his tracking band-
wideh to some estsblished level by tighteaing up on the controls.

The rating data in Fig. 8 indicate that even the best wings-level turn configura-
tions barely meet the classical definition of Level 1 flying qualities (e.g., Cooper-
Harper pilot rating equal to or better tham 3.5). However, when one considers that the
task involves tracking a target undergoing large and rapid bank angle reversals, it 1is
difficult to conceive of any configuration that would correspond to the adjectival
descriptions of a pilot rating of 3 (i.e., "minimal pillot compensation required for
desired performance”). The pilot commentary indicates that the WLTl configuration had
very scceptable flying qualities and that the desired performance in tracking task was
"easily" attained (but apparently involved more than “minimal compensatfon”). Hlence,
the inability to attain asverage pilot ratings better than 3 is not attributable to the
configuration per se, but rather to the difficulty of the task involved. Pilot ratings
of 2 for the wings level turn mode were, in fact, obtained for a task requiring tracking
of a ground target which performed a discrete step change {n position, a significantly
less demanding task than the alr-to-air tracking utilized in this prograa.

LINB-SIDESTICK DYNAMIC INTERACTION WITH ROLL CONTROL
(Exzample 4)

The next example addresses the fact that a great many recent new ajircraft with fly~
by-wire or command augmentation in the roll axis (Fig. 9) have encountered efther Pilot~
Induced Oscillations (PIO) or roll "ratcheting” (or both) in early flight phases. PIO
has typically been associated with high gain, neutrally stable closed-loop pilot-vehicle
control oscillations with a frequency of about 1/2 Hz. The "roll ratchet”" is somewhat
more obscure, appearing most often in rapid rolling maneuvers with typical frequencies
of 2-3 Hz, as {llustrated in the flight traces of Fig. 10. The frequency difference
alone indicates that P10 and ratchet are different phenomena, yet both clearly i{nvolve
the closed-loop pilot vehicle system.

The preceding lecture on the pilot model notes the presence of a neuromuscular
systes limb-manipulator dynamic resonance peak at 14-19 rad/sec and such characteristics
are known to be important and critically limiting even though this frequency range of
major activity may be well above the bandwidth assoctated with the "usual" control task.

It i{s more and more apparent that modern, high performance, high gain, response com-
nand flight control system bandwidths may be encroaching on the neuromuscular system,
Furthermore, we know that the aedromuscular system/limd dynamics differ when the manip-
ulator restraints change; and force sensitive side-sticks and new levels of breakouts,
thresholds, and nonlinear force/gradients have drastically changed the conventional
manipulator picture. Accordingly, attempts to alleviate roll ratchet, PIO and other
roll flying qualities problems have involved adjustments in stick force gradients, fil-
tering, and sensitivity; and have {ncluded introduction of varfous nonlinear elements
such as command gain reduction with pilot input amplitude or frequency, filter time
constant changes with sense of input (increase versus decrease), and different force
gradients for right and left roll commands. These adjustments have generally {nvolved
ad hoc empirical modifications in the course of the aircraft development, much of {t
accomplished in flight test with correspondingly large cost,

The purposes of the Ref, 12 work, were to
° explore the origins of the roll ratchet phenomenon;

] develop insights about the trsdeoffs involved 1n adjusting the properties of
force sensing sidesticks;

L] present guidelines to minimize roll control problems.
Pilot-Dynamic System Counsiderations

To begin with, using the detailed model of the neuromuscular system (instead of only
approximating its phase lag contribution) and superimposing it on a K/e controlled
element for the low frequency spproximation as in Pig., 11, we see an open-loop reasonant
peak in the 2 to 3 Hz, frequency range due to the neuromuscular systen. The corre-~
spondence of this frequency range and observed roll ratchet frequencies 1s very unlikely
to be a coincidence; so, at observed roll ratchet frequencies the neuromuscular/limb
mode clearly should be taken into account, ‘

Accordingly an experiment was designed to favestigste and quantify limb/manipulator
dynamics and interactions between the neuromuscular subsystem, force sensing side-stick
configuratiton, high gain comamand sugmentation, and command filtering; and to investigate
possible relationships bdetween these {interactions and the roll ratchet phenomenon. A
longer range goal was to provide and enhance guidelines for manipulator-system design.

e
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The experimental setup used a fixed base sisulation of a roll tracking task {in
which the pilot watched his bank angle with that of a “target"” haviag pseudo-random
rolling motions obtained vis a computer generated sum of sine waves. The tracking air-
plane (controlled element) approximated a high gain roll rate command system with an
effective roll subsidence or flight control systea prefilter time constaat, T, whichever
is larger., It also inciuded a pure tiwe delay, 1, which for very small values of 1 may
be a realistic approximation to digital flight control syetem sample and hold dynamics.
The parameter values for T and Tt used in the experiment vere generally consistent with
those for a modern flight coantrol system designed to have Level 1 flying qualities.
Thus, they should produce excellent effective controlled elements providing the gain i3
apprapriately adjusted.

The sidestick manipulator variables included three stick displacement configura-
tions: fixed (no displacement), as in the F-16 (Ref. 13); 0.77deg/lb (small) stick
motion; and 1.43 deg/lb (large) stick motion. The latter two matched the displacement/
force characteristics employed in an NT-33 flight test (Ref. 14). Analog signals from
the manipulator force sensor and the resulting roll response ¢ were passed through an
A to D converter to a digital computer where Y, Y. describing functions and various
performance measures were computed. The computations were essentially on-line and
printed out at the conclusion of each run. Some 530 data runs were accomplished which
provided a tremendous data base from which to determine or {identify the varfous
interactions of interest.

Since roll ratchet had not previously been observed or recognized Iin fixed- or
moving-base simulations, the first objective of the experiment was to tune the con-
trolled element, manfpulator, and command/force gradients to try to achieve roll
ratchet, or at least maximize roll ratchet tendencies, in the fixed-base simulation., A
key factor based on pre-expecriment analysis was that describing function measurements
must cover the limb neuromuscular peaking frequency region, and forcing functions should
be adjusted to emphasize good data in the neuromuscular sybsystem region,

Experimental Neuromuscular Peakiag Teandeucies

Figure 12 presents example describing function measurements for 3 runs using the
fixed force stick and a controlled element having a command/force gradient of 4 deg/sec/
1b, no time lag, T, and a time delay of about 70 ms, Amplitude departures from the
expected w,/s crossover characteristics are the contributions of the pilot's neuro-
muscular system at high frequency and his trim lag-lead at low frequency. The highest 3
frequencies show a peaking in the vicinity of 14 rad/sec for 2 of the 3 runs; and there
is remarkable consistency in both amplitude and phase measurements across all frequen-
cles for all 3 runs, Two of the amplitude data points at 14 rad/sec lie slightly above
the 0 dB line, This represents a neutral or slfghtly unstable dynamic mode {f the phase
angle {3 near -{80 deg at this frequency, This cthen could be fntecpreted as affecting
roll ratchet,

The peaking tendency shown {s representative of a large amount of the data obtained;
and this frequency {8 consistent with the roll ratchet frequencies observed in the
flight traces,

Additional measurements and correlations show that a time delay of approximately
0.065 to 0.07 tends to maximize the neuromuscular system peaking., At time delays either
below or above these values, the peaking tendency decreases. Of all the controlled ele-
ments examined, K_./s shows the minimum tendency for a peak. Interestingly, the time
delays which maximize the neuromuscular peaking would be considered good from the MIL-
8785 flying quality specification standpoint. 1Iu essence, these data ghow that the ten-
dency to peaking can be "tuned” by the adjustment of the controlled element effective
delay, with a maximum effect near 0.07 sec.

Also, the peaking sensitivity to command/force gradients ranging from 3 deg/sec/lb
(slightly lower than on the F~16) up through 15 deg/sec/1db (utilized in the NT-33), is
only slightly increased in the vicinity of 7.5 deg/sec/1b command force gradlent for a
fixed stick and a time delay of 0.067 sec. This {3 about the same value as the
respounse/force ratio for the flight encountered ratcheting. This may or may not be
coincidental, However, 1t 1is significant that there {8 appreclable peaking of the
neuromuscular system across the entire gain range Investigated in these experiments,

There 13 relatively little difference between the fixed and swall deflection force-

1 stick, Both show an increase in neuromuscular peaking tendency for the 0,067 and 0.1
. sec time delays, a tendency to maximum peaking In the vicinity of 14 rad/sec and con-
| siderably less peaking for the zero time delay cases. The large defliectfon stick, on
the other hand, shows little peaking across the 11 to 19 rad/sec frequency band and a

1 R lack of sensitivity to the controlled element time delay. ’

Adjustment of Pilot Lead

Comparison of the phase angle data points in the Fig, 12 and i3 examples indicates
that the pilot has {ntroduced lead in the Fig. i3 case which essentially cancels the
time lag at 0.2 secs, so that the amplitude ratio is « /s-1ike in the vicinity of the
crossover. However, there ie¢ now considerable scatter in the data points in the region
of the neuromuscular system peaking dynamics. In only one of the three runs shown in
rig. 13 was there a peaking tendency for the neuromuscular system; in the other two
runs, the amplitude dats points lie quite close to the YPYc asymptote,
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Por the Pig. 14 lag time comstant of 0.4 sec., the phase plots show that the pilot
has now moved his lesd to precisely csacel the comtrolled elesent time lag so the
resulting Y,¥, —+ wu./s throughout the frequemcy regien of interest. The peakiag ten-
dency of the neuromuscular systes is no longer evident and there should be little chance
of roll ratchet. However, the roll comtrol bandwidth has now been reduced to approxi-
mately 2.5 rad/sec wvhereas it was approximately 4.5 rad/sec for the smaller time
constants. If the pilot were to attempt a 4.5 rad/sec bandwidth {n the presence of the
lag characteristics ehowan in Pig. 14, a PLO would occur at roughly that frequency
(4 rad/sec). Thus in reducing or eliminating the roll ratchet tendency, ve wmuay have
substituted & tendency for the lower-frequency PIO.

The direct experimental evidence for actual roll ratchet in the fixed base simuls-
tion was not very solid. However, considering the possible 0.1 sec reduction in the
pilot time delay due to wmotion, it can be coancluded that rthe fixed-base neuromuscular
peaking exsmples which show negative gain macrgine of the smplitude ratio peak are quite
l1ikely to result in oscillations in the flight situation,

Comparisens wvwith Flight Data

Certaln of the experimental controlled elements essentially duplicate the F-16 con-
figurations tested in Flight (Ref. 13), and the qualitative results and trends are the
same. The compromise prefilter for the F~16 had a time constant of 0.2 rad/sec which {s
shown in Fig. 13 to allow a coamfortable bandwidth slightly above 3 rad/sec and having 30
to 35 deg of phase margin and a much reduced neurosuscular peaking tendency. Thus there
should be winimum tendency for efther low or high frequency PIO although the data
scatter in the higher frequency range of Fig. 13 show that conditions favorsble to roll
ratchet could pop up from time to time.

Another comparison between simulation results and flight data can dbe drawn from the
{nvestigation of roll ratchet and various prefilter configurations flown {n the NT-33
(Ref, 15). However, a major difference was the use of a center-stick 4in the NT-33, The
roll ratchet encountered in this flight test was at approximately 16 rad/sec.

Figure 15 includes these and other data in s plot of command/force gradient versus
the roll time constant, Tg. The circles {dentify configurations flown; the open symbols
reflect no ratchet obtained, the shaded symbols reflect roll ratchet observed by one or
more of the evaluation pilots over the range of time delays investigated. (In almost
every case, the ratchet only occurred with non-zero v as in the lab simulation.)

The square symbols in Fig. 15 are configurations investigated in the fixed-base
simulation, The open syabols {dentify configurations for which the Y Y. zero dB line
d1d not pass through the neuromuscular peak (no ratchet possibilicy), The shaded
squares 1identify configurations for which the zero dB line passed through the peak
(ratchet possibility). The letters F, S, L reflect the displacement of the simulator
side-atick. It s likely that the L side-stick most closely matched the NT-33 center-
stick characteristics.

There {3 very good correlation between the flight and 1ab simulation ratchet tenden-
clies shown {in Fig. 15, The dashed line appears to sgeparate the non-ratchet fros the
ratchet configurations except for the two or three lowest command/force gradient config-
urations at Tp = 0.2 sec. It 1s possible that this difference may be related to wrist
(simulation side-stick) versus arm (flight center-stick) neuromuscular subsystem contri-
butions at the lower command (higher force) configurations. The good agreement between
flight and simulator results i{s {nterpreted as an encouraging validstion of the simu-
lator definition of ratchet potential -- 1.e., neuromuscular peaking cut by the YPYC
zero d8 Line.

Conclusioas

Crossover Model Refinements

° The property w.(Y.) = constant extends over an order of magnitude variastions in
Ko changes in force gradient, W, begins to fall off as very small K; demands
great pilot effort (large Kp) to keep uc constant,

® Controller element lags for Y, = K./(Ts 4 1) are:

== almost exactly cancelled by pilot lead when T > 0.2 second (lag breakpoint
of 5 rad/sec);

-- partly offset by pllot lead of approximately 1/8 second when T < 0.2 second.

Thus the adjustment rule indicating that pllot lead w:ll offset controlled ele-
ment lags by nearly exact cancellation now has a lower limit at about 1/8
second.

Human Pilot Limb-Manipulator Dynamics

[ The classf{cal third-order systeam approximatfion for the l{mb-manfpulator portfon
of the human neuromuscular system {s both adequate and an essentisl minfimum form
needed to coneider pilot-aircraft systes dynamic interactiona in the frequency
range from 8-20+ rad/sec.

Pt e SO
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) The peaking tendency (dsmping ratie, Ly ) of the quadretic component of the
third-order approximation is & very stroag fumction of the controlled element
dynasics -- 4in essencs this feature can be "tumed"™ by adjusting comtrolled
elameat propertiss.

3 Por all stick force/displacement characteristics investigated the highest N
(smallest peaking tendency) occurred for Ye¢ = Ke/s controlled elements.

[ Pure time delay induces s greater peakiag tendency than an equivalent time lag.

L] Distinet pesking tendencies occurred for fixed and small stick deflections for
t = 0,07 and 0.1 second.

\ [ The controlled element form which exhibited the maximum peaking tendency (AAR =
' 7 dBF) wvas Yo = Kce-T18/3, for T = 0.07 sec. Higher and lower values of t
4 resulted in less peaking.

' [ Por large stick deflections the peaking tendency is sinimized or non-existent.

l Roll Ratchet Connections

[ ] The data strongly support the suggestion that the roll ratchet phenomenon is a
closed~loop pilot-vehicle system interaction in which the pilot's neuromuscular
dynasics play s central role.

L) Ratchet tendencies can be detected in fixed-base simulations by careful tailor-
ing of the forcing function and examination of particular stretches of data.
Unliike the case in flight, the pilot may not be aware of the occasional ratchet,

[ The ratchet potential of a given configuration is associated with the degree of
neuromuscular system peaking. This peaking tendency can be “tuned” or "detuned"
by controlled adjustments in the effective vehicle dynamics.

. This s readily assessed in a fixed-base simulation by describing function
measurcments in tracking tasks conducted with an appropriste forcing fumction.
Such procedures are recomsended as pre-flight development tests with modern fly-
by-wire command augmentation systems.

) Ratchet tendencies are most severe on force sensing sidestick manipulators with
snall stick deflections.

LATERAL FLICET DIRECTOR DESICN
(Ezample 3)

The purpose of this exsmple 1is to apply the theory of manual coatrol displays to
develop design principles for advanced flight director systems and to illustrate some of
these principles with wodern lateral flighet director design (Ref. 16).

In general, a flight director systea includes the display elemeats, the pilot, and
the effective (sugmented) vehicle in a feedback control system, with the flight director
display presenting both command and status inforamation. The coamand elements provide
steering signals comdbining desired path and aircraft motion quantities. These are
shaped, filtered and appropriastely mixed to permit the pilot to close the combined
systes loop with ease and efficiency.

The status information indicates the aircraft state relative to the external world;
for example, localizer and glide path signals, and altitude and airspeed error.

The nud of the dynasmic design problem for flight director systems is the selection
of the appropriate mix of signals to make up the ateering commands. This mix msust rec-
ognize that when flight director control is contrasted with pilot operation on raw, full
panel dats, the primary sdvantage of the flight director is that it cen be designed to
satisfy pilot-centered needs and desires, Consequently, these advantages should be con-
sidered in terws of the relevant pilot properties and available theory from the very
outset of design, instead of as a final ad hoc tuning up procedure which makes do with
what {s available.

A susmary of all requirements central to design of such systems (evolved e.g., in
Refs. 17-19) is given in Tabdle 3.

Guidance and Control Requirements

Guidance and Control Requirements are independent of the type of controller, manual
or automstic. In general, they are such to establish the aircrsft on a commanded path/
speed profile, and to reduce any path errors and disturbance effects to gero in a
i stable, vell-demped manner. They lesd to ocuter-loop feedbacks and command feed forwards
i which are required to accomplish the mission. Additionsl inner-loop feedbacks are !
needed to permit the first set of feedbacks to function.

0
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Prilet~C d Reqei

Pilot-centered requiresents stea from the presence of a humanm pilot in the comntrol
loop which places additional requirements on the specification of the guidance and con-
trol lavs, as follows, from Table 3.

Minimum Pilot Compensation

As noted in the preceding lecture, when lov~frequency lead is required of the pilot,
his dynasic capacity is reduced by increased time delsy and resulting degraded systenm
performance. Pilot ratings also esuffer, snd may deteriorate further 1f the gains are ¢(n
s non-optimum region (too sensitive or too sluggish). Accordingly, the effective con-
trolled element should be constructed to:

) Require no low~frequency lead equaliszation.
L) Permit pilot loop closure over a wide range of gains.

This can best be achieved when the effective controlled element (airplane plus SAS
plus flight director) approximates s pure integration, K/s, over a fairly brosd region
centered about the piloted systesm crossover frequency.

Finally, the display/controlled-element dysamics should be approximately time {nvar-
iant, ieplying that the beam error be range compenssted. The pilot can adjust to nomn-
stationary situations, but this {involves adaptation and learning which {ncreases task
difficulty and degrades performance.

Response Quality

Response quality refers to certain sspects of the display, and path, responses which
directly affect the pilot's subjective opianion of the system. The display response
qualities are:

L3 Command bar consistency -- Correspondence betwsen the command signal and the
vehicle or control motfons in each of several frequency bands, At lov frequency
the command should be consistent with path devigtion and afircraft heading. The
mid-frequency response should be consistent with vehicle attitude motions and at
high frequency with asttitude rate or control displacement.

] Face validity -- The command bar motions must be consistent with the status
information without discontinuities or step commands thet require large sudden
control inputs (and/or result in attitude overshoots).

[ Response compatibility -- The command bay response should not requie aggressive
control sctivity nor should it appear "busy” to the pilot.

Afrcraft motion response qualities for & centered flight director are:

° Modal interactions -- The closed-iocop system response should be rapid and well
damped with minimum coupling between the modes of motion. The path and attitude
modes should be well separated in frequency; and loop closure should not drive
the saystea modes into near proximity.

) Path mode consistency -- The system response to an offset initial condition (due
to an externsl disturbance, pilot inatteation, etc.) should not result in "long
tails,” steady offsets, overshoots, or abrupt large attitude changes. The
latter, overdriving of bank or pitch, is not coneistent with normal IFR piloting
technique and results in degraded pilot opinion and passeunger coamfort.

Prequency Separation of Controls

The lower frequency range of control for esch director bar (e.g., throttle and
coluan) should also be separated. In this way one director is primary, e.g., for path
regulation; and the other is for lower-frequency tris, thus reducing the scanning work-
load between the two directors to an acceptsble level.

Non-Interacting Controls

Each director should be essentially non-interscting, meaning that closure of one
director loop will not produce an undesirable response on another director.

Insensitivity to Pilot Response ’

This implies a broad region of K/s where the pilot can close the loop with an accep-
table phase margin. Additionally, there should be no probleas with fnatteantion such as
would occur {f beam 1ategral were fed back to the flight director. 1In this case, when
the pilot is not responding to the director, small loceliser deviations will integrate,
to large director coamands. When the pilot then centers the bar, he drives the afreraft
off the besm until the integrator output cancels the localiter, The return to the besm
is then very slow with a time constant near thet of the integral term.
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Remnant Suppression

Pilot remmant may be of three kinds -- residual, scanning, and processing rewnants.
A basic reason for having a flight director in the first place is to decreass the numbder
of displays and thereby the sceaning resnant. The basic trade-off hsre is to saximize
the information on the flight director vhile keeping the display uncosplicated. High-
frequency control wmotions, characteristic of pilot reanant, should not shov up when
flying the flight director display. This follows, 1in part, from making the effective
controlled elesent s K/a i.e., high-frequency signals are filtered. Pure gain effective
controlled elements which do not attentuste high-frequency coamponents tend to look very
busy because of pilot remnant.

Ossign Asslysie Precedure

With these fundamental requirements established we caan now tura to specific consid-
erstion of an example of latersl flight director design for curved path following. To
begin with we consider the effects of various possible feedbacks on the pilot/vehicle
systes requirements, ss given in Table 4. Two basic design concepts show considerable
pronise in achieviag curved path tracking; firsc, “conventional” feed-forward of certaln
trajectory-dependent parameters (Flight Director A) and, second, less conventionel, tra-
jectory-independent vashed-out bank angle feedback (Flight Director B). A generalized
system for latersl control i{s shown in the Pig. 16 block diagram which assumes that: 1)
the beas 1s range compensated; 2) all turns are coordinated; and 3) localizer nolse is
zero.

Dynssic Requirements
The characteristic equation of the Fig. 16 closed~loop system 1s given by:

Sy
ag, = &+ 1N, [c’+§(ﬁ+c§)¢f-2-c,]

= 4+ N

Closure of the flight director loop via human (or automatic) pilot drives the system
poles into the flight director zeros, N0 yhich are defined by the shaping, and relative
weighting of the feeddacks and feedfotv@fd-. Gy "8v and A in Eq. 7 represent the roll
numerator and charvacteristic equation of the sugmented asirplane which generally has the
following form:

L
“xv - Sway
4 (s + 171““s$

(8)

Generically, the dominant roots of the augmented airplane consist of a roll subsidence
mode and a spiral mode at (or near) the origin. Then, open-loop transfer function whch
defines the effective fligt director to wheel response {(obtained froam Fig, 16 and
Eqs. 7, 8) follows:

i
- 6.,"“!.1(;! + ga(Gy/Vo + GF) + g6y ]

83(s + UTy,, ) 9

g

The generic root locus and Bode (frequency) characteristics of a typical piloted closure
are given in PFig, 17 where the closed-loop characteristic modes may be optimfzed by
adjusting the numerator teros through manipulation of the feedback transfer functions in
Eq. 9. The following requiresents result directly from these considerations.

s, The numerstor must bde at least a second order at frequencies well below the roll

mode (up << 1/Tg) for system stability snd to maximize the region of K/s. Asong
other things, this faplies G‘ []

b. Heading feeddack, G, and/or bdeam rate feedback, Gy, {s necessary for aystem
damping.

c. The frequency of the N%E numerator geros (up) determynes the maximuam achievable
closed-1lo0op systea bandwidth, As such, it wmust be large enough to allow good

command following and disturbance regulation.

Wote that a and ¢, above, are in conflict and iavolve a fundamental ctradeoff between
command following/disturdence regulation and systeam stability.

Steady-State Requirements

The above analysis provides certain insights as to the necessary form of the feed-
backs to obtaefn desiradle systea dynasic response., To cosplete the picture, we have to

Ry ER . e e v
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sleo consider the steady-stats requireseants, vhich relate to degrees of cosmand-
following (straight and curved courses) and disturbance regulation (wind and wind
shear). Such snalyses, detsiled in Ref, 16, show that, considering all poseible combin-
ations and simple dynamic forms for the G operators in Fig. 16 (except integrsl equali-
tation on G, and Gy which could force localizer standoff), the practical possibilties
yielding zero path error to curved paths and wind shears are:

° Bean (ky) and deam rate (k;s), without beam integral, along with washed-out roll
angle.

L] The use of feedforvard coamands deserves consideration.

Both alternatives were considered in the present design exercise, FD A with s feed-
forward and FD 8 with washed-out feedback.

Parsester Adjustment (¥D A)

In general, the analytical design procedure to set the final systeam galns, feedback
transfer functions and limiters was formulated so that the system requiremsents expressed
earlier could be interpreted directly in terms of certain quantitative criteria, Yor
¥D A, the flight director to §, numerator takes the following generic fors:

KpKpL e
“Se.L_B_e_‘_'_(.3+_K_!.2¢‘EZ.¢gEl)
72 %, [ [ 10y

The zeros of this numerator represent the limiting characteristics of the system cloged-
loop modes as the pllot increases his gain, Kp. Comparison of Eq. 10 with Eq. 9 revea
that the addition of roll rate feedback, f.e., Gy = Ky + Kps, 1ncr’ﬂlel the order of Ny
from two to three, making the effective controlled element (Ng /4) K/s-1ike out to
infinice frequency. The coefficients of Eq. 10 were adjusted in accordance with the
pilot/vehicle requirements discussed earlier, resulting in the system survey shown in
Fig. 18, This is valid for all flight conditions because the augmented lateral airplane
transfer function is essentially invariant with speed.

The root locus in Fig. 18 indicates that the dominant system resonse is third order
with the second-order closed-loop flight director mode, uwpp, occurring at selightly
higher frequency than the first-order subsideace, 1/Tgp, La the region of crossover.
One of the primary goals in the design was to make the effective controlled elesment,
PD/8y, K/s-1ike over a broad range of frequencies, and this is reflected {in the Bode
amplitude plot, The galn crossover, estimated from the resultas of several simulator
programe, is in the X/s region and very near the frequency for maximum phase margin,
Notice that deviations in pilot gain from the (assumed) noainal by, say, £ 6 4B do not
greatly sffect the resulting closed-lcoop modes (see Bode),

There was some initial concern over the {(conditionally) unstable root locus at low
frequency (near the origin) and the effect this might have durfag periods of unattended
operation. However, this was not a problem, and the pilots were totally unaware of any
conditfonal scadility sspects of the flight director.

The third-order nature of the response (two nmodes at nearly the same frequency)
prompted consideration of the response qualities requirement, dfscugssed above. For
example, {increasing the rate gain, Ky, tends to drive 1/TFD and 1/TFD towards the
origin, and results in s higher-order-looking response, characterized by a localizer bug
that initially moves toward the center and then seems to stand off,

Pigure 19 shows the (time response) disturbance regulation properties in response to
a crosswind, and an inftfal offset of 122 m (400 ft) for the closed-loop airplane/
display/pilot system. Por both positive and negative crosswinds of 25 kt the disturb-
ance regulation characteristice are seen to be quite good with the afrcraft on course at
an established cradb angle within 20 sec. For left crosswind, the bank angle limiter is
saturated until course convergence is established, resulting in a discontinuity in the
flight director signal at about 5 seconds as the signal comes off the limfter. What
this amounts to is a sudden change in the effective flight director law from PD, =
(¢ 112~ ¢) to D, = £(y., ¥p, 4 Pp)s While this violates the pilot-centered require-
ments for "face validity," 1t is difficult to avoid since che bank angle limiter is
necessary to eatisfy other pilot-centered requireaments. Piloted simulation results
indicated that this problea was not objectionable enough to downrate the system, espe-
cially since it occurred only after a large abuse, (400 €t o!ﬁ,et in a 25 kt crosswind).

Parsmeter Adjuetsent (FD B)

As noted earlier, Flight Director 8 does not require feedforward signals end will
track any arditrary path without external inputs. The design s less straightfoward
than PD A, requiring additionsl tradeoffs and some performance compromises. As shown in
Ref., 16, the system limitations are of practical interest only when a small turn radius
is required (R, < 1219 » (4000 ft). PFor such cases, a washed-out (s/s + 1/T,,) step
bank angle command sust be added to allow the aircraft to "blend fn" to the curved path
prior to reaching the point of tangency.

Ly e
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This increases FD B from a third-order numerator (FD A) to a fifth-order numerator
due to the bank angle washout circuit, and a lag in Gy required to filter beam noise,
which was effectively elistnated in Plight Director A by cosplementary filtering. The
design of Flight Director B is predicated on being able to follow any beam shape (within
systems limits) without prior knowledge of the beam geometry. Some of the consideratioans
relative to parameter adjustments are shova in Table 5,

The final adjustments involved setting the roll rate feedback, Kp» to maximize the
region of K/e in the effective controlled element. It wvas determined by suxiliary
analyses that as K, is fncreased, the effective feedback becoses the derivative of
crosstrack neeclcrngion, § (Y & g¢), and the path zeros decrease in frequency. As a
result, it {s necessary to strike @& compromise etween the pilot-centered requirement for
X/s at high frequencies and path mode stability.

With the above considerations {n mind, the system parameters vere adjusted to give
the controlled element characteristics shown in Fig. 20, The crossover frequency shown,
estimated from simulator time responses, corresponds to near-saximum phase margin. The
compromige involved in setting the p feedback gain is evident from the region of K/-2
between 1/t and 1/Trp2 in the Bode asymptotes.

The Bode amplitude of FD B is down by a factor of 1.5 from FD A in the region of
crossover, Piloted simulstor experiments indicated that this was too low and the dis-
play gain was therefore set to 1.5.

As in FD A, the low-frequency conditional instability was found to have no effect on
pilot opinion.

Figure 21 shows FD B responses to a lateral offset in the presence of a negative
crosswind. Note that most of the lsteral offset is removed in 15 seconds and that the
last 10 percent sesems to stand off, but in fact goes to zero in 3Ty =< 43 sec. This
effect is inherent to the washed-~out system and is sttributrable to the residual output
of the washout circuit which causes an effective standoff with y,.. Such residual
lateral offset was found to be negligible during the simulator evalustions of FD B,

On the other hand, the regulation characteristics to crosswind shear (not a!ovn) is
considerably improved by FD B reducing the cross-track error (to a 2,23 ft/sec® cross-
wind shear) from 30' (FD A) to about 5',

The fundamental advantage of the washed-out bank angle director 1fes i{n fits abflifcy
to track an arbitrary course (within design limits) without the benefit of external
guidance inputs in the form of feedforward commands. The time response characteristics
of & curved course intercept from a straight course are shown in Fig, 22 in calm air and
with & 25 kt tallwind. These reaults are for s 1219 = (4000 ft) turn radius and a true
alirspeed of 90 kt. Course transients at the intercept point are inherent due to the
lack of en advanced bank angle comsand and are sensitive to the commanded turn radius,
true airspeed, and wind.

Couclusions

Application of the systes requirements produce viable and workable flight director
laws.

NULTIPLR LOOP EXANPLES

We depart now from the single-loop situations so far examined to consf{der the more
complex multiple-loop sftuations, which are mostly associated with longitudinal control.

In the first place we recognize the existence of experimental evidence (Ref. 3) that
the Pilot Model {s applicadble; and identify in general how it is to be applied in
Table 6.

An important festure of such applicatifon is the selection of the loop structure to
be used, which is not always readily apparent, Instead, the possible feedbacks, and
their flight control consequences, must sometimes be carefully cospared to ascertain
those that would be preferred/selected by & skilled controls designer (much as for the
lateral flight director example). A good test pilot will "find™ these preferred struc-
tures and develop the same veh{cle-appropriate control techaniques.

A case in point is the two representative piloting techniques depicted in Pig., 23.
The "STOL" techanique using throttle to control alcitude {s appropriate for aicrcraft
operation on the "dackside"” of the drag or power curve where rate of climd decreases
#ith decreasing speed and control of altitude with elevator is unstable, causing diver-
gence to stall, The "CTOL" technique 1s appropriate to "frontside" operation where
decreasing speed increases clisdb-rate and altitude control with elevator is stable,
These now-apparent differences and assigned applicabilities were not always so evident
and accepted. In fact one of the very first problems studied by multiple-loop pilot-
vehicle anslysis {nvolved a good deal of preliminary loop closures and comparisons
before it was decided that (a variant of) the STOL technique was the appropriate,
closed-1o0p system for the carrier approach situation (Refs, 20, 21).

- R R T T oy
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CARRIER AIRCRAFT APPROACE SPEED SELECTION
(Exsmple 6)

The subject situation involved piloted control of approach aloug an optical besn and
analysis of those flight conditions, on s variety of US Navy aircraft, where the pilots
reported "insbility to coutrol sltitude or arrest rate of sink,” not covered by any
then-knovwn approach-speed lisiting parsmeters. The vary complete analysis of Ref, 20
considered both of the basic Pig. 23 loop structures as vell as low frequency (filtered)
angle of attack feedbscks to throttle or stick. Control of altfitude with stick (CTOL
technique) was shown to give fast-response sltitude control, but to require airspeed
control with throttle for stability. On the other hand, throttle control of altitude
has {nherent low bandwidth capability (but adequate for carrier wvake-induced turbulence)
yet is stable without suxiliary speed (or slpha) control, Also, application of the
latter technique was successful in explaining the causes of the above-noted flying
qualities problem whereas the former was not; accordingly the STOL technique was
selected as most appropriate.

Later exteneions of this study (Ref. 21) showed that for contemporary Navy aircraft,
two-lo0p control of attitude with elevator and altitude with throttle (without u + &)
caused only small perturbations in airspeed. These were, in fact, considerably smaller
than those for the complete three-loop CTOL mode (h,8 + &,; u + §;). Thus, despite the
CTOL mode's potentially superior altitude control, it suffers by comparison with the
STOL wmode (for backside operation) on two counts: speed dispersions are increased and
three loops rather thar two wsust be closed. In the latter sense, the CTOL structure
violates the pilot’s desire for control economy.

Now that we've aestablished the pertinent plloting technique, let's exsuine the
probles. The Fig. 24 root loci fllustrate the effects of the successive loop closures
on the closed-loop phugoid characteristics - those most significant for path control.
The first closure (8 + 8¢) yields the single prime poles; the second closure modifies
the single prime to the double prime (final) characteristics. 1In these example generic
closures, the pilot "model™ ie a simple gain ia each loop since the frequencies are so
low that "comfortable” pilot equalization is not possible and t effects are negligible
(A phase = tu).

I1f 1/Te) decreases on the backside from the vslue sketched) in Fig, 24 (it can
actually become negative) so that 1/TgyTey < wp2 then (wp)2 decresses as the (Kgy) gain
is increased. This sets the stage for s condition (facluding bdoth 1loops) where
increased pilot's 06-loop gain first becomes less effective in increasing the outer loop,
altitude control, bandwidth; and eventually an increasing 9-loop gain results {n a
decrease in bandwidth and altitude control performance,

The speed at which reversal occurs (i.e., wvhere the bandwidth variation with K4 is
zero), was poetulated as corresponding to incipient "inability to control asltitude ..."
For lower speeds the harder the pilot tries, by tightening attitude control (normally
effective), the more he degrades his altitude performance, Such "performance reversal"
speeds were computed for seven Navy carcrier aircraft and shown to compare favorably with
pilot-selected approach speeds for five of the seven; the remaining two had other fiden-
tified limiting problems. Additional successful correlations with sfmulatfon (Ref. 21)
and experimental aircraft flight cesults (Ref. 22) further confirmed the validity and
applicability of the "reversal” condition as & flying qualities metric.

SHUTTLE ORBITER PIO
(Example 7)

The shuttle orbiter landing is a non-powered manuever involviang only column control.
For the longitudinal axis this means elevator control of pitch and altitude as for the
CTOL wode. The orbier digital flight control system is an example of fairly modern
technology which, 1in common with other wmodern systems, has had early development
problems. One of these involved certain early (ALT [Approach and Landing Test] FPS
flight) P10-1ike flight deficiencies as depicted in Fig. 25. To determine the poseible
cause and cure for such behavior, the quasilinear human pilot model (Ref. 3) was applied
to the ALT-~PFS5S approach and landing fiight coandition (Ref. 23).

Adrcraft Characterietics
The pertinent aircraft ‘haracterietics are represented by:
ar/8y The asugmented pitch attitude transfer fuactiom for coatrol inputs

np/o The sircraft'e path response at pilot's station, to sttitude changes for
pilot control inpute

The pitch attitude transfer function and frequency response are given in Fig. 26. Also
given in the figure are the transfer function and frequency response of s low-order
"equivalent” systeam model of the form,

Ke Te*

’ -
6,] . .Zr;. + 1) an
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and parameter values (X = 0.4 deg/sec/deg, 1/Tg = 3.5 rad/sec, and te = 0,264 sec)
giving a best tit to the complete frequency response of the ALT. The equivalent system
is useful for selecting pilot model parameter values and for makiung comparisons with
other aircraft, The actual P10 analysis used the complete ALT transfer function as
given in Pilg. 26.

The path to attitude transfer function and frequency response for elevetor inputs is
given below.

h

by L} th6¢(' + 1/1',.1)(- + 1/Th2)(l + l/'rha\
0 “ge Kog, (¢ + 17T, 116 + 17Tg;]

~2,25(8 + 0.026)(s + 4.45)(s - 4.91)
a{s + 0.042)(s + 0.72)

It should be recognized that these charscteristics, being the ratio of numerators, are
identical to the unaugmented airframe and cannot be nodified by feedbacks or feed-
forwards to the elevator,

Only the higher frequency roots, above, (i.e., 1/Tey, 1/Thy, and 1/Th3) are of con-
cern to the PIO problem, Their values are set by basic airframwe characteristics. Tay,
the flight path lag, is due to wing loading and CLg4; Th2 and Thj are set primarily by
the pilot's location relative to the center of instantaneous rotation (CIR) for elevator
inputs., For a pilot location aft of the CIR, as in the Orbiter, 1/Thy and 1/Ty3 are two
distinct first-order roots approximately the same magnitude but of opposite sign. In
aircraft where the pilot is located forward of the CIR, the more common case, these two
roots will couple into a second-order pair ay,. For a more coaplete discussion of these
transfer functions and approximations for the values of their roots, see Ref. 23.

Pilot Characteristics

Ypg accounts for the pilot’'s action in closing the inner attitude-to-elevator loop;
Yph for his closure of the outer path-to-attitude loop. The pilot model forms used in
the analysis are:

- “Te
Y KPe“Le’ + 1)e

Pe
Yo = Ky

Setting the lead TLg, equal to the Fig. 26 equivalent system lag achieves the desfired
K/8 result.

The pilot's time delay, 145, is given by the relatifonship:

Tg = 14 ~0.1

to account for inflight motion cues, and
(12)

1/t = 0.24 + 0.214 ("Tne)

to account for the lead effect on time delay. The use of a low frequency pure gain
pilot model (Kph) in the outer altitude loop 1s cansistent with experimental results.

Pilot/Vehicle Closed-Loop Characteristica

For pilot attitude gains corresponding to crossover frequencies from 2.5 to
4.0 rad/sec, the location of the closed-1oop attitude mode, Wgps 18 shown (as diamonds)
in the root locus plot of Fig. 27. As can be seen, the maxigum stable crossover fre-
quency is slightly less than 3.5 rad/sec. The other critical mode shown 1in this plot is
the path mode, 1/Tp2, which for the above range of pilot gains fis very close to the
basfc aircraft flight path lag, 1/Tez.

These two inner-loop characteristics, uip and l/TBz, limit outer-loop performance,
as {illustrated by the Fig. 28 root locus plots for pilot closure of the path 1loop.
(Succeseive sets of dlamond syabols along the three loci in each plot correspond to
given increasing altitude gains.) These plots are for the two indicated levels of
inner-loop crossover frequency. The left plot, for medium inner-loop gain, shows the
slightly unstabdle attitude mode, u;p, being stabilized with increagln; outer-loop gain
resulting 1in the final closed-loop sttitude mode designated by #pe The closed-loop
psth sode, u), results from the coupling of the l/rbz path mode and the kinematic altvi-
tude integration. This plot also shows that, for medium inaer-loop gain, the maximum

g 7
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stable path mode frequency is lisited to sbout 1.8 rad/sec. For reference, the observed
ALT-FFS PIO frequencies sre noted in this plot. The right plot {llustrates that for
higher f{nner-loop gain s minimum level of outer-loop gain is necessary to stabilize the
attitude wode, but the potential improvesent in path bandvidth 1is minimal.

The tradeoff between perforsance and stabilicy {s {illustrated by the closed-loop
path/attitude stability boundaries shown in Fig. 29. The figure shows the closed-loop
stability limits s s function of combinations of attitude and path gain, Within the
stable region, lines of constant closed-loop mode frequency are also showvn. At lowver
attitude gains a path mode instability will result st the limiting path gain. Since the
(right~hand) path wmode boundary 1is sloping upvard to the right, higher path gaine
resulting in better performance (higher uy) cen be achieved by incressing inner-loop
attitude gain. This {s true for attitude gains up to about 18 4B, which corresponds to
an inner-loop crossover frequency of wcg = 3.5 rad/sec (the left Fig. 28 plot). As
attitude gains incresse beyond 18 dB, increasing levels of path gain are required to
stabilize the attitude mode.

Por maximum performance, the pilot {s drawn into the tip of the plot where the PIO
region has been noted. At a stable operating point within this region, the system is
very sensitive to both attitude and path gains. At a fixed attitude gain, lower path
gain will result in an attitude mode instability, while s higher path gain results in a
path mode instability. The range of stable psth gains is only about 1.2 4B, A similar
situation exists for fixed path gsin., A higher attitude gain will result in an attitude
mode instability and lower attitude gain in an unstable path mode. The only way to back
out of this region i{in a stable manner {s by a judicious, simultaneous and peculiarly
proportional reduction in both attitude and path gains, a very difficult {f not {mpossi-
ble piloting task for an unexpectedly encountered PIO. This extreme sensitivity to
small increases or decreases in individual pilot control characteristice is the essence
of this particular PIO situation. Noanlinearitles, e.g., due to elevon surface rate
limiting, will accentuate but not otherwise alter this essential character. The exis-
tence in the ALT-FF5 flight test data of both neutrally stable modes at very nearly the
same frequencies indicated by the analyses is strong evidence that the PIO conditions
have been analytically reproduced.

STOL APPROACE PATE CONTROL
(kxsmple 8)

This example (from Ref. 25) provides a further exposition of the Fig. 23 "STOL"
technique but certsin aspects of the "CTOL" technique are invoked., 1In any event, for
simplicity and improved clarity, we'll assume that the inner, 6, loop is tightly closed
so that the pertineant dynamics of the aircraft's wmotions are given by the attitude
numerator, i.e., the closed, inner-loop denominator, A', given in general by:

A = a4 Ype NG,

approaches vp,ug, for large Y,q4. Similar effects occur for all the usual control
transfer function numerators. The net result s that the pertineant path control
transfer functions are given rather simply in terms of the following forms sand factors
(for vo = 0%):

Characteristic 8 2
A = Ypg Mg, = [(a% 4 (-2, - X)) 4+ (Z,X, - X,2Z,)] an
= 82 4 2700 + ug?
or (s + 1/Tg1)(s + 1/Ty3)
Attitude Iaput Responses, sssuming Xgo = Zge = O, are correspondingly given by:
uo. Ly 8%y
% A(XG 0 Yo" ') (14)
1 1
= (Xg - g)(s + T;T)
ho. Zap, . 2y (g, - K
R T an
z
i w CRE ~)

.iho Yo * 0 initiasl condition does not detract from the general applicabdility of
these saall perturdation relations. Basically, the h responses so computed are equiva-
lent to deviatione normal to the flight path stabdility axis for the usually seall values
of v, pertinent to spproach conditions.
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Threttle laput Respomses”” with My, = 0 become:
o ::—T[' Tt x'(:_::.')] (16)
- 2%1[. + T%;,
?% - - E%Ifn - X g+ lu(;EE)] (an
- - i%lfl + T%;)

Notice that the characteri{stic A path mode roots are defined by the basic 1ift and
drag terms, Z, and X,, plus the coupling terms, X, and Z,. The latter derivatives
couple the speed and flight path modes. That is, the drag change with vertical motion,
Xy» establishes how speed will vary with path rate of climb (i.e,, w) and vice versa
for _the Z, term. When their product is large and negative the path mode is oscillatory
(wg®); when small, the path modes are two first-order subsidences (1/Tg4;, 1/Tg).
Because the input numerators Eqs, 13-17 are all first order, there can be no cancella-
tion of (selective) poles and zeros (ag for the Tgy, Tgy form) wvhen the path mode is
oscillatory. The resulc is that u and h motions then occur with the same dygamics and
are therefore inherently coupled. However, the relative magnitudes of u and h are also
important; and these are governed, for the throttle inputs, by the thrust-inclination,
0r, and assoclated values of Xgp/Zgr.

The consequences of coupled u and h responses are begt illustrated by the control
actions and responses assoclated with the two pilloting techniques for a level of Xuly
coupling which produces an oscillatory characteristic (wg). Considering the CTOL tech-
nique, *» 0 and u » §p, the time-history sketch (Fig. 30) shows that for a near step
attitude {input the 3 response is more rapid and proportionately much greater than the
corresponding u response (doth are sketched to the same scale). In fact, there f{is
essentially no u response in the first 3 to 4 sec, implying a very speed stable situa-
tion (due to the positive X, required to produce the coupled, wg, conditions). The
final value of the speed change 1is conventionsl in that there 1s a reasonably small
reduction for a nose-up attitude. Thus, from the standpoint of flight path control,

+ 8, appears direct and sdequate. That is, u responses are decoupled from h
responses, despite ctheir oscillatory similarity, because of magnitude differences,
Accordingly, provided speed error remains acceptably small, there are no anticipated
control problems. Rowever, because of its delayed response characteristics, precise u
control with attitude (e.g., o correct for winds) would be difficult; furthermore, such
corrections will introduce large flight path errors.

For speed gontrol with throttle, we see that except for the short delay in ﬁ
responses, the h and u traces are very similar. That is, there 18 essentfally no way of
making a throttle-controlled speed correction without introducing altitude rate ertors
of equal magnitude, Physicalgy, this interaction or rcoupling between u and h {is
obvious, since for 6p = 0% an R change 18 produced by a normal force change due to Z,u
(tees, h = Z,u).

Changing techniques, i.e., controlling h with throttle and u with 6, only makes the
situation more diffficult because of the very poor u and sssociated large secondary h
response, The pilot effectively has no divect measure of speed regulatfon for either
technique.

To illustrate the other extreme, consider the itnherently decoupled path mode condi-
tion (1/Tgy, 1/Tyz)e The purity of the individual transient response to throttle inputs
is governed additionally by the values of 1/Tu@ and 1/The. These zeros are affected by
the inherent coupling derivatives, X, and Z,, and slso by the ratio of the control force
derivatives as shown specifically by Eqs. 16 and 17, Without the corrugting effect of
these coupling terms on the dynamtics (i.e., for X, = x511251 = 0), the h path response
to a throttle input, as previously given (Eqs, 13 and 16), is?

~Zgr(s + 1/Thg)
(s + 1/Tg)1)(s + 1/Ty3)

L
13

"lacaule of the constrained attitude effect, the u and h throttle-response numera-
tors are not the usual simple 6; numerators bdut rather the coupling numerators which
apply when two (or more) control fnputs are involved, hence the modified notstion which
reflects conventionsal multiloop practice.

B R R B R T o e

ST


http://www.abbottaerospace.com/technical-library

o

3-18

vhere, now,

l - - - —l—
The o Ta (18)
thus
—261

i
T T v 0/Te;

For the assumed zero Xg. the corresponding u/8¢ is, of course, identically zero; how-
ever, for finite (but small) 15 » u/8¢ & Xgp/(s + 1/Tg). The point is both responses
are of different wmagnitude f frequency content, and this desirable feature of
uncoupled path modes depends ntrongly on near—-cancellation of certain numerator and
denominator factors.

Such iacoaplete cancellation but good separation of u and [y responses occurs for

stick inputs and the above-postulated conditions; {.e,, for Xy = 0, /Ty = -2, = 1/Tq
and /Ty = ~Xy = (8/05)(2,/2,) = 1/Tg = (8/U0,)(2,/2y)+ Accordingly:

X
] - a -
e s+ 171,",

Zg(s + 1/Ty))
(s — 1/Tp1)(s + 1/Ty2) (19)

no' e

where

1 ) S Zy
oW " e L)

Although the u response 1is pure and slowly subsident (1/Ty;), the h response while
basically fast (1/Tg3) cean also exhibit the same aslow subsidence, depending om the
ratio 1/Ty; and 1/Ty;, If they are both small and positive, the slow subsidence is
essentially cltlinnted. and the © response is then similar to that for throttle fnput
(Bq. 15). If 1/Th; s negative ("backside” operation), the subsident contribution is
increased and the speed bleedoff eventually reverses the sign of the n response. Notice
too (Eq. 19) that the initial h/u response rtatio is given by Z,/g, a paremeter most
oftan used to characterize short-period response (Ref. 26); thus, path control may be an
underlying factor in the curreat short-periocd dynamic requirements., Finally, we should
note (Bqs. 13 and 15) that 1/Ty; and 1/Ty; cannot be varied independently without also
modifying the inherent attitude numerator; i.e., the basic derivatives, Kys Zys Kys Zy,
all appear inm both wg® and 1/Ty).

Closed-Loop Anmalyses

The foregoing quaslitative discuseion provides a physical feeling for two multiloop
path control techniques. A more quantitative apprecistion has been gained by closed-
loop pilot/vehicle analysis applications (Refs, 27, 28)., For example, Figs. 31 and 32,
show the effect of thrust inclination, X§pr/Z8r, and dynsmic coupling, X,, for s fixed
value of 2,, orn the effective altitude closure bandwidth, w,, and gatin, The two
values of X, = 0 and 0.1 correspond respectively to backnldc conditions of "Thl = ~0.09
and -0.03. The detafled aspects of these closures are described fm Ref, 27; however,
for each condition the bandwidth and gain were computed assumsing that the pilot closed
the h + 6¢p loop with an ideal (constant) crossfeed to maintsin effectively zero speed
error; and the closed~loop bandwidth was defined dy 45° of phase margin.

Without dwelling on the closure details, since our prime concern 1s closed-loop per-
formance, uotice that thrust angles between 90° and 0° show a progressive reduction in
wp while the gain Ay, in general, increases. An increase in bandwidth would be expected
to improve performance; however, an excessive increase in gein (i.e,, sensitivity) tends
to degrade performance. 1In fact, a high gsin condition in combimation with a low band-
width 1Is & cather poor comirol situation, reflecting the undesirsble features of a
sluggish response with a highly sensitive coantrol. The vehicle doesn't respond repidly
enough for good regulation (e.g., suppression of disturdances), and with high sensitiv~-
ity there (s a strong tendeuncy for & PLO (f.e., pllot-induced oscillation). The sbdove
considerations iaply that the best pilot ratings occur st the higher inclinations as
shown by the predicted trends in Pigs. 31, 32. Note also that for 1/Ty; « -0.09, the
extreme backside condition, the variation in rating 1s more severe, with the best rating
oceurring at 90°,

The conditions analyszed adbove, plus s third set {nvolving a second order (Eq. 13)
tgs wg, were tested using a sisuleted straight-in fnstrument (ILS) landing spproach
initiated on the localiser deam from an off-nominal glide slope eituation end an inftial
trim speed of 60 knot. The attitude control response was held constant by using s rate-
coamand sttitude-hold sugmentation schesme. The pillote were requested to correct the
indicated off-condition (100 ft low) ae quickly as possible; and they also gesmerally
introduced their own disturbances, offsets, and aduses to aid evalyetion. The lateral
ILS task was siamply to maintsin the locsliszer bdeanm. .
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The matrix of test configurations examined in thie experiment is given in Table 7.
The basic dynamice of configurations 1-6 are typical of a tilt wing propeller STOL, con-
figurations 7-12 are more representative of curremt thrust sugmented vehicles (e.g.,
sugmentor wing concept or deflected thrust srrangement), and configurations 13-18 repre-
sent sn extreme of the trend established by the first two sets, Notice also that the
"o0dd" thrust inclinstion of 63.5° was deliberately chosen to make the 1/T,, seros cancel
an asppropriate pole. Also, esiance the path coupling and backside parameters are not
independent, they wvere set to oppose each other. That is, the decoupled denominstor
dynastics (1/Tgz > 1/Tg) and X, = 0) were tested for an extreme backside condition,
l/Tnx = ~0,09, and conversely, the coupled denosinator was tested at an extreme front-
side configuration, 1/Tp; = 0.21. This allowed sssessment of whether the coupling or
backsideness was governing, as well as the degree to which favorable thrust inclimation
could overcome either of these prisary path control deficiencies.

Each of four experienced test pilots was instructed ¢to fly first one technique,
h + 8y (STOL), then the othar, h + 8 (CTOL); however, they were free to consider other
methods of control also.

Test Results and Discussioan

The pillot ratings for each of the configurations tested are summarized in Fig. 33 as
a function of thrust inclination and control technique. Both factors have significant
effect on path control as evident by the ratiang treands.

Note the so~called backside (STOL) technique is increasingly superior to the conven-
tional control technique as 1/T,; becomes more negative. The {mplication {s that the
throttle is then used exclusively as a means of controlling path, and that attitude is
used only as necessary to regulate speed errors. 1In fact, some comments show (as noted
earlier for carrier approach) that at these backside situations the pilots do not
attempt to control speed with the throttle; instead, they employ atable h + T and avoid
the more demanding task of controlling the speed divergence associated with the backside
condition.

Returning to sepecific consideration of the data relative to the predictions of
Figs. 31 and 32 for the various backside situations, we see that they are reasonably
well confirmed. 1In particular, the predicted pilot rating trends based on the combined
effects of the closed-loop performance paraseters are essentially the same as those
shown in Figs. 33s and 33b. The major pilot criticism directed at thrust angles beyond
90" was the aircraft's tendency to slow down for positive throttle inputs (e.g., when
arresting aink rate). To regain the speed loss resulting from a positive flight path
correction required the pilot to pitch over, increasing speed but at the same time
canceling part of the desired flight path correction; in effect, reducing the gain ae
predicted.

For the extreme backsided case st 0° thrust angle, another kind of complication
revealed by the analysis of Ref. 27 {s the predicted airspeed bandwidth wp = 0.28 which
is greater than the altitude bandwidth uwhp ~ 0.19 (Fig. 31). Thus not only {s the
primary altitude response itself deficient but the normally expected primary: secondary
response frequencies are reversed. For all other cases the ratio of (uy/ )y runs from
about 0.2 to 0.5 as thrust inclination is reduced from -90° toward zero.

For the highly-coupled situation givén in Fig. 33c, only the single-loop control
[h » 0(8)] was considered nearly sesatisfactory by the pilots. In this case thrust
inclination had 1little effect since the throttle was not used, However, some of the
pilots experienced a strong tendency to oscillate along the path using only stick; and
one pilot, in particular, noted the reseabdlance to pilot-induced oscilliation (PIO).
Although he attributed these tendencies to problems with pitch attftude control, they
are more accurately a reflection of the flight path control and sensitivity between
flight path response and attitude, Similar problems encountered with conventional sngle
of attack auto throttles (which modify X, as here) are discussed in Ref. 28.

CONCLUSIONS

The foregoing examples, which are only a sampling of eany Iin the literature (e.g.,
Ref. 7) illustrate the power and applicability of closed~loop wman/machine analysis to
the revelation, understanding, and sisulation of handling related design problems.
Deriving from this imsproved understanding and the presented, and other, applications are
& number of observations and catalogues of desirable or undesiruble closed-loop quanti-
ties. Tables 8-10 List some generally desirable closed-loop features, good path regula-
tion properties, asnd pilot centered path regulation prodlems, in that order

Relactive to the first item in Table 8; for sultiple-loop grodlems, where a single
control is being utilized, the leads daveloped in the inner loop of a seriles loop
structure are propagated to, and are very helpful in effecting a good, outer-loop
closure.

The point of the second item 1is that, where s crossfeed ts helpful in “"purifying”
the effective control, the trained pilot will adapt one,

By closed~loop, low-frequancy perforssnce optimum in some sense corresponding to the
ainimation of res error, {s meant that the gain, crossover freguency, phase amargin,
etc., adapted are reasonsbly close to those required to effect ainims among &
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variety of errors -~ control usage, prisary response, asd secondary responses as
well,

The fact that the pilot adapts to make the complete open-loop tramsfer fuaction from
input to output look like K/s in the crossover-frequency regios is an observable
experiaental fact.

1f the lead required to effect such K/s-ness is greater than one second, the pilot's
opintion will be degrasded, as will his workload capacity.

In s multiple-loop situation, the inner loop crossover is generally sbout three to
four times that of the outer loops, eo there is s distinct frequency separatiom.
There is even a further distinction among trajectory responses where the frequency
progression is from attitude to altitude to speed.

In all cases {t appears that an adequate closed-loop damping ratio {e {n the range
of 0.35-0.5.

Good performance requires lov midfrequency droop (closed-loop gain 3 dB or so less
than unity in the region below crossover frequemcy), This, along with others of the
above, may be recognized as the hasis for the original Neal-Saith criterion for
short period control (Ref. 30).

Increasing the gain or pilot lead should produce s favorable effect on performance
and bandwidth and damping.

To be more specific, and detailed, the "good” path regulation properties listed {n
Table 9 are clarified below:

The {nmer, attitude loop, fundswental to path control regardless of technique,
should have response characteristics generally faster, better damped, etc., than the
prisary path loop. A minimum crossover frequency i{s about 2 rad/sec (Ref. 31) with
adequate gsin and phase sargins. Closting the inmer loop should improve phugoid
damping snd provide overall path mode equalisstion, insensitive to and tolerant of
the "tightness" or "looseness” of attitude control.

The h-loop (with 8 closed) should have faster response than the u-loop by at least a
factor of 3; its sinimum crossover, with adequste gain and phase margins and without
equalization, should be of the order of 0.5 rad/sec (Ref. 3I2).

It should be possible to control h without exciting excessive excureion {n u: and
vice versa. If sowe degree of coupling exists, it should be complesentary, {.e.,
control to regulate one path varigble helps in regulating the other.

Duriag psth regulation and control, limits due to stall, buffet, control, comfort,
ete., must never be exceeded, and excursions into the available margine should be
ainisised.

The pilot desires to use the minimum numder of nonsensitive feedback loops with
little or no equalisation and/or crossfeeds. Such "economical®™ coatrol allows him
sufficient excess capacity for other fuactions.

An otherwise dynamically good airplane can be seriously degraded if control sensi-
tivities are too high or too low, and/or if the relative sensitivities are dispro-
portionate,

Some specific pilot-centered path regulation "problems™ as listed in Table 10, are
useful in pinpointing known sources of pilot complaints or in suggesting eircraft and/or
flight control system modifications to i{mprove pilot ascceptance.

Inadequate bandvidth problems are often associated with lov short-period stiffness
where the attitude response is doainated by the phugoid wmode. These situations
require excessive pilot lead compensation (Refs. 31 and 1I),

Inner~outer-loop equaliszation conflict results when pilot lag is required fn the
attitude loop, (Ref. 31), theredby restricting the path mode bandwidth.

Low static attitude gain is another manifestation of backeidenses. Suffictently low
values of setatic gain 1limit the pilot's abdbility to separste u and h responses.
Also, attitude trimmability and the use of attitude as & speed reference are
degraded, resulting in increased gttentionsl demands on the pilot (Refs. 34, 35).

Attitude gain (Ref. 20) and lead-equalization (Ref. 35) Gonnltlvitz are underlying
control problems affecting psth regulation.

Performance reversals occur when increased pilot gain and/or lead, cause & net loss
in performance. Other "boxed-in" reverssl situations (Ref. 33) constrain the pilot
control strategy, narrowly confined his gefn and/or lead. Increasing or decreasiag
gain equalisation causes an undesirsble performance degradation.

v
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laadequate bsadwidth is primarily sn altitude loop (with attitude closed) problea.
Vhen the loop crossover frequency is less thaa about 0.3 to 0.4 rad/sec (Ref. 32)
the pilot rating will be unsatisfactory.

Inadequate response separstion refers to undesirasble "mixing™ of u and h response.
If u is faster tham h, the, "sixing"” is especially bad; ia general, u responses
faster than about half the h response (assuming the latter ts adequate, as sbove)
are undesirsble.

Additional crossfeed difficulties arise vhean the nacessary or required control
actions are too large, are unnstural (e.g., reversed sign), or when they 1limit
regulation performance (e.g., by reducing effective gain or bandwidth).

Excessive depletion of ssfety margine can be caused by any combination of the above
deficiencies. The type and ssallness of the avaflable margin may dictate the con-
trol strategy, ¢.g., if stall margin {s small, control h with throttle rather than
with elevator.

Departures from desirable path gain levels result {n degraded ratings and poorer
pilot scceptance. Anslyeis in terms of rms control deflections or forces can some-
times provide a clue to degrading gain levels (Refs. 36, 37).

Recognize that, although not exactly short, this is a much abbreviated list of pilot

centered requiresents and problems as opposed to an airplane or systems centered set,
which would bde wmuch more diverse and diffused. Also, as already mentioned, some of
these desirable qualities have been translated directly into flying qualities require-
ment terms which will be the subject of subsequent lectures.
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Figure 31, Closed-Loop Analysis of Figure 32, Closed-Loop Analysis of
Path Control; Xy =0 (1/Tp] =-009) Path Control; X, = Q01 (1/Tyy =-0.03)
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TABLE 1.
PILOT RATING DEFINITION OF FLYING QUALITIES

INFLUENCE OF ATMOSPHERIC DISTURBANCE ON

ATMOSPHERIC DISTURBANCES
LEVEL
LIGHT MODERATE SEVERE EXTREME
Flying qualities such
that control camn be
1 3-1/2 5-1/2 7-1/2 maintained loag enough
to fly out of the
disturbance
Flying qualities such Flying qualities such
that control can be that pilot can regain
2 6-1/2 1-1/2 maintained long enough control after bein
to fly out of the upset
disturbance
Flying qualities such Flying qualities such
that control can be that pilot can regain
3 9-1/2 maintained loang enocugh control after being No requiresent
to fly out of the upset
disturbance
TABLE 2, SOME PAST APPLICATIONS OF PILOT-VEHICLE-DISPLAY SYSTEM ANALYSES TO
¥ DESIG ) _FLIGHT ENCOUNTERED PROBLEMS
SITUATION ANALYSIS RESULTS REFERENCES SITUATION CONTROL PROBLEM CAUSES REFERENCES
Basic Airtrame and Primary Pradict multiple, closed-loap 1216 Phiot- Induced Pich {Si ) Sensitivity; Bob W Feel
Control System pilal-whicie system problers areas 2a-48 Osciliations e Lo Smmm o Pilct L
and ansass possitle solutions Elevoor Rete Limiting
Limits of Oynamic Control Strongly depends on pilet time 2 » Rolt ISingle Loop) w= Uatersd 126-133
deiny 4963 Pich and Attitude Excess Time Deay In Control
Stabillty Augmertation Tradeolts | Coneidele stabiffty @ Loogs) Loop: Adrverse Plot Location
Systems, phlot betiavior and work- Woapon Defivery | Heading Aim Wender | Loss of Roll Loop; Lateral-
load, system gerformance o472 4 .
comaromises, ol edundancy, 0 toegs} g::l? Muttiteop Cross 134-137
" Carrier Landing | Path Control-1nability | Oynamic Reversal in Path 2,
SAS Failure frfects Pilot actions ang resulting air- % "
cralt excursions ) nn :; :r:‘iﬂl.:'s)d sink pu
Competing Pilot Display Formats Information requirements, scan N "
Varuat Contro e, wortond, ssesinent o At Cot | R (i o) | Lowroger Pl sty |
AFCS Monitoring factors and criteria m“""“‘s |w"9-
Flight Director Commard display laws, status High a Pikch and Roft Adverse Pitch-foll Couplingt
information raquirements, flight ~ 814
directori it stbilRy aogrertation | 2% Dopetures | @ Lows! Mormerator
traductts ¢ DOF Control | Adverse Control Reduction in Eftective System | 155155
Coupling Sanwidth
Carrier Landing Aids Optimum FLOLS controt and R’
shabilization 108- 114
Categories 11 and 111 Landing Probebility of approach success, £) SIMATION
s o e S e | s e
offs, quidance sampling SITUATION ANALYSIS RESULTS REFERENCES
Energy-Trim Management Simpiified controls/ dispiays ne-122 Pre-Exrinenisl Anelysis Predict critical sress -':l e
157-160
Actuatio Permissable lags, non-linesrities . experimental design, pilot 3-166
n Systems ,*m‘m, 833, nonel 1215 briefing, questionnaire 16
Post-Egerinental Analysis Inkerpretation and generali 157167
akion of results
Competing Piloting Techniques |  Pilot control procedures,
| system pertormance and 157-162
sifely margin diferences. 16
Control system refinements
o simoiiy phleting fechnique.
Motion-Cue Simutstion Task-Gepardent mation sensi-
Uivity, optimum weshout 16812
Y
[
.
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TABLE 3.
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PILOT/VEHICLE SYSTEM REQUIREMENTS FOR FLIGHT DIRECTOR DESIGN

Guidance and Control

L] Comsand Following
[ ] Disturbance Regulation

® Stability and Damping

Pilot-Centered

] Minisum Pilot Compensation
-- Feedbacks

-- Equalization
[ ] Response Quality
[ Command Bar Consistency
[ Frequency Sepacation of Controis
[ ] Non-Interactiang Controls
[ Insensitivity to Pilot Response Variations

] Remnant Supression

For disturbance regulation, the system must regulate against:
[ ] Steady winds
[ ] Random turbulence and gusts

L] Horizontal wind shears

mh

P

eI
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TABLE 4, EFFECT OF FEEDBACKS ON SYSTEM REQUIREMENTS
GUIDANCE AND CONTROL REQUIREMENTS P110OT CENTERED REQUIREMENTS
FEEIBACKS [ ppyMARY REQUIREMENT COMMENTS PRIMARY REQUIREMENT COMMENTS
Requires feedforward Mid-frequency flight
Bank Angle, Stabilit for curved paths Cammend bar consgis- director motions
? ¥ (See Appendix C) tency should look like bank
ungle
Washout time constant Mig-frequency flight
must be high enough director motions
to satisfy stability should look like bank
Washed Out Stabilit requirement yet low Caommand bar consis- angle
Bank Angle, a 4 enough to insure good} tency
Washout must be high
@ path following and enough to maintain
disturbance regula- face validity
tion characteristics
Provides K/s-1ike re-
sponse at frequencies
Roll Rate, Tends to reduce path | Minimum piliot com- beyond the roll mode
P None damping pensation Provides good f1ight
Remnant suppression director response at
curved path intercept
point
Requires feedforward { Minimum pilot com- Determines localizer
for curved path and pensation capture rate
Headling, Tor disturbance .
v Path Damping regulation on curved z:\:: mode consis
path — not practical 4
Remnant suppression
[—
Requires feedforward
Washed Out for curved path and
Heading, Path Damping wind shear on Same as above Same as above
‘o straight pats
Requires feedforward
for curved path
Course Path Damping Requires inertial Same as above Same as above
Angle, navigation system or
equivalent for
meagurement
Does not require
feedforward
Crosstx_‘ac‘{. Path Damping Beam noise problems Same as above Same as above
Rate, ¥ due to differentia-
tion of crosstrack
deviation
Should be compatabie
Path Command and with localizer errors
Crosstrack | Disturbance Path mode consis~ High sensitivity at
Error, Ve Regutation tency long distances from
toucr.down are not
desirable
Stability problems
Localizer Path Command and due to constantly
Error, ¢ Disturbance varying crosstrack Same as above
Regulation deviation sensiti-
vity with range
Long time constant Resuits in inconsis-
required for sta- tencies between com-
Beam Disturbance bility reduces Same as abovn mand and localizer
Integral Regulation regulation effec~ errors after periods
tiveness of unattended opera-
tion
S ——— (oSS SRR o
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TABLE 5. PARAMETER ADJUSTMENT TRADEOFFS

3-37

REQUIRED FOR OTHER SYSTEM
"DESIRABLE LOCUS" CONSIDERATIONS

Very low values of Ky/K§ result in poor response
Minimize K’/Ki quality due to "lomg tails"™ during capture.
e"y/l“ is the dominant mode at low frequency

Bank angle msust wash out faster than the dominant
path wode (wpp) to minimwize residual feedback
which will result in standoffs with y..

Maxisize Ty,

The break (requency of the beam rate filter is
Minimize T 1/t, and as such, requires t be kept large enough
for adequate noise rejection.

TABLE 6. MULTI-LOOP PILOT MODEL

Uses Available Feedbacks

L] Directly sensed in general visual field
. Observable via visual displays

L] Directly sensed using modalities other than vision

Preferred Feedback Loops

L 4 Can be closed with sinisum pilot equalization
L] Require minimua scanning
. Permit wide latitude in pilots characteristics

. Correspond to good flight control theory and practice

Crossover Model

L4 Is directly applicable to closure of inner-loeps
(higher bandwidth) and outer-loops (lower bandwidth)
which include effects of all inner-loop closures

. Gain adjustments of loops akin to those used
by skilled control designer

Resnant

For undivided attentlion (no scanning) is essentially sape
as for a single loop equivalent to the inner-loop alone

TABLE 7. TEST CONFIGURATEONS AND RANGE OF VARIABLES®

PATH MODE ALTITUDE RATE SPEED
DENOMINATOR NUMERATOR IUH!IATOlb THROTTLE
SENSITIVITY [THRUST ANGLE
CONDITION | 1/Tg;|1/Tgz | Attitude[Throtele | Actitude !Throcele  Zg./Xg, Arc Tan

Ro. (c) | (wg) UTar | 1/The 1Tar | 1/Tqe /10 ~2gp/Xgr Xy
1 0.1 0.5 -0.09 0 0.5 0.5 -0.146/-0.0263 106 0
2 0.1 NA -0.1%/0 %0

3 0.5 0.5 00.106/0.106 45

& 0.79 -0.075/0.13 30

5 NA 0/0.15 0

[} 0.59 0.075/0.13 -30

7 0.3 0.3 ~-0.03 '] -0.73 0.9 |-0.146/-0.036)) 104 0.1
8 0.1 NA 0.15/0 90

9 0.3 0.3 0.134/0.067 63.5

10 Q.79 0.44 0.075/0.530 30

il NA 0.50 0/0.150 0

12 -0.59 0.56 0.075/0.13 -30

13 €0.6)|(0.5) Q.21 [} -0.86 2.5 ~0.146/-0.0363] 104 0.5
14 0.1 WA ~0.15/0 0

15 0.5 0 ~0.106/0.106 45

16 0.79 0.79 -0.075/0.13 30

[%4 NA 0.5% 0.0.150 0

18 -0.59 0 0.073/0.13 -30

SDynssic charsctecistics valid for perturbation sbout 60 kanot trim condition.

NA in the ljmit when either X5 or I are sero and thg time constant is undefined, i.e., for

8p = 90°, Ngp = Xgp (8 + (1/Tye)] = XyZgri for 09, Wy = ~Zgp(s ¢ (1/Tyg)] = -Z,X¢gq.

B

EI g
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TABLE 8. DESIRABLE CLOSED LOOP FEATURES
L 4 Series Loop Structure for Single Control
L4 Crossfeeds to Directly Negate Sugbidiary Responses
»
* Closed-Loop Low Prequeancy Pecformance Opitmum ~ Minimum RNMS Error
b [ Pilot Adaptation to Make Ych -==> K/s in the Crossover Frequency Region

; * Pilot Lead, Ty < 1 to Avoid Degraded Opinion, Workload Capacity
L Frequency Sepasration of Ianner, Outer Loops, e.g., uci = 2.3 uco - 0.5~1.0
L4 Adequate Closed-Loop Dawping, Lo ? 0.35-0.50
. Avoid Closed-Loop Mid-Frequency Droop for Good Opinion

L4 Favorable Sensitivity to Increasing KP' Ty

TABLE 9. GOOD PATH REGULATION PROPERTIES
[ Inner Loop (e.g., Attitude) Control Integrity
and Equalizaiton Potential
[ ] Adequacy and Ordering of Path Control Loop Bandwidths
. Uncoupled or Complementary Control Responses
[ ] Minimua Depletion of Safety Margins
[ ] Control Economy

. Control Harmony

TABLE 10. PILOT CENTERED PATH REGULATION PROBLEMS

ATTITUDE CONTROL
L] Inadequate Bandwidth
[ ] Inner-Outer Loop Equalization Conflict
[ ] Low Static Gain

[ Over-Sensitivity to Gain/Equalization

PATH CONTROL
L] Performance Reversals
L] Inadequate Bandwidth
. Inadequate Response Separation
L Difficult or Conflicting Crossfeeds
[ Excessive Depletion of Safety -lr;lno

e Low (High) Effective Path Gains

.
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LOW-SPEED LONGITUDINAL FLYING QUALITIES OF MODERN
TRANSPORT AIRCRAFT

H.A. Mool
National Aerospace Laboratory NLR
Anthony Fokkerweg 2, 1059 CM AMSTERDAM
The Netherlands

SUMMARY

The suitability of an aircraft with
respect to human control is determined by
its so-called handling quslities. In
modern transport aircraft the handling
qualities are determined to a high degree
by the flight control system.

An {ntroduction to the following
aspects of closed-loop flight control
systems for modern tramsport aircraft is
given: stabilization and manoceuvring
functions, candidate implementation forms,
(mini-size) manipulators for flight
control, and mathematical representations
of the airframe/flight control system
combination required for prediction and
evaluation purposes.

Regarding criteria for good handling
qualicies of tramsport aircraft the
“terminal flight phases"” (take-off,
initial climb, final approach and landing)
are of prime interest. A treatise on a
number of promising quantitative criteria
for tramsport aircraft equipped with
advanced flight control systems is given.

Two groups of criteria are
distinguished: criteria based on the
dynamic characteristics of the aircraft
alone (six criteria) and criteria based on
the dynamic characteristics of the
pilot/aircraft closed-loop system (two
criteria). In the latter case a quasi-
1inear descriding function for the human
controller behaviour is used.

1. INTRODUCTION

The suitability of an aircraft with
respect to human pilot control is
deterained by its so-called handling-
qualities. The handling qualities of an
aircraft are those qualities or
characteristics that govern the ease and
precision with which a pilot is able to
perform his control task.

The handling qualities of the next
generations of (large) transport afrcraft
will be different from those of
contemporary aircraft as a result of the
flight control systems applied. The
developments in digital flight control
technology lead to implementation forms
which incorporate fkll-time stabilization
(closed-loop flight control system).

i

One implication is that the pilot will
control most of the time through
intermittent “trim~type" inputs and that
the relationship between these inputs and
certain aircraft response parameters will
be clearly observable. During landing
(flare and touchdown), however, the
control task incorporates a strong element
of compensatory error-reduction operation.
[The present criteria for adequate
handling qualities assume that the pilot
is actively engaged in the stabilizing
function]. Therefore a timely question is
whether the existing requirements for
adequate handling qualities should be
maintained unaltered for the new
situation. If they are found to be not
applicable, then & nev question arises:
which new criteria would be needed to
assure adequate and safe handling
qualities of aircraft possessing
closed-loop flight control systems?

Between 1972 and 1981 a series of
experiments was performed at the National
Aerospace Laboratory NLR as part of a
study of longitudinal thandling
characteristics of future transport
aircraft with closed-loop flight control
systems. In anticipation of expected
developments, the study was aimed
specifically at the establishment of
quantitative handling qualities criteria
to be used by anyone interested in the
design of flight control systems for
future transport aircraft. Special
emphasis was given to the landing (flare
and touchdown) flight phase.

A thorough review of the extensive and
valuable data for longitudinal handling
qualities gathered was performed between
1981 and 1984, The result has been
published in 1985 as:"CRITERIA FOR
LOW-SPEED LONGITUDINAL HANDLING QUALITIES
OF TRANSPORT AIRCRAFT WITH CLOSED-LOOP
FLIGHT CONTROL SYSTEMS" (Martinus Nyhoff
Publishers, Dordrecht; ISBN 90-247-3098-8),
reference 1 in this text.

Because the level of detail of the
material presented in this lecture had to
be limited, the interested reader 1is
referred to the above-mentioned book. At
places where the corresponding text in
this book is considered enlightening the
related page-numbers are indicated.

e
i
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2. CLOSED~LOOP FLIGHT CONTROL SYSTEMS
2.1 General

The first demonstration of manually
controlled powered flight by the Wright
Brothers in 1903, and their successes
theresfter, were primarily successful due
to their philosophy of developing
neutrally stable or even slightly unstable
machines of which the flight conditiom had
to be stabilized by comtinuous application
of powerful controls by the pilot (Ref. 2).

The more or less unstable behaviour of
the flying machines of the Wright Brothers
was a peculiar characteristic, which had
to be improved. Two axis pitch and roll
stabilizers were developed from 1914
onwards (Ref. 3). In reference 4 a
comprehensive overview of the development
of automatic flight controls is given.

It is noteworthy that nearly all these
systems (pitch~ and roll-angle stabilizers
and autopilots) were designed without
almost any theoretical research. This
situation changed when a new generation of
jet-propelled aircraft was developed
around 1950.

In the new aircraft generation,
stability augmentation was required
because of the weakly damped or slightly
unstable "short-period” motions. The
longitudinal short-period oscillation and
the Dutch~roll oscillation were the most
important "modes" causing difficulties.

mLoTS Aen0D. |
CONTAOL ==fimn] MANIPULATON |
FORcE Isunraces!

rig. 2.1 MNechanical primary flight control system

Power-boosted (hydraulic) control
systems came into use in order to handle
the large hinge moments of the control
surfaces. In the earlier aircraft there
wvas a direct mechanical link between the
pilot's manipulator and the aerodynamic
control surfaces, figure 2.1. This was no
longer the case when fully powered
hydraulic actuation of the control surface
was introduced. As a consequence, the
control forces the pilot had to exert had
no longer a direct relation with the
aerodynamic forces acting on the control
surfaces. This led to the development and
introduction of "artificial feel units",
which provided the pilot with the proper
force and position cues to assist him in
perforning the required control function.
The primsary flight control system had
taken the form illustrated in figure 2.2,

nLors waweuaron | [ FOWER AERDD. | AIRFRAME
conTaaL cantRaL agL | PLUB 3
FORCE FEEL-UNIT ACTURTOA ACTUAT SURFACE | MOTION SENSOR

_______________ UTH ;‘.'-l; N
CONTROLLED

VARIASLE
—— MECHANICAL
—— -~ NON-MECHANICAL

Fig. 2.2 Pully powered primary flight control
system including stability augmentation.

The key feature of stability
augmentation is the possibility of
modifying the characteristics of the
physical system. By imposing aerodynamic
forces or moments through the actuation of
the controls in response to motion
variables, the varfous modes of motion can
be changed as desired. To this end, either
an actuator has to be installed in series
with the mechanical signal transmission
system for the pilot inputs, or an
actuator has to be installed serving a
separate control surface. In figure 2.2,
the first solution is illustrated. As can
be derived from the figure, the
aerodynamic surface is deflected according
to the combination of the pilot's
manipulator deflection signal and the
signal genersted in the motion sensor.

As the result of the search for the
best obtainable aerodynamic efficiency of
the aircraft over a "wide" flight
envelope, the concept of full-time
stabilization has been developed. The
dynamics of the unaugmented aircraft are
then mostly such that stabilization by the
pilot is not always possible (due to the
level of instability of certain "modes”).
A practical consequence of the application
of this concept is, that the safety of
flight is now directly related to the
reliability of the system performing the
stabilizing function,

aLots FUGHT  [{as- R fpoweR AENDD, | AIRFRAME L
conTaoL | | odconmior Bed s
FORCE CONTAGL [Pre- ACTUATORN  [sunrace ;ox:

COMPUTER [{ FiER

OIRECTLY
VARIABLE

B | 1

———  MECHANICAL
———— NMON-SEECHANICAL

Fig. 2.3 Closed-loop (FBW)primary flight control
system.

A flight control system which fulfils
the full-time stabilization function and
thus incorporates essential feedback loops
(see figure 2.3) 1s called as a closed-
loop flight control eyetem. The flight
control system is implemented such that
non-mechanical elements (e.g. flight
control computer) are incorporated in the
link between the pilot's manipulator and
the aerodynamic control surfaces.
Stabilization of the aircraft rotational
motions is automatically taken care of by
such a flight control system.

2.2 Functions

In view or the efforts to maximize the
overall aircraft efficiency (in particulesr
in terws of reduced weight and drag)
closed~loop flight control systems with
non-mechanical signal transmission are
applied in modern transport aircraft. This
means that the need for stabilization, as
one of the control functions performed by
the pilot, will be greatly diminished.

CONTAOLLED

-1
1
L}
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In a fesdback control system around a
multivariable element, such as an
aircraft, several (state) variables can be
selected as the controlled varisbles. For
an aircraft in "longitudinal” motion the
following three wmotion varisbles, or
rather their deviations from reference
values, should be considered:

- pitch angle (0),

- angle-of-attack (a)

- atirapeed (u).

With respect to the control slements,
the following three are available in
principle:

- pitching-moment control element,
effacted by moment-producing aerodynamic
surfaces,

- normal-force control elements, effected
by lift-producing aerodynamic surfaces,

= longitudinal-force control element,
effected by thrust-producing power
plants (engines).

In a closed-loop flight control system,
the selection of a controlled aircrafe
variable and a control elemsnt must be
based on the following two functions of
the flight control system:
A) stabilizing the aircraft

(sutomatically)

B) providing the for
the pilot.

First, the desirable system
characteristics from the point of view of
stabilisation are discussed.

Closed-loop systems based on pitch
angle (0) or angle-of-attack (a) and
elevator (6.), "gtabilize” the aircraft

vring by

angular motions. The orientation of the

reference for stabilization, however, is

fundamentally different for these two

controlled varisbles:

- the vertical, for the system based on
pitch angle (9),

~ the airflow direction relative to the
aircraft, for the system based on
angle-of-attack (a).

For stabilization of the angular
motion, a system based on pitch angle and
elevator (6, 6.) can provide both the

stability for an unstable aircraft and the
reduction of pitch-angle response to gust
inputs. In addition, such a system is
desirable from the point of view of the
pilot, since his primary input signal
(pitch angle) is stabilized during
unattended operation. He 1is therefore
relieved from one of his primary control
tasks, viz. stabilizing the aircraft. An
additional closed-loop system based on
speed as the controlled aircraft variable
and the engine thrust as the longitudinal-
force control element (u, 6,1,) can

stabilize airspeed during the approach
flight phase.

Next, the desirable system
characteristics frow the point of view of
manoeuvring during terminal flight phases
are discussed.

Longitudinal wmanoeuvring implies
changing the aircraft pitch angle and as a
consequence changing the flight-path angle
(v, direction of the velecity vector) in
the plane of symmetry of the aircraft
and/or changing the airspeed (V, magnitude
of the velocity vector).

The controlled (such as 6) or
indirectly controlled (such as y or V)
motion variables being of immediate

n for ring are, depending on
the flight phase:

- pitch angle for take-off followed by
airepeed (at “"maximuwm" thrust) for
initial climb,

= flight-path angle and airepeed
simultaneously during finsl approach
followed by flight-path angle and pitch
angle for landing.

With regard to manoeuvring, a system
baged on pitch angle and elevator (6, 6‘)

is appropriate for effecting changes in
gltch angle (take-off and landing),
airspeed (initial climb), and flight-path
angle (approach).

When combining the sbove two control
functions of stabilizing and manoeuvring,
it is stated that the so-called pitch-rate-
command/pitch-angle-hold flight control
system forms the most promising form of
system implementation.

A comprehensive treatise on the
fundamental and the {mplementation
dependent side-effects on flying qualities
of the different options for a closed-loop
flight control system is presented in
reference 5. In the reference it is
concluded that the pitch-rate-
command/pitch-angle~-hold category will
probably prevail in future mechanizations.

For aircraft with shortcomings with
respect to flight-path control, "manoeuvre
enhancement” systems (systems which affect
the 1lift force directly by applying
“direct-11ft" aerodynamic surfaces on the
wing) must be taken into consideration as
well (see Section 5.2). Such a system
aust, however, must be "selectable™, i.e.
it must be switched on only during
particular flight phases (e.g. final
approach and landing).

Systems indicated as "flight-path
angle-rate-command/f1light-path angle-hold"
are under consideration at the moment.
There are indications at present that
these systems will not be used below a
certain altitude (e.g. 100 ft) above the
Tunvay.

2.3 Manipulators

The output of the pilot, namely the
"commands" given to the closed-loop flight
control system, are transaitted to the
aircraft through a manipulator. As such
the manipulator is an element of the
pilot/aircraft combination and its
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characteristics play therefore a role in

the pilot's opinion on the handling

qualitiee of the aircraft.

Three types of wmanipulators can be
distinguished:

- column-wheel combination (which is the
standard mechanization in contemporary
transport aircraft),

- centre-stick,

= (mini-size) side-stick.

The most appropriate choice between
these types lies basically in the realm of
human factors and depends heavily on the
desired organization of displays and
controls in the cockpit.

A few introductory remarks with respect
to the side-stick are in order here,
because of some unmistakable indications
that in future aircraft with closed-loop
flight control systems such a manipulator
may become the favourite choice (see e.g.
Ref. 6).

Side-sticks enhance the benefits of
systems with non-mechanical signal
transmission because of their reduced mass
relative to the classical manipulator,
smaller size, and favourable location. The
last two characteristics are important
with respect to optimal flight deck
lay-out (visibility of primary flight
instruments).

Basically two mechanization forms of
manipulators with electric output can be
considered for flight control purposes:

- the pressure manipulator (with hardly
any displacement),

-~ the compliant manipulator,

In all available sources on flight
tests with pressure and compliant side-
sticks, it is concluded that the compliant
type is to be preferred over the pressure
type (Refs. 7 and 8). More details and
valuable suggestions concerning the design
of compliant side-stick manipulators have
been described by Miller and Emfinger
(Ref. 8). When the characteristics of such

FORCE ANGULAR OEFLECTION COMMAND [ coumann
, sTIEK SHAPING
SIGNAL ELEMENT SIGNAL

DEFLECTION COMMAND

FORCE DEFLECTION

FOACE VENSUS DEFLECTION COMMAND SHAPING
RELATIONSMIP ELEMENT
{mechanical) {olectrical)

Fig. 2.4 Two elements between pilot's control
force and command signal.

D T R R R R R R R R R R R R I R R R

a manipulator are considered, two slements

deserve serious considerstion, figure 2.4:

=~ the mechanical elesment, vhich transforms
the pilot's input to the manipulator
into an electric signal,

- the electric element, in which this
signal ias transformed into a "command"
signal; the input/output relation is
called the "command shaping”.

It is assumed that, in order to strike

a (correct) balance between the force
levels required for small values of
commanded wmotions and those for larger
values, a non~linear relation between
pilot's force input and the “commanded”
signal is favourable (multi-gradient
command shaping).

3. HANDLING QUALITIES CRITERIA
3.1 General

In this lecture the criteria for
handling qualities of transport aircraft
with closed-loop flight control systems
as mentioned in Chapter 2 are restricted
to longitudinal manoeuvring during
low-speed flight, including flare and
touchdown .

The areas of application of the
criteria are prediction of handling qual-
ities during the design and development
phase of aircraft, and evaluation of
handling qualities as part of the
"certification" in the case of civil
aircraft, or "proving compliance with a
procurement specification” in the case of
mnilitary aircraft.

During the design and development
phase, the handling qualities of an
aircraft are predicted on the basis of
numerical measures calculated from an
estimated mathematical model describing
the dynamic characteristics of the
combination of the airframe, the flight
control system, and the propulsion system.
Preferably, the criteria used for
prediction should permit the designer to
explore the effects of proposed changes in
flight control system lay-out, including
various combinations of feedback and feed-
forward paths, compensation networks and
filters, in his attempts to achieve the
desired handling qualities.

The evaluation of the handling
qualities of aircraft in existence can be
broken down in analytic evaluation,
evaluation through simulation, and
evaluation through flight tests.

Because of the more stringent
requirements for handling qualitiea of
military aircraft as compared to civil
aircraft, it is observed that in the (US)
Military Specification compliance with all
requirements of the specification has to
be demonstrated through analysis. [This
type of (analytic) evaluation does not
differ from the type of activity performed
during the design and development phase of
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the aircraft as described above]. In
addition, compliance with many of the
requirements of the (US) Military
Specification has to be demonstrated by
simulation, flight test or both. The
selection of these requirements 1is made
Jjointly by the procuring agency, the test
agency, and the manufacturer. It is of
interest to observe that "where simulation
is the ultimate method of demonstrating
compliance with a requirement, the
simulation model shall be validated with
flight test data and approved by the
procuring agency”.

The criteria used for assessing the
handling qualities of an existing aircraft
should preferably be expressed in measures
(e.g. time histories of motion variables
to a step-type manipulator input) that can
be determined directly from flight test
results (objective data) or determined
indirectly using a mathematical model
established on the basis of flight test
results (analytical data). In both cases
it is important that the in-flight test
technique is not unduly complex.

In principle, the 1limit values or
boundaries in the requirements of the (US)
Military Specification are assoclated with
one of three "Levels" of acceptability.
There is a direct relationship between the
three Levels and pilot ratings given
according to the Handling Qualities Rating
Scale (sometimes referred to as the
Cooper-Harper (CH) Scale) presented in
figure 3.1 (Ref. 9), as indicated in the
Background Information and User Guide of
MIL-F-8785 B (Ref. 10). The overall
relationships are:

Level 1, pilot ratings I, 2 and 3(CH);
descriptor used here: clearly-adequate;

45

Level 2, pilot ratings ¢, 5§ and 6(CH);
descriptor used here: adequate;

Level 3, pilot ratings 7, 8 and 9(CH);
descriptor used here: inadequate.

Only the criteria for clearly-adequate
handling qualities are treated in Chapters
4 and 5, because the attention will be
focussed on establishing the clearly-
adequate/adequate boundary (Level 1/-
Level 2).

The handling quality criteria are

divided into two groups:

~ criteria based on the dynamic
characteristics of the aircraft only,
and

~ criteria based on the dynamic
characteristics of the pilot/aircraft
closedloop eystem.

The criteria, based on the dynamic
characteristics of the aircraft only, are
related to:

- the parameters of the transfer
functions,

- the frequency responses,

- the time histories for a step-type or
block-type manipulator input.

The criteria, based on the dynamic
characteristics of the pilot/aireraft
closed-loop system, are based on
calculations concerning the pilot/aircraft
closed-loop control structure. They are
related to frequency domain measures such
as:

-~ pilot compensation, e.g. magnitude of
certain parameters in a model for the
control behaviour of the pilot,

- closed-loop resonance.

7

ADEQUACY FOR SELECTED TASK OR ARCRAFT
AEOUINED OPERATION*

ON THE PROT M"‘

DEMANDS
W SELECTED TASK OR REQUINED OPERATION® RATING

Excelient
Highly desirable

Pio compensation not a factor for
deswed performance

Good Piiot compensation not a factor lor
Negiigible deficiencies desed performance
Fair — Some mildly Minimal piiot compensalion required for
unpleasant deficiencies deswed performance
Minor but snnoying Dessred performance requires moderate o
deliciencies prot compensation
181t No
ithout e P requires
s".;';'o':'n:m 2 by deficiencies considerable pilot compensation 0
Very objectionable but requires o
toleradble deficiencies priot compensation
not with
Major deticiencies maximum tolerable piot compensstion
Controliabrity not in question
Considerable priot compensation s required
Mator deticiencies for comrol
Intense pilot compensamion i required 10
Mator deticiencies retan control
Control witl be lost durng some portron of
44]"“:?5?‘"‘"“" Tequired operation

ET Heen

s

Fig. 3.1 The handling qualities rating scale.
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In both above-mentioned groups of
criteria, the ctransfer functions of
aircraft motion variables to manipulator
input have to be available. These transfer
functions can be calculated by combining
the appropriate control-input transfer
functions of the aircraft, with all
elements forming the flight control
gystem. Where simulators are used in the
genaration of subjective data, their
dynamics have to be included in the
transfer functions as well, For the second
group a model for the control behaviour of
the pilot is required; in Section 3.3 such
a model will be introduced.

The aircraft types envisaged in the
discussion of criteria (Chapters 4 and 5)
are "large; heavy; low-to-medium
wsnoeuvrability” (MIL-F-8785 C: Class III
aircraft). The flight phases considered
are categorized as "terminal flight phases
using gradual manoceuvres and requiring
accurate flight-path control"; take-off,
initial cliwb, final approach and landing
are comprised (MIL-F-8785 C: Category C
f1light phases).

3.2 Mathematical representation of the
aircraft

For the application of a number of the
criteria discussed in Sections 4.2 and
5.2, the complete form for the
mathematical representation (model) of the
dynamic characteristics of the (simulated)
aircraft can be used. However, for the
application of several of the criteria
certain specific features of the
mathematical representation are required.
These features are:

a. a well-defined quasi-steady-state value
of the time response of certain aircraft
variables after a step-type manipulator
input;

b. an approximation of the aircraft dynamic
characteristics by a transfer function
containing a limited number of

parameters.

Sub a) A quasti-steady-state value of the
time response

The "constant-speed equations of
motion” are used here, instead of the
"complete equations of motion", for the
determination of the manipulator-input
transfer functions. The "constant-speed
equations of motion" is a subset of the
perturbation equations of motion obtained
by deleting the force equation along the
body-fixed X-axis and putting the speed-
perturbation equal to zero. In the
following, a transfer function concerning
the combination of airframe and flight
control system based on the "constant-
speed equations of motion", will be called
the congtant-speed tramsfer function,
while the transfer function based on the
"complete equations of motion” will be
called the complete tramsfer function.

Sub b) A transfer function containing a
limited number of parameters

One way to describe aircraft with
elaborate flight control system structures
using only the constant-speed equations of
wmotion for the basic airframe is by means
of a low-order equivalent transfer
function.

A low-order equivalent transfer
function can be determined by means of a
fitting procedure of the frequency
response over a certain frequency range.
Often the amplitude and phase differences
are computed at 20 discrete frequencies
between 0.1 and 10 rad/s, evenly spaced
on a logarithmic scale.

One (by feedback-loop) controlled
variable of importance for further
consideration is pitch-rate response. The
expression for the low-order egquivalent
transfer function for pitch~rate response
(q) to manipulator input (se) is:

-qu
K e (s + 1/1)
q(s)
se(s)- (32 + 20 w B+ wz) @-
qq q

The terms zq, mq. and ;q are the
parameters which can be related to Tg »
2

msp and cs in the transfer function based

on the "constant~speed equations of
motion" of the unaugmented aircraft, The
term Tq is the total effective time delay

regulting from the additfon of the delays
due to: high frequency flight control
system modes (actuators, compensation,
etc.), digital sampling, computation
times, etc.

3.3 Mathematical representation of the
pilot/aircraft system

One type of model which is applf:able
to the stability and performance ¢ pects
of the pilot/aircraft system is pr sented
here. It 18 the manual single-loop control
situation classified as the compensatory
control structure. The relevant structure
for visual inputs to the human controller
is presented in figure 3.2, Concerning the
Sflare manoeuvre (an important aspect in
the present discussion) it is agsumed that
compensatory operation and so-called

wuMAN oA
SYSTEM CONTRDLLER CONTADLLER SYSTEM
eyt VISUAL output ouTeur
STIMULYS
TR
< asPLAY HUMAN CONTROLLER gy
oh IAIRCRAFTY

Fig. 3.2 Compensatory control structure for
visual inputs,
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precognitive operstion occur in a "dual-
mode" control gituation. The flare may
very well be initiated and largely
accomplished by the precognitive action
and then completed with compensatory error-
reduction operations (Ref. 11).

A model for the control behaviour of
the pilot, applicable to the stability and
performance aspects of the pilot/aircraft
closed-loop system is:

-ij‘
K e (Ju + l/tL)

(o + /1))

HP(JN) - 3.2)

This model formg one of the two factors in
the "Crossover Model", introduced by McRuer
and co-workers (Ref., 12):

-juT

« L e
“p(jm)ﬂc(Jw) * o Yot (3.3)

The parameters of Hp(jw) can be

determined by a fitting procedure using
the measured describing function of the
human controller. The other factor, H_(jw),

indicates the frequency response of the
controlled element (aircraft). A model for
the more complex control situation in
which the pilot controls two system
outputs simultaneously will be introduced
in Section 5.2,

4. CRITERIA EXPRESSED IN THE DYNAMIC
CHARACTERISTICS OF THE AIRCRAFT

4.1 General

The handling qualities of an aircraft
can be judged by test pilots who have the
proper background. Their opinions are
reasonable reproducible and therefore of
great value in experimental research. A
valuable description of the historical
development of the test pilot profession
has been given in reference 13,

A nilestone in the development of
handling quality criteria was reached when
NACA Report 927 (Ref. 14) was fissued in
1949, This document of singular value
presents a complete set of requirements
together with a discussion on the reasons
for each individual requirement. The
requirements are based on results of
flight tests with about sixty different
aircrafte.

The extension of this handling
qualities data base started in the
2id-1950's with results of tests using
variable-stability aircraft (essentially
the first aircraft with closed-loop flight
control systems) followed later by
in-flight eimulat-rs. For an overview of
the historical development of handling

quality criteris one is referred to
reference 1 {Ref. 1; p.47-48}

The military requirements are as far as
possible quantitative; the purpose of
mnilitary requirements is to ensure a
certain level of mission performance as
wvell a8 safety of operation.

The well-known series of (US) Milicary
Specifications started 45 years ago while
its latest iassue dates from 1980 (Ref, 15
through 20).

The civil requirements are essentially
qualicative; the purpose of civil
requirements is to ensure safety of
operation rather than the effectiveness of
the mission.

In the United States, the Federal
Aviation 1ssues regularly updated versions
of the Federal Aviation Regulations
(FAR) (e.g. Ref. 21) while in Europe the
so-called Joint Airworthiness Requirements
(JAR) (e.g. Ref, 22) have been igsued.

The following section is written in the
light of relevant experiments using a
ground-based and an in-flight simulator
(Ref, 1).

4.2 Criteria

1 LOW-ORDER EQUIVALENT TRANSFER FUNCTION
CRITERION

The (US) Military Specification, Flying
Qualities of Piloted Airplanes (Ref. 20),
provides a short-period response criterion.
Its application is aimed at aircraft with
open~loop flight control systems and is
expressed in terms of the undamped natural
frequency and the damping ratio in the
constant-speed transfer function (wsp’

;sp) and the normal acceleration
sensitivity (nu).

It seems attractive to apply the
criterion also to aircraft with
clogsed-loop flight control systems and
thus to parameters of the low-order
equivalent transfer function (equation
3.1).

Criterion
The parameters for the low-order
equivalent transfer function for
pitch-rate response to manipulator input,
equation (3.1), shall not exceed the
following limits:
a) The values for w (w_ ) ardn_ (n)
qQ " ep a, @
shall lie within the boundaries
depicted in figure 4.1,
b) With respect to the equivalent
(short-period) damping ratio:

0.35 < <1,
35 cq (c,p) 30

c) With respect to the equivalent time
delay:

T <0.18
q

e e i e TSR
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Fig. 4.1 Equivalent (short-period) undamped
natural frequency versus normal
acceleration sensitivity,

Remarks
Sub a) The original boundaries of w
as a function of n, (the set of four

parallel lines) are based on the Control
Anticipation Parameter (CAP) established
by Bihrie (Ref, 23). He demonstrated a
strong correlation between pilot ratings
and the value of the ratio of the initial
pitch acceleration and the steady-state
load factor after a step-type manipulator
input. By assuming constant-speed
equations of motion the expression for the
CAP (for an unaugmented aircraft) can be
written as:

mz
CAP ~ -2P (4.1)

n
a

The two parallel lines of the Level /-
Level 2 distinction correspond to

0.16 rnd.s-zlg (lower boundary) and 3.6
rad.s~%/ g (upper boundary).

In figure 4.1 also two absolute
boundaries are present. The original lower
(absolute) limit on w.P 1s based on the

assumption that a lowest value of wsp

exists below which satisfactory
manoeuvring is not possible. The original
lower (absolute) limit on n, is based on

the assumption that the lag between pitch
angle and flight path angle change should
be restricted in the final approach and
landing of an aircraft. The following
expression exists for this relationship:

8) l‘i“a

6(s)

(4.2)
s+ v nc

Sub b) The limit values of csp are

based on the consideration that, when the
damping ratio is too low, the aircraft
short-period response overshoots and
oscillates, while, vhen the damping ratio
is too high, the resp may b
"sluggish". The latter holds in particular
for high damping combined with a
relatively low value of u.p.

Sub ¢) Experience has shown that the
time delay, T 1in the low-order equivalent

transfer function for pitch-rate response
to manipulator input, is potentially

significant for "augmented" aircraft. The
equivalent time delay comprises the delays
contributed by the flight control system.

Diacussion

It is observed that Part a) of the
criterion is prone to difficulties in
interpretation. If the criterion 1s
interpreted in accordance with the
background of MIL-F-8785 C (pitch angle
control characteristics only; CAP~based
philosophy) an "equivalent na" has to be

used instead of LI This parameter,

indtcated as L is related to rq by:

e
8, = V/(gTq) {Ref. 1;p. 13}. The reason
e

for this is that the criterion does not

make a distinction between configurations
with different values of the CAP if n is
used.

From experimental evidence {Ref, 1;
p. 104-107} 1t appears that the lower
oblique boundary of the criterion
(Fig. 4.1) is slightly too lenient with
respect to sluggish behaviour.

Concerning Part c) of the criterion 1t
can be observed that the limit value on T
is too limiting {Ref. l;p. 104-107}.

Especially in the area of relatively
low equivalent undamped natural
frequencies (vicinity of the lower oblique
boundary), the effects of all four
parameters ‘l’q, mq. cq and Tq should be

considered simultaneously. This aspect
will be discussed further when the NLR
RISE-TIME AND SETTLING-TIME CRITERION is
introduced.

.

2 NLR-MODIFIED COMPATIBILITY OF
MANIPULATOR FORCES CRITERION.

Introduction

An aircraft has several degrees of
freedom and thus a number of varisbles
exists vhich respond to manipulator inpute
(e.g. pitch angle, normal acceleratfon).
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- The "gain™ for ome aircraft response
variable to a manijpulator input should,
from a piloting standpoint, mnot be
"incompatible” with the "gain" for another
varisble to that input. The frequency
region for which Ygaina" (amplitude
ratios) are of importance moreover differ
for the various response variables.

Criterion
The product of the manipulator force
per unit load factor, dlf./dn, and the

maximum of the amplitude ratio of pitch
acceleration to manipulator control

force, Io/r.lm. shall not exceed the
following limit:

< 0.45 rad.a-zls

Remarks
In the above criterion two parameters
related to the manipulator input are
combined:
- the manipulator force per unit load
factor, dFe/dn, with reference to the

quasi-steady-state condition
(constant-speed approximation);
- the maximum pitch acceleration

amplitude ratio Iell’e'lw, occurring at

the equivalent undamped natural
frequency or, if there are lightly-
damped control system modes, at the
frequency which has the largest
amplitude ratio.
These two parameters can become
incompatible in the sense that the
maximum pitch acceleration amplitude ratio

IO/I-“I-‘x is too high relative to the

manipulator force per unit load factor
(dFa/dn).

The above-mentioned requirement has
been primarily developed to limit various
handling qualities problems, such as those
caused by very high equivalent undamped
natural frequencies, high equivalent
undamped natural frequency combined with
low damping ratio, large lead in the
flight control system, and poorly designed
bobweight systems (mechanical primary
flight control systems).

Discussion
The criterion is based on work by
Calspsn (Ref. 24). In this reference a

limit value of 2.5 nd.l-zlg is proposed;
no background information for this value
is given, Based on experimental evidence
{Ref. 1; p. 108} the limit value in the
above mentioned criterion is proposed.

It should be realized that this
criterion is not related to s particular
type of pilot's man{pulator for pitch-
angle control.

49

3 LARGE SUPERSONIC AIRCRAFT CRITERION

Introduction

For flight at low airspeeds with large
supersonic aircraft, Boeing presented in
1975 (Ref. 25) a criterion for longitudinal
manoeuvring. A combination of limitations
in the time domain and in the transfer-
function parameter domain has been
proposed.

Criterion

a) The pitch-rate time history (quasi-
steady-state) in response to a step-
type manipulator input, in normalized
form, shall lie within the boundaries
depicted in figure 4.2.

b) With respect to the time required to
reach maximum pitch rate, 'l"I —max’ the

following shall be observed:
1.18<T <1.88
q-max

c) With respect to the total damping of
the denominator of the low-order
equivalent transfer function for pitch
rate to manipulator input (equation
(3.1)), the following shall be observed:

0.5 rad/s < ;q"’q (EGP "’s_p) < 1.05 rad/s

IE o
\| |
2 \\\; } 1
N !
? - .
] ? ‘ § ) ts) 10

Fig. 4.2 Part a) of Large Supersonic Aiccraft
Criterion; pitch-rate time-history
envelope.

Remarks

It is remarked that the constant-gpeed
equations of =motion (constant-speed
transfer function) should be used in the
generation of the time response.

The criterion is included here because
it 18 one of the few time-response
envelope criteria proposed for advanced
aircraft deveropment programs (in this
case the (US) National SuperSonic
Transport Program).

Discussion

Two distinct observations can be made
on the basis of experimental evidence
{Ref. 1; p. 109, 110}. Concerning Part a)
of the criterion, it is noted that the
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lover boundary (Fig. 4.2) up to 1.5 35 NLR-MODIFIED GIBSON CRITERION

seconds is too stringent. This is among

others attributed to the fact that in this Introduction

time-history envelope criterion no Successful precognitive, i.e. open-
allowance is made for a time delay. loop, operation depends to a great extent
Concerning Part b) of the criterion, it is on the predictabilicy of the final value
noted that the limit om Tq-ax is too nf the response after a (corrective) inmput,.

stringent on the maximum-side.

4 SPACE SHUTTLE ORBITER CRITERION —T

Introduction

As one of the attempts to specify the
flying qualities for an aircraft with a I
cloged-loop flight control system, the
work performed for the Space Shuttle .,
Orbiter of the US Space Transportation
System (STS) should certainly be
mentioned. The original specification for
flying qualities was especially related to a N
pitch-angle control (Ref. 26)., The flight 1
control system had to provide a pitch-rate
output proportional to the pilot's input, -
while the transient pitch-rate response to oLe«snnor
a step~type manipulator deflection was o
bounded by a time-history envelope. The
(final) specification presented here is
based on work by Rockwell (Ref. 27).

DROPBACK ;\(n rb)

Criterion
The value of the pitch-rate time Sg
history in response to a step-type

manipulator input in normalized form shall t
lie within the boundaries depicted in
figure 4.3.

Fig. 4.4 Pitch-rate and pitch-angle respoms to
a2 block-type manipulator command signal.

Figure 4.4 shows the pitch-angle response
to a block-type manipulator input in
generalized form. "Dropback" (Curve I) or
"overshoot” (Curve II) of pitch angle
occurring after the inmput is removed, are
important characteristics in this respect.
These characteristics are especially
obgservable by the pilet of aircraft
equipped with a flight control system
featuring (high-quality) pitch-angle

stabilization.
1 Amax 57
Fig. 4.3 Space Shuttle Orbiter Criterion; q“ ———*———-——[
pitch-rate time-history envelope. N
&4 CONTINUOLS
Remarks bobbling” f
The constant-speed equations of motion
] (constant-speed transfer function) should 2 [
} be used in the generation of the time |
| response. = —
24 bobble tendency’ ‘
Discussion '

4 Based on experimental evidence {Ref. 1; N |
p. 110,111} the following two observations e sl 14 o
are made: —_————
~ The upper boundary (Fig. 4.3) is

somevhat too limiting, a . " 2 . " "
~ The position of the lower boundary =2 - 0 1 2 3 D:b 5

would permit somewhat more sluggish RSHOOT <a— Drb

response of pitch rate that what is OveRsnoo - ORopsack q,, L

thought to be required to obtain

elearly-adequate handling qualities. Fig. 4.5 NLR-modified Gibson criterion
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Criterion
Normalized “dropback™, Drb/q“. and

pitch-rate overshoot ratio q-“/q“.

shall lie within the boundaries indicated
in figure 4.5.

Remarks

The complete equations of motion
(complete transfer function) should be
used when applying this criterion {Ref. 1;
p. 111},

Discussion

In the development of the NLR-MODIFIED
GIBSON CRITERION on "dropback" for large
transport aircraft, the structure as
formulated by Gibson for the fighter
combat manoeuvring task (Ref. 28) has been
used. In reference 28 1t 1is gtated that
for this aircraft type in the landing
approach values for Dtb/q" up to at least

1.0 s are allowable for satisfactory

handling qualities. Experimental evidence

{Ref. 1; p. 111, 112} indicates that:

- aircraft with negative values of
Drb/q“ indeed fall in the area of the

original criterion indicated as
"sluggish”, “overshoot",
- positive values of Drb/q” in excess of

about 1.0 8 were associated with
pilot expressions as "abrupt", "bobble
tendency"”,

- the upper horizontal cut-off has been
established on the basis of overall-
insight (experiments and the SPACE
SHUTTLE ORBITER CRITERION).

6 NLR RISE-TIME AND SETTLING-TIME
CRITERION

Introduction

A fundamental drawback of the in
various quarters recommended LOW~ORDER
EQUIVALENT TRANSFER FUNCTION CRITERION
(Criterion 1) is the independent
specification of the combination of uq and

n, om the one hand and cq on the other

e
hand. Part of the problem is the
detrimental effect of combined values of
two parameters, both approaching their
individual 1imit values. NLR developed a
criterion aimed at expressing the combined
effects of w , n_ and {_ on the time

q° o q

response {Ref. 1; p. 112-114}. A rige-time
parameter was defined to this end:

Rise time, Tr 1“: the time required,

following the initiation of & step-type
sanipulator input, for the pitch rate
to reach 90 percent of the quasi-steady-
state value.

A second parameter, settling time, to
guard againet a8 too low damping of the
"ahort-term" response has been defined as
well:

BTt A (715 IO A e = -

4-11

Setiling time, T‘.tu.z the time
required, following the initiation of a
step~type manipulator input, for the
pitch rate to enter and remain within a
band from 90 percent to 110 psrcent of the
quasi-steady-state value.

Criterion

Rise time (r““) and Settling time
('r“"h) of the pitch rate response
following a step~type manipulator imput,
as defined in figure 4.6, shall not exceed
the following limits:

True <l.l e and Tuttle <448
Tontse |
[R] ___:N—i.;:
j e
(1) SR A P .
K™
¢ tle)

Fig. 4.6 Definition of T, _and T, -

Remarks

It is concluded that the differences
between the criterion under discussion and
the SPACE SHUTTLE ORBITER CRITERION
(Criterion 4) are reasonably small.

Discussion

Besides a maximum rise time, a maximum
for a time delay as part of the rige time
should be defined ss well. It is expected
that the limit value of such a time delay
could be at least 0.25 s.

5. CRITERIA EXPRESSED IN THE DYNAMIC
CHARACTERISTICS OF THE PILOT/AIRCRAFT
SYSTEM

’

5.1 General

In Chapter 4, six criteria have been
introduced which are based on the use of
the description of the dynamic
characteristics of the aircraft only. In
the present chapter two additional
criteris will be introduced which are
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based on the results of calculations
concerning the pilot/aircraft closed-loop
control structure. They require
mathematical models of the aircraft as
well as of the pilot.

It is postulated that in the final
phase of the landing flare the pilot
control behaviour 1is characterized by
(conti ) comp tory error~reduction
operation,

5.2 Criteria
7 NLR-MODIFIED NEAL~SMITH CRITERION

Introduction

For the final approach and landing
flight phases of the mission of a
transport aircraft, acceptable dynamic
characteristics of the pilot/aircraft
closed-loop system for pitch-angle control
are required.

In the development of the NLR-MODIFIED
NEAL-SMITH CRITERION for large tramnsport
aircraft, the concept of the Neal-Smith
criterion for fighter aireraft
(Refs. 29-32) has been used {Ref. 1;
p. 117-122}. In that criterion the
acceptability of the characteristics
concerning pitch-angle control is linked
to pilot compemsation required and
cloged-loop resomance occurring when some
standard of performance is to be obtained.

The standard of performance can be
expressed in maximum permissible droop and
mninimum required bandwidth, “pyg*

Figure 5.1 shows the structure of the
pitch-angle control loop as well as a
definition of the performance parameters

‘%“!l%!lill 2 IIIII o __

Ho He
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o 9.
-é‘—-uu 9."

W’EN ANGLE CONTROL LOOP S\'HUCTUHEJ

ii DROOP l RESONANCE
6, *
o o --_.,-T'==~'v T
| \
!
|
] —
g |
-z
6, :
(deg)-90)
|
'
|
|

w tnd) A
BANDWIDTH

PERFORMANCE PARANETERS

Fig. 5.1 Pitch-angle control loop structure and
perforaance parameters.

droop and (closed-loop) resomance. The
pilot model, H , in this structure is the

model discussed in Section 3.3.

A measure to describe pilot
compensation, . , to be used as a
criterion is: pe

ju + l/'rL
‘ch' é(mt—) (5.1)
I'w
BW-6
Criterion

For configurations not leading to
closed-loop resonance, the pilot com-
pensation, 4_”. shall not exceed the

following limit:

4pc < 50 deg

For configurations mnot requiring
appreciable lead or lag compensation by
the pilot, ([ Apcl < 25 deg, the

closed-loop resonance, le/eclmx' shall
not exceed the following limit:

Ie/eclmax <0 dB

The 1limits mentioned above are depicted
in figure 5.2.

ll -8 r-
16, max
(8}  +6 r
B id
——————
b .
/ \
2 / Pr \
/' \
A4 \
o \
A R i
-0 -30 -0 -10 ] 10 +0 *30 +40 +50 <80 3
Loy o - L0 e (oep)
L3
— — REVISED NEAL -SMNTH CRITERION BOUNDARY gy @30, 'p -0.2s
W 4T VALUE OF THE NLR-MODIFIED WEAL-SMTH
CRITERION Cow @ 12, 1. =033

Fig. 5.2 NLR-Modified Neal-Smith Criterion
limits in the [6/6 | -%c dosain.

The performance standard 1is:

- maximum permissible droop: - 3 dB
- minimm required bandwidth, Ypu g’ 1.2
rad/s -

As an integral part of this criterion,
the resonance has to be calculsted also
for assumed values for minimem required
bandwidth, Wpu.g® that are lower and

higher than the value of 1.2 rad/s assumed
here (e.g. 1.1 and 1.4 rad/s). An apprecia-
ble variation in resonance is considered
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to be an indication that the dynamic
characteristics of the pilot/aircraft
closed-loop system for the particular
configuration are strongly dependent on
piloting technique. This may indicate that
handling qualities problems may be present
and that application of the criterion
night very well give unreliable results.

Remarks

For a detailed discussion of the
development of the criterion the reader is
referred to reference 1 {Ref. !;
p. 117-122}, The pilot time delay (0.3 s)
in the pilot model, llp. has been sslected

on the basis of a ground-based and in-
flight validatfon of a model for the
control behaviour of the pilot during the
execution of a pitch-angle tracking task
with a simulated transport aircraft
(Ref. 33).

Discussion

The experimental data base is limited.
More experimental data are needed to cover
:::.!Olﬂclm -4_” domain over a wider

8 NLR PRECISION FLIGHT~PATH CONTROL
CRITERION

Introduction

Acceptable characteristics of the
pilot/atircraft closed-loop system for
pitch-angle control are a necessary but
not sufficient condition to perform the
final approach and landing task in the
proper fashion. Besides acceptable
characteristics concerning pitch-angle
control, acceptable characteristics of the
pilot/aircraft closed-loop system for
flight-path control should exist as well.
Two factors are mentioned which are
related to flight-path control.

Aircraft with shortcomings with respect
to flight-path control (aircraft with a
"too low" n; boundary-value estimated

between 4.7 and 3.4 g/rad, Ref. 34) can be
improved by means of a manoeuvre
eénhancement system. Such a system may be
based on "direct-1ift" serodynamic control
surfaces on the wing.

The introduction of controllable
canards (as part of the pitch-angle con-
trol system) is contemplated in some
design studies.

In bdoth cases the character of the
normal acceleration response to
manipulator inputs will de different from
the character of the response for aircraft
types presently in operation.

A criterion has been developed by NLR
in which the acceptability of the charac-
teristics concerning flight-path control
is linked to the calculated bandwidth
(evalustion measure) of the flight-path
control loop, determined on the basis of a
series-closure control structure as
depicted in figure 5.3. In order to

C e = m—————— -

413

perform the outer-loop (flight-path
control loop) closure, use is made of the
pilot compensation for the inner loop as
obtained from the procedure which 1is part
of the NLR MODIFIED NEAL~SMITH CRITERION
(Criterion 7 in this text).

Fig. 3.3 Closed-loop pilot/aircraft systea for
precision flight-path control,

Criterion
The bandwidth of the pilot/aircraft
system for flight-path comntrol, Vg h?

shall be governed by the following limit:
Weup > 0.5 rad/s (Fig. 5.4)

The evaluation wmeasure YBt-h is

determined as follows:

- Apply the procedure of the NLR-MODIFIED
NEAL-SMITH CRITERION,

- Use the outcome ( pilot gain and pilot
compengation ) to formulate the open-
loop transfer function of the pilot/-

aircraft system for flight-path control.

- Determine the pilot gain for the outer-
loop closure on the basis of a phase
margin of 30 deg, and calculate the
closed-loop freq y resp .

- Determine the bandwidth of the pilot/-
aircraft system for flight-path con-
trol, YpW-h’ from the closed-loop

frequency response,
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Remarks

No space is available here for a
detailed discussion of the development of
the criterion (Ref. 1, p. 122~126).

Discussion
The criterion presented above requires
a minimuw value of Opeh’ In-flight

experiments velated to aircraft with

yre h t or controlled
canarde configurations have indicated that
too much initial normal acceleration at
the pilot station following step-type
manipulator inputs has a degrading effect
on pilot opinion (Ref., 35). Two factors
are of particular relevance here:

1) The 1level of initial normal
acceleration may be so high that the
pilot considers the motion disturbing.

2) A high bandwidth for the flight-path
control loop, Opuhy’ reduces the

Bu-h %4 “py_e-
One way of reducing the above observed

negative factors is to put an upper limit

on mBH-h as well; or in other words, to

Bw-6/ “Bu-h"
research is needed to substantiate this
suggestion. High fidelity motion cueing
during in-flight and ground-based
simulations is a prerequisite for
meaningful experimental results in this
area {Ref. 1; p. 92}

separation between w

minimize the ratio of w Further

6. CONCLUDING REMARKS

The main purpose of this paper is to
serve as an Introduction to the low-speed
longitudinal handling qualities of modern
transport aircraft equipped with fly-by-
wire (closed-loop) flight control systems.

There are many criteria that supposedly
can predict handling qualities. It is
emphasized that one cannot use a single
criterion to determine the distinction
between clearly-adequate (Level 1) and
adequate (Level 2) handling qualities.
Engineering judgement 1is required in the
selection and application of the criteria.
For systems baged on pitch-angle control
the following observations based on
experience at the National Aerospace
Laboratory NLR can be made.

The NLR RISE-TIME-AND-SETTLING-~-TIME
CRITERION (Criterion 6) is recommended to
predict/evaluate in particular the
handling qualities that are of importance
in the final approach and in the take-off.
It has the advantage of simplicity of
application and it retains its validity in
cases where the pilot uses an intermittent
control behaviour. Pitch-rate overshoot is
however not limited by this criterion.
Non-adequate system behaviour in this
respect 1is strongly related to the
"dropback" phenomenon after a block-type
manipulator input. Therefore, in additionm,
the application of the NLR-MODIFIED GIBSON

CRITERION (Criterion 5) is recommended.

It is postulated that even for future
fly-by-wire transport aircraft the control
behaviour of the pilot during the landing
(flare and touchdown) is characterized as
a (high gain) compensatory error-reduction
operation, The NLR-MODIFIED NEAL-SMITH
CRITERION (Criterion 7) 1is considered the
best evaluation tool here. In order to
judge the handling qualities more
completely, the application of the NLR
PRECISION FLIGHT-PATH CONTROL CRITERION
(Criterion 8) also is recommended.

These recommendations remain valid for
future systems based on flight-path angle
control, because strong indications exist
that below a certain height above the
runvay these systems will be reconfigured
to systems based on pitch angle control.
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ADVANCES IN PLYING QUALITIES
Concepts and Criteris for s Missiomn Ocriented Flyiag Qualities Specificatioa

Roger H. Hoh
Principal Research Engineer
Systems Technology Inc.
Hawthorne, California USA

SUMMARY

There has been considerable activity during the past 8 years to upgrade the military
flying qualities specifications for conventional aircraft, as well as for V/STOLs and
helicopters. The primary objectives of these upgrades has been to account for the use
of high gain, high authority augmentation, and to more directly reflect the requirements
of the intended aissions into the specifications. The methodologies developed to accom-
plish the lactter objective is summarized in the first part of this lecture. This is
followed by a brief overview of the Lower Order Equivalent Systems and Bandwidth cri-
teria. Problems with the epecification of comtrol sensitivity, and potential solutions
are then discussed, followed by a brief presentation of the use of time vs frequency
domain criteria. An empirical method to combine the Cooper-Harper Handling Qualities
Ratings (HQRs) from each axis of control into an overall rating is then presented.
Finally a proposed specification for precision flare and landing is given, followed by
an example application of the method.

ELEMENTS OF A MISSION ORIENTED FLYING QUALITIES SPECIFICATION

There are military flying qualities specifications for three types of aircraft in
the United States., Flying qualities of conventional aircraft are covered by Mil-F-8785C
(Ref. 1), a proposed revision some years ago (Ref. 2) and followiang an extended review
cycle, the Mil~Std-1797 (USAF) (Ref. 3). The Mi1-Std-1797 (USAF) specification is dis-
cussed in some detail by Mr. Woodcock inm this lecture series. VSTOL aircraft handling
is specified in Mi1-F-83300 (Ref. 4). A complete revision of this specification was
proposed in 1984 (Ref. 5), but there has been little activity since that time except for
some isolated industry and government review. Finally, rotorcraft handling qualities
are specified in M{il-H-8501A. The U.S Army has been supporting a much needed major
revision effort to this specification, including several in-flight and ground-based sim-
ulation programs, since 1982, and a final proposed version is currently in publications.
(Ref. 6 or see Ref, 7 for an overview). It represents the most advanced thinking in the
area of mission oriented specifications by virtue of the fact that it was the last spe-
cification to be revised, and was able to build on the groundwork established by pre-
vious spec revision efforts (e.g., Refs. 2 and 5). All of the concepts discussed herein
are contained in the new helicopter specification, some are included in the proposed
VSTOL spec, and only a few are in the M{1-Std-1797 (USAF) since the original draft of
that document was completed in 1982, and application of a number of these concepts to
fixed wing aircraft has not yet been pursyed.

With that background, we shall briefly consider the elements of a mission oriented
flying qualities specification, as we see them today, using the proposed rotorcraft spec
("update 8501") as a wodel. A schematic diagram of the specification is given in
Fig. 1, taken from Ref. 7. Here it can be seen that new teraminology has been has been
added to the "specification jargon."” These new terms are discussed below.

° Mission-Task-Element (MTE) -- All of the proposed missions are subdivided into
spec ¢ han ng qualities tasks. This allows requirements to be written in
terms of the task that must be accomplished.

[ ] Response-Type -- The response of highly augmented airplanes depends on the
nature of tEe feedbacks and feedforwards used in the stability command augmenta-
tion system (SCAS). For exauple some common Response-Types are Attitude-

Command-Attitude-Hold (ACAH), and Rate-Command-Attitude-Hold (RCAH), Rate aug-
mentation, etc.

° Divided Attention Operations -- The required stabilization for an acceptable
1:7?T‘?T':E?t!?:?‘T%???????‘.s the pilot is tasked with additional nonflying
duties. The wmission oriented flying qualities specification, update 8501,
accounts for this by requiring increased mid-term stability.

[ Useble Cue Enviroument (UCE) =-- The required stabilization for an acceptable
eve o workloa ncreanes as the pilots usable cue environment (UCE) is
degraded. The UCE consists of the outside world plus cockpit displays and or
vision aids. A methodology has been developed to account for this in update
8501 via the scales shown in Fig. 2, The VCR scale allows the pilot to rate the
visual environment, while the UCE values determine the appropriate Response-
Type, or in some cases, define a need for a different level of dynamics within a
Response-Type category (see Refs. 8 or 9 for details).

An example of how the proper Response-Type is defined in terms of the task (Mission-
Task-Element), and the visual cues including displays (Usable Cue Environment) is given
in Table 1, taken from the proposed 8501 update. This table incorporates an important
concept that is frequently overlooked; every task (MTE), has a Response~Type that is
most compatible to the human pilot. Conversely, there are MTEs and Response-Types that

-
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TARLE 1. REQUIRED RESPONSE-TYPE POR HOVER AND LON SPEED -- NEAR EARTH

UCE=1 UCE=2 UCE=3

LEVEL 1 [LEVEL 2 LEVEL 1

LEVEL 2 LEVEL 1| LEVEL 2

Stationary NTEs

suspended load pickup and delivery R + RCHH
capid verticsl landing (4.1.5)
shipboard landing

RAST recovery

vertical takeoff

slope landing (4.1.6)

rapid hovering turn

sonar dunking

precision hover (4.1.1, 6.1.2.)' Rate Rate ACAR + RCDH [Rate + RCDH L.7Y ACAR + RCDR

+ RCRH

bob up/down (4.2.3) ACAR + RCDH
+

Rate + RODH
+ RCHH + PH

hovering taaks Rate + RCDH ACAH
involving divided a:tcnnon + +
operation (see 1,4,5.2)

Translating MTEs

mine sweeping ACAR + RCDH TRC + PH +
RCDH + RCHH

approach to hover Rate
shipboard stationkeeping

target acquisition and
tracking

aseault landing

evasive action

lateral sidestep (4.2.2)

rapid accel/decel (4.2.1)

slalom (4.2.5)

dolphin (4.2.4)

.mnber- in parentheses refer to maneuvers in Section & which represent

a flight test version of these Mission-Elements
“I-pottnnt consideration for single pilot

Notes: Definitions:

1. A requirement for RCHH mey bde deleted if the Rate => Rate or Rate Command Attitude Hold

vertical translation cue rating is 2 or better,
and divided attention operation is not required.

2. Turn Coordination (TC) 1s always required as an TC >
available Response-Type for the slalom MTE in
the Low Speed flight range as defined in Paragraph
1.4.6.2. However, TC is not required at airspeeds ACAR >
less than 15 knots.

3. A specified Response-Type may be replaced with a RCHH =)
higher level of stabilization providing that the
moderste and large saplitude maneuvering require-
nments mey still be met.

The rank-ordering of Combinations of Response-Types
from least to most stabilization is defined gs:.
e =>
1. Rate
2. ACAH + RCDR
3. ACAH + RCDH + RCHN
4, Rate + RCDR + RCHH + PH
S. ACAR + RCDH 4+ RCHE + PH
6. TRC + RCDN + RCHM + PR

(RCAH) Response-Type (Paregraph
3.2.5, 3.2.6, and 3.2.8).

Turn Coordination
(Paragraph 3.2.10.1).

Attitude Commmnd Attitude Hold
Response~Type (Paragraph 3.2.7).

Vertical Rate Command with
Altitude (Height) Mold Response-
Type (Paragraph 3.2.8.1).

Position Hold Response-Type
(Parsgraph 3.3.11).

Translational Rate Commsnd
fes; onse-Type (Paragraph 3.2.8).

st
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copters operating over flight regime, increased sta-
bilizsation is necesssry for MTEs that require divided attention, or wvhen the visual cues
are degraded (UCE>1). Such a table does mnot exist for the Mil~Std-i797 (USAF), but
research has showa that certain Response-Types are anecessary for consistent performance,
snd Level 1 piloc ratings for precision flare and landing (See Refs. 10 or 11). Speci-
fically Rate or RCAH Response Types require certain specific flight path characteris-
tics, vhereas an Attitude Respomse-Type virtually guarantees good pilot ratings and per-
formance for flare and laanding. This is discussed in greater detail later in the
lecturae.

Another important feature of the mission oriented specificetion is that the require-
ments on attitude control are a function of the amplitude required by the task, eeg.,
precision closed loop tracking, pursuit tracking, and full-control open loop maneuvers.
Three separate criteria are provided iun update 850t - gmall suplitude, moderate ampli-
tude, and large amplitude attitude changes. This is discussed further under the Band-
width criterion presented in the next section.

DISCUSSION OF CRITERION PARANETERS

The following discuseion 1s intended to highlight certain features of the flying
qualities criteria most coamonly utilized fn the specifications discussed above, Lowver
Order Equivalent Systems, and Bandwidth,

Lewer Order Equivaleat Systems

Lower order equivalent systems were developed as a methodology in the early 1970s as
part of a flying qualities assurance program in support of the F-14, prior to first
flight. This methodology vas refined to the point where it could be utilized as & fly-
ing qualities criterion in Ref 2.

l. Brief Overview of Lower Order Equivalent Systeas

Conceptually, the LOES method assumes that a highly augmented airplane will have an
attitude and flight path response to control that looks like a conventional unaugmwented
airplane, even though the characteristic equation of a highly augmented aircrafc
typically includes as wmany as S35 separate wmodes. Most of these wmodes are at high
frequency, and result from the necessary filtering that goes with high gain high suthor-
ity augmentation. If these modes cause the response to look nonconventional, the theory
goes, the pilots will not like it, and the match betwveen the assumed conventional form
and the actual response will be poor. An obvious choice for a lower order form to
represent a conventional unasugmented airplane is the short period approximation with the
addition of a time delay to account for the high frequency lags noted above.

. Mg, (s *TLoz) e

% s(s2 + 200 mps + wf) (S

Given a higher order aircraft, four paraseters are available to accoaplish the match
ugps Lgps 1/Tg,, and t. The match is accomplished using s steepest descent method known
as the osenbr%ck search routine which winimizes the difference between gain and phase
of the higher and lower order systems (AG and A¢ respectively). The wmatch is accom-
plished at 20 frequencies between 0.10 and 10.0 rad/sec and, the following function 1s
ainiaized.

M - 46)2 + x(ap)?2
¢ Cae) .

The resulting "equivalent” values of the four parameters of the short period approx-
imation sre used for plotting on the existing CAP boundaries (Fig. 3), noting that
1/Tg, = g/U, n/a. Heance the database and criterion boundaries generated for
conv&ntlon. unaugmented airplanes is preserved.

The boundaries in Fig. 3 are generally referred to rs the control anticipation
parameter (CAP) which has several physical finterpretations. These are summarized in
Pig. 4. Note that these interpretations all fnvolve the relationship bdetween an air-
craft pitch attitude change and the resulting flight path change (normal load factor),
In fact, CAP is shown to be proportional to the maneuver wargin, and to stick force per
g for a conventional unaugmented aircraft (see Tig. &). Therefore it is necessary to
preserve the relationship between pitch and flight path in the equivalent systea match,
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L] Initial and final responses must bde neither too sensitive or too insensitive to
commanded flight changes. (Bihrle)

Interpretacions

r ) »

[ o s
L7 " ¥, " 5/c - 1.e., 1t is a measure of initisl pitch acceleration per pound
of *at1ch® force (classical definition of stick sensitivity) times the quasi
steady norsal accelerstion per pound of force (stick force per g).

[ It represents the frequency separation between the pitch attitude response (u,,)
and the flight path response (ll‘t,z) e.8., "path-to-attitude consonance”

L] It is a messure of saneuver margin

. wh . tw | dcm _ ps%
car =7§ 1;[11:: ‘z:c-q]

msneuver margin

Pigure 4. Physical Interpretations of the Comtrol Anticipation Parameter (CAP)
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This is accomplished in the Mil-Std-1797 (USAF) by requiring a simultaneocus match of
pitch stritude and normal acceleration as follows.

3 Kyfs + IITQZ) P )
LY o+ 225 mps ¢ w56

(3)

n} Kze Tegt
7: 8l + 25gpugps + m.s

(4)

where n} refers to the normal ascceleration at the instantaneous ceanter of rotation (at
Xer ® 25 /My ) The instantaneous center of rotation is picked as the reference point
because ther® n; is unaffected by the locatiom of the control surfaces, 8o that the
relationship between tlight path and attitude is very closely approximated by, !

2 (5)

The simultaneous matching defined by equations 3 and 4 will insure that 1/T,, will
not "gallop" to unressonsbly large values during the fitting process, since it ifisures
that Zq. 5 must remain satisfied. It is ipcorrect to use a value of 1/Ty, obtained from
a match using only Eq. 3 (i.e., nonsimultaneous match) with 1/T, ullovld to be free.
Such a value of 1/T, results in a value of n/a which assumes that CAP is based only on
attitude, and that ight path (normal load factor) is not s coneideration. This is
simply not correct (see Fig. 4). This point is emphssized becauee many researchers con-
tinue to allow 1/Ty, to be free, or attempt interpretations with 1/T,, fixed and with {t
free. Note that simultaneous match as required by the utl-Std-{791 (USAF) alvays
yields the same value of l/T, as would be obtained with a match of Eq. 3 slone with
1/Ty, fixed.2 So, why add the }oe-ingly unnecessary complexity of a simultaneous match-
ing ;roecduru in the spec? It was done because it was not possible to convince all of
the specification reviewers that a match with 1/Ty, fixed was the correct alternative,
It was impossible however, to argue against the n.glllity to preserve the integrity of
the attitude and flight path responses in the fitting process.

From the above discussion, the evolution of the LOES i3 seen to be firmly based on
the concept that the augsented airplane attitude and flight psth responses will have the
fundamental charscteristice of a conventional unaugmented airplane. Such characteris~-
tics are formalized in terus of a "Response~Type," and are more precisely defined, later
in this lecture (see Fig. 20).

2, Some Limitations on the Use of Lower Order Equivalent Systems

In the process of dsveloping the background and information users guide for the new
Mil1-Std-1797 (USAP) (see Ref., 2), it was noted that many of the cases from the Ref. 12
experiment (commonly referred to as the "Neal-Smith data™) did not Eit the CAP bound-
aries developed for conventional airplsnes. These cases are shown in Fig. 5 as filled
dats points, and asre seen to exhibit consistent Level 2 pilot ratings in the Level 1
region3 (defined by the existing Mil-F-8785C boundaries). Some researchers interpreted
this recult ss a need for increased damping for augmented aircraft. Physically, this
did not make sense since the sugmentation should be transparent to the pilot., An inves-
tigation of these cases revealed that they all had an unusual "hump" in the frequency
response as shown in Fig, 6. This hump constitutes higher order dynamics in the region

I1This definition removes the pilot location as a factor in the notrmal acceleration
cesponse., It may be argued that the effect of pilot location should be included. How-~
ever, the data supporting the CAP boundaries do not include pilot locstion effects, and
it would not bde appropriate to assume that such effects would be properly accounted for
by eimply calculating the pllot station acceleration in the matching process. The data
currently available on pilot location effects are sketchy. It is known that locating
the pilot far aft of the instantsnecus center of rotation (ILR) is undesirable, because
of the non-minimum phase flight path response that results (i.e., an initial reversasl).
Conversely, locatfing the pilot forward of the ICR is quite desirable as shovwn later in
Pig. 23b.

21/T will vary slightly (not "gallop™) from ite fixed value during & simultaneous
match if there are higher order dynamics in the region between 1/T ande, . Howvever,
it will de 1llustrated later in this lecture, that the LOES method is not vglld in such
cases, because {t {s based on the classical sirplane dats used to develop the CAP
boundaries.

3The CAP boundaries have been presented in a different format than Fig, 3 to allow
inclusion of the damping ratio limits on the sase plot.
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in the region of piloted crossover (generally between l/TQ and uhp), which is theore-~
tically not allowable when using LOES to plot data on thi conventional airplane CAP
boundaries. A review of the data indicated that the pilot commentary all centered about
excessive abruptness. The Lower order equivalent system matching routine has no way to
chavacterize such a hump, except to lower the damping ratio, and to assign positive
values of time delay (which is of-course absurd). None of the commentary indicated that
low damping was a factor in the Level 2 ratings. These results support the theoretical
notion that it is simply not correct to use LOES when there are higher order dynamics in
the region of piloted crossover.

In summary, the LOES criterion should not be used when:

° there are higher order dynamics in the region of piloted crossover (approxi-
sately between .7 and & rad/sec).

. the pitch attitude and flight path response characteristics are n-'t that of a
conventional airplane (defined later, see Fig. 20).

Sendwidth ae s Criterios

Bandwidth fe a8 term that has classicelly been used to descrid the ability of an
electrical network, or a servomechanisa to follow a range of input frequencies. 1In that
context, it is defined as the frequency where the output magnitude {s 3 dB less than the
input (ratio of 0.707). A good system will have a high Bandwidth, and a poor omne will
have a low Bsandwidth relative to the maximum input frequency that it 1is designed to
follow, In wmost cases, the upper bandwidth 1li{mit 1is set by system stability
considerations,

1. Definition of the Bandwidth Frequency as a Flying Quelities Criterion.

The development of the Crossover Model by McRuer and Ashkenas in the early 60s was
based on the concept that the humsn pilot can de treated as an element of a closed loop
systea for compensatory tracking tasks. Experisental wmeasurements have verified that
concept, and this was discussed earlier i{n this lecture series. The Randwidth criterion
ie an application of the crossover model concept (as {is the Neal-Safth critecrion
discussed in the previous lecture by Dr. Mooij). It e based on the premise that the
waxisue crossover frequency thst s pure gain pilot can achieve, without threatening
stability, s e valid figure-of-merit of the controlled element (i.e., similar to a
servomechanien). On this basis, Bandwidth {s defined as the frequency where the phase

L - e R e I U ——
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margin is 45 degrees, or the gain margin is less than 6 dB as shown in Pig. 7.% The
phase wmargin criterion is based om pilot describing function dats which shows that
tracking with 43 degrees of phase margin is representative of full attention, but less
than mexisum effort. A gain sargin limit of 6 dB wes selected based on long experience
which has shown that a lesser vslue tends to result in a P10 prone asircraft,

The "bandvidth hypothesis" wvas verified imitially for the wvings-level-turn mode as
previously discussed by Mr. Ashkemas, sad in more detail in Ref. 13,

2. Definition of Phase Delay

Efforts to develop Bandwidth ss a generalized criterion for highly augmented air-
craft shovwed that pilots were slso sensitive to the shape of the phase curve at fre-
quencies bayond the Bandwidth frequency. This is defined by the phase delay paragpeter
in Pig., 7. Figure 8 illustrates that for “large” values of phase delay, the phase curve
drops off more rapidly than for "small” values. Physically, pha delay is a measure of
the behavior of the aircraft as che pilot increasses his crossover frequency, i.e.,
“tightens up" beyond the Bandwidth frequency. Large values of phase delay means that
there is a small margin (range of frequancies) between normal tracking at 45 degrees of
phase margin, and instability. The inevicadble pilot commentary for an asircraft with
lacge phase delay is that it is PIO prone.

Phase delay (1) is typically (but not slways) close to the equivalent time delay
(1q) calculated for a LOES, However, a physically satisfying explanatiom of why such
small values of equivalent cime delay resulted in large pilot rating degradations
(.05 sec was shown to be roughly equivalent to 1 Cooper Harper pilot rating for values
greater than 0.10) was not available until development of the Bandwidth criterion. For
example, consider the two cases taken from the proposed Mil-Std-1797 (USAF) (Refs. 2 or
3), and shown in Fig. 8. These configurations both have essentially the same Bandwidth
(approximately 2.6 rad/sec), but one has significantly higher phase delay (.0l4 sec vs
.17 sec), and significantly degraded pilot ratings (average rating of 4.1 vs. 8). it
seens intuitively unlikely that this drastic degradation in pilot rating can be attri-
buted to a 0.15 sec shift in the time response or, due to the phase shift around the
crossover frequency which is seen to be negligible (Fig. 8). However, the shape of the
phase curve is drastically steeper above the Bandwidth frequency, a factor which intui-
tively would be expected to lead to a significant difference in pilot rating. This is
the ouly factor which yields a plausible explanstion of the strong sensitivity of pilot
rnttig_%3-iﬁ=-: delay (and similarly equivalent system time delay). This is important
because it reveals the fact that equivalent systea time dela is eignificant onl
because it 1¢ a aeasure of the shape of the phase curve aroun
quency, not, because of the transport delay properties in the tiwe domain. Paradoxi-
cally, criteria which measure "time delay" in the time domsin, such as that shown in
Pig. 9, taken from the Mil-Std-1797 (USAF) (Ref., 3), are of questionable validity. That
is, the smeasurement of & traunsport delay resulting from a step imput is sensitive to all
the wrong things, e.g., minor variations in the shape of the input, initial conditions
eLc, Because of this, such measurements may not be an accurste representation of the
shape of the phase curve, which is the root cause of the probdlen.

3. Effect of Task and Visual Environaent on the Required Bandwidth

The Bandwidth criterion involves two parameters; the Bandwidth frequency, and phase
delay. Here it is applied to a single loop (pitch, roll or yaw) tracking task, or as
the inner loop to a multiple loop task. Not surprisingly the limite depend on the task
(MTE), the visual conditions (UCE), and the required divised attention. This 1is
reflected in the update 8501 specificstion as shown in Fig. 10. Note that e higher
Bandwidth is required for "target acquisition and tracking” than other MTEs. Increased
Bandwidth is also required in a degraded usable cue environment (UCE>Ll), and for divided
sttention operations,

As discussed above, the Bandwidth criterion is applicable to tasks which require
closed loop compensatory tracking. Such trackiag involves smsll amplitude attitude
changes. 1f the task requires larger attitude changes, the pilot gradually transitions
to & pursult wsode. In-flight and ground-based siamulation dats has shown that the
requiresent for Bandwidth decreases as the smplitude of the maneuver increases (see
Ref. 8). The wission oriented flying qualities specification should account for this.
An exsmple of how this 1is done in the update 8501 is shown in Fig. ll. The parameter
qpk/ 80 1s a measure of Bandwidth, and s obtsined by rapidly changing aircraft attitude,
l:lltin! and ending with szero angular rate. The connection between ¢,/ A48 wyy 1is
derived in Ref. 8. For very large amplitude attitude changes, the pilot operates gpen
loop with full control inputs, Therefore, the applicable criterion is saximum achiev-
able angular rates, for attitude changes larger than specified i{n Fig. 11,

CUIDANCE FOR APPLICATION OF CRITERIA

Before making correlations or evaluations based on any of the criteria for precision
sttitude or flight path control, the reader is cautioned to ask the following questions.

“Bandwidth 1is capitslised when referring to this specislized definition for han-
diing qualities, rather than the more general definition noted above.

e
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] Has the control sensitivity been optimized? This one factor has been, and con-
tinues to be a major source of confusion, and nterpretation of data. Never
conduct a handling qualities experiment, or use data from an experiment, without
proper attention to control sensitivity!?

3 Is the Reeponse-Type correct for the task? No amount of Bandwidth (or any other
wmetric) will allow good flying qualities if the character of the response is
wrong. Knowledge in this area is sketchy, but certain guidelines are available
(see for example Table | for helicopters, and later discussion under “Proposed
Specification for Precision Flare sand Landings.”

® Was/is the task well defined?
CONTROL SENSITIVITY

Specification of control sensitivity represents a primary weakness of the current
requirements. All of the criteria for attitude coatrol (Equivalent Systems, CAP, Band-
width etc.) do not 1include the effect of control sensftivity, assuming that {t {is
separately optimized. Its importance is minimized for two reasons, 1) it is assumed
that the control gearing can be easily changed, especially with fly-by-wire alrcraft,
and 2) it is & function of the task, and the characteristic dynamics (equivalent short
period, Bandwidth etc.). A very large data-base (read expensive) would be required to
formulate & quantitative control sensitivity specification, especially considering that
sidestick, centerstick, fixed, and moving controllers should be considered.

Even the most experienced and perceptive test pilots can and have been fooled by
varying control sensitivity. Excessively high control sensitivity looks like low damp-
ing, is therefore PIO prone, and will receive comments to that effect (few, {1f any,
pilots will isolate the problem as excessively high control sensftivity). Simtlarly,
excessively low control sensitivity will receive comments related to an overly sluggish
response.

The control sensitivity should logically be specified over the band of frequencies
where the pilot 1s most sensitive to the aircraft response. For closed 1loop com-
pensatory tracking tasks, this would, by definition, be the reglion of piloted crossover.
Considerable insight {into this region can be gained from the envelopes formulated in
Ref. 14, and shown in Fig. 12 (also see Ref. 2, pg. 117). These envelopes of "msximum
unnoticeable added dynamics" were derived from the Ref. 12 data by noting the modifica-
tions to the baseline configuration (variable stability NT-33) that resulted in a 1|
pilot rating change. Pilots are seen to be highly sensitive to changes in the dynamics
between 0,8 and 5 radians/sec for the precision pitch attitude tracking task of Ref., 12.
This is consistent with pllot describing functfon data (Ref. 15) which indicates a simi-
lar band of frequencies to define the region of piloted crossover. Since, by defini-
ion, the pilot is operating in the crossover region, it is the gatn in that reglon that
hould be specified. Unfortunately, none of the existing handling qualities specifica-
fons include such a requirement, primarily because the necessary data {s not available.

elale

The Mi1-8td-1797 (USAF) includes the product of the stick sensitivities at low and
high frequencies as a criterion,

5
7ol

Fe/nzge is measured as the quasi-steady stick force required to achieve a steady load
factor (low end of Fig. 13 envelope), and 0,/F, 18 defined at very high frequency (high
end of envelope). Since the product of these parameters does not uniquely specify the
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Figure 13. Variation in Control Sensitivity for Ref. 16 Configurations

transfer function gain in the region of piloted crossover (center of Fig. 13 envelope),
it is not judged to be a generally valid measure of sensitivity. Proposed limit values
range from 3.6 rad.s”2/g {n Ref. 3, to 0.45 rad.s”2/g in Ref. 16, The Ref. 3 value is
simply the upper limit of the CAP boundary.

Stick force per g is an important cue to assist pilots frow inadvertently approach-
ing the liwmit load factor. If a handling qualities experiment is conducted so that the
stick force per g is held constant, and the dynamice are varied, it is possible to
achieve a wide variation in gain in the crossover region. In such cases, it is diffi-
cult to determine if the pilot's rating varlations are due to the gain (control sensi-
tivity) or the dynamics. For example, in the Ref. 16 experiment, stick force per g was
held constant, while the dynamics were varied as shown in Fig. 13. Note that the magni-
tude of the Bode plot in the region of crossover for attitude and flight path control
varies dramatically between the good configuration E5, and the bad configuraction Fl
{almost a factor of 5). Yet, the Bandwidth values of these configurations are quite
similar, and fall into the level 2 range (consistent with the flight ratings of 3/4/4,
see Fig. 14). It would appear that Bandwidth has inadequate sensitivity to these varia-
tions, conslidering the wide differencein pilot ratings and small change in Bandwidth
(Fig. 14). In fact, the trend 18 even in the wrong direction (increasing Bandwidth
yields degraded rcatings). However, it 1is possible, even llkelz, that given the oppor-
tunity to reduce the control sensitivity of configurations Fl and F2, the pilots would
find the flying qualities similar to E£5, which would fall in line with the other experi-
mental data for approach and landing (Ref. 17) plotted on Fig, l4. These three configu-
rations have been included in the test plan of an upcoming piloted sisulation experiment
to be conducted on the USAF Lamars moving-base simulator to check this hypothesis.

As might be expected, the proper control sensitivity depends on the crispness of the
tesponse as measured by Bandwidth, or equivalent short period frequency. Aircraft with
a crisp response (high Bandwidth) tend to require a lower control sensitivity than those
with a more sluggish response (low Bandwidth). This intuitive observation was confirmed
in Ref. Il, as shown by the data in Fig. 15. Note that the magnitude of the asttitude-
to-stick transfer function at the Bandwidth frequency 1is used a8 a measure of control
sensitivity, a logical choice since the region of piloted crossover 1is, by definition,
located fin the vicinity of wpy,.» This plot serves as a possible explanatiom as to why
certain configurations from thg Ref. 17 experiment tended to violate all of the usual
handling qualities criteria. That 1is, those configurations appear to have control
sensitivity problems,

e B

Lot
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Figure 14, Comparison of Ref, 17 Dynamics with Bandwidth
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FPigure 13, 7Pitch Attitude Control Sensitivity Requirements for
Centerstick Controllers; 8/F, Has Units of deg/lb,
All Configurations Have Equivalent Time Delay, Te,
Less Than 150 ms and Fg/de= 5-8 1b/in
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Until more data becomes available, Fig. 15, serves as a guide for control sensi-
tivity for the landing approach task.

TIME DOMAIN VS FREQUENCY DOMAIN CRITERIA

The specification of handling qualicies for precision tracking with aircraft atti~-
tude, 1is best accomplished with frequency based criterias. These criteria emphasize
features directly related to the piloted loop closure. Time domain criteria have been
found to be more appropriate for use with lower frequency phenomenon such as pursuit
tracking, flight path control etc. Most time domain criteria for attitude control are
based a step or boxcar input. Such inputs emphasize the mid and low frequency charac-
teristics, at the expense of the response in the region of piloted crossover, which
tends to be suppressed to the origin.

A moving-base piloted simulation experiment was conducted on the NASA Ames Vertical
Motion Simulator (Ref., 5) specifically to compare rise-time type criteria (e.g., Pig. 9)
vs the Bandwidth criterion. The tasks were 1) to hover over point on the deck of ship
in ses state 3, and, 2) to land on that point. Four configurations were formulated
which had fdentical Bandwidth, but exhibited wide variations in rise-time due to changes
in the damping ratio. The relationship between rise-time, damping ratio and Bandwidth
for the ACAH Response-Type is ¢ ven ia Fig. 16. ACAH was used because of known problems
with simulator validity for Rate Response~Types (Ref. 2). The step input time
responses, and corresponding piflot ratings for the tested configurations are given In
Fig. 17. Note that the pilot ratings are essentially invariant in spite of a wide vuri-
ation in rise time. The pilots noted definice differences in the open-loop rasponses
during initial fasmiliarization, but these were apparently unimportant in terms of the
task., These results indicate that Bandwidth is a better metric than rise time for the
prediction of handling qualities for small amplitude precision tracking tasks. In addi-
tion to these results, the time domain criteria had other short comings.

[ The Level 1 values of rise time involved very small values (order of .05 sec..
See Fig. 16, and Fig. 9.

. Slight varfations ia the shape of the "step" input caused significant changes in
the rise time.

[ ] Rise time data obtained from flight tests was not repeatable, due to the input
shaping problem noted above, atmospheric disturbances, and problems with esta-
blishing ideal initial conditions,

Frequency domain criteria tend to be unreliable at the low end of the spectrum
because there is typically insufficient power in the input and wmeasured response at
lower frequencies. The large amplitudes associated with low frequency inputs present
practical problems in terme of maintaining trim, maneuvering roow, and large deviations
from the reference flight condition. Therefore, {t i{s better to utilize time domain
criteria for lower frequency tasks. The update 8501 specification utilizes a mix of
time and frequency domain criteria based on the above considerations, e.g., see Figs. 10
and 11.

tRgo = time from initiation of input to 50%
of first peak of the response

o
tRso
{t/sec)
2

1 L
00 5 10
wawg (rod/sec)

Figure 16. Relationship Between tlSO and ETH for Attitude Systeas
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Figure 17. 1Illustration of Insensitivity of Pilot Rating
to Rise-Time if wBWg = Const. (Ref. 5)

CONBINED AX1IS PILOT RATINGS

The combined effect of degraded handling quslities in each axis of control is not
addressed in any of the specifications. There 1is however, an empirical formula which
seems reasonably effective as a method to predict the combined effect of flying quali-
ties degradations in individual axes.

R, = 10 +

. 2= ik, - 10

B.Jz"ls (6)
Where

l- = the predicted overall pilot rating
Ry = the pilot rating in a given axis
m = the number of axes rated

This equation was recently investigated in a fixed base simulation with good results as
shown in Fig. [8. Unfortunately, it has never been checked in a wmoving base or
in-flight environsent. Until such data is available, this "product rcule” will remain
advisory in nature, It is interesting to note that the predicted effect of two 58 is a
7, i.e., Level 3,

PROPOSED SPECIFICATION FOR PREICISION PLARE AND LANDING

The objectives of this final eection of the lecture are to illustrate, 1) the role
of Response-Type categories in a flying qualities specification, 2) an application of
the Bandwidth criterion, 3) application, as well as certain limitations, of the use of
Lower Order Equivalent Systems (LOES) and &) the importance of considering attitude and
flight path responses together. While this may seem obvious, many erroneous conclusions
have been published based on using only the attitude Bandwidth, with no consideration
for path response.

Consider the generic characteristics of a typical high gain SCAS as the loop gain is
increased (FPig. 19). Note that the "dominant mode," omega-prime, circles the zero
designated by 1/T,. It follows that we would want to set 1/T, at as high a value as
possible, without destabilizing the locus for a crisp attitude response (large omega-
prime). However, we shall see that 1/T, has a8 drasatic effect on the flight path
response characteristics, which if ignored, can result in the wrong Response-Type for
the flare and landing task,

For this example we shall consider three competing Response-Types for the flare and
landing Mission-Task~Element; 1) Conventional Airplane, 2) Rate-Command-Attitude-Hold
(RCAH), and 3) Attitude-Command-Attitude-Hold (ACAH). The generic Bode asyaptotes, and
time responses to a step control input are shown for pitch attitude, flight path angle,
and angle~of-attack in Figs. 20, 21, and 22. Each Response-Type is discussed in some
detail below,

1. Conventional Airplane Response-Type (Fig. 20)

These charscteristics are associated with conventional unaugmented airplanes, and
the reader (s referred to sny classic stability and control text for s discussion of the
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Pigure 22. Generic Characteristics of Attitude Command/Attitude Hold
Response-Type (ACAH) (0 + §,)
short period, and phugoid modes etc (e.g., Refs. 18 and 19). 1t is possible to achieve
a Conventional-Airplane Response~Type from any configuration by feeding back picch-rate
and angle-of-attack, assuming edequate elevator control power. There are several impor-
tant observations to be made from Pig. 20 regarding the generic characteristice of this
Response~Type in terme of the flare and landing task.

. The flight path-to-elevator Bode plot is K/s over a long stretch between the
phugoid wode and the short period mode.

L] The angle-of-attack-to-elevator Bode plot {s a constant amplitude st all fre-
quencies below the short period frequency.

] The flat region of the pitch-attitude-to-elevator Bode between ll‘l',2 and
leads to pitch-rate overshoot in the time domain (to a step elevator lnputg.
The longer this flat region, the more the pitch rate overshoot.

[ ] The flight path response lages the attitude response by 90 degrees st frequencies
much above 1/T and s in phase with the attitude response at frequencies amuch
below l/T.z. f?e following approximation applies.

1 & 1
[] ngl + 1
The parsmeter 1/Tqy, is directly dependent on the aircraft lift-curve slope, cLa' and
is related to the CAP 3p¢elf1cation parameter n/a as follows.
LI
[ [ T.z
A lovw value of 1/Ty, will lead to a large lag between 0 and y. The flight path-to-stick
Bode plot is not ll!oe:od by 1/Tg, because pitch rate overshoot increases exactly pro-
portionsl to a decrease in 1/Ty,. “ This fortuitous occurrence is & result of the above
wentioned flat stretch betwéen 1/Ty, and wyy in the attitude transfer function
(Fig. 20). Notice that this region is “incressed as 1/T,, 1is decreased, resulting in a
compensating effect (i.e., the lack of flight path renp&&no to an attitude change, 1is
exactly compensated dy s more rapid initial attitude response. As will be shown later,
this charscteristic is unique to the Conventiocnali~Airplane Response-Type,
o~ ~ mmrw e s e s e T = e r e T ——— .
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There has been strong ongoing debate regarding pitch-rate overshoot for good flying
qualities, some insisting that it is necessary, othere are equally adasant that it is
not. The characteristice discussed above iudlcate thet the need for pitch-rate over-
shoot depends on the magnitude of 1/Ty,. A more fundsmental and direct approach would pe
to comcentrate on the need for a K/s famma-to-stick frequency response in the region of
plloted crossover.

It is importsant to understand that a "K/s response" implies that two conditions wmust
be satisfied, 1) the smplitude plot should have a slope of =20 dB/decade, an the
phase shou be -90 degrees. An excellent way to deterwine the extent of the region of
"g/e™ 18 to note where the phase curve departs from approximately -90 degrees. It is
also important to note that the crossover model predicte equally good pilot ratings for
a pure gain controlled element in a continuous tracking task (Ref. 15).

Problems can arise when we atteapt to utilize criterion boundaries based on conven-
tional airplane data (i.e., CAP), to predict the flying qualities of highly augmented
airplanes (via LOES), when the Response-Type is not Conveantional-Airplane. Examples of
two such Response-Types are discussed below.

2. Rate~-Command-Attitude~Hold (RCAH) Response-Type (Fig. 21)

The isportant differences between the Classical-Airplane and the RCAH Response-Types
for the precision flare are summarized below (Refer to Figs. 20 and 21).

3 The flat region of the attitude-to-stick Bode plot is no longer defined by the
11ft curve slope (f.e., l/Tez). but by the augmentation zero l/Tq. see Fig. 21).

[ The gamwma-to-stick Bode plot changes from K/s to kK/s2 (between 1/Tq, and
1/T,). Since the flare maneuver iavolves control of gamma, we would expect“poor
flying qualities if 1/Tq >> l/Tez.

° The angle-of-attack time response to a step stick input looks like a step 15
gamma~to-stick is K/s (Conventional~-Airplane), and like a ramp if it 1is K/s
(RCAH). Hence the shape of the alpha time response is a clue to the shape of
the gamma-to-stick bode plot in the region of crossover.

Given that the fundamental pitch attitude and flight path responses are signifi-
cantly different for the Conventional-Airplane and RCAH Response-Types, it is not
appropriate to apply the CAP criterion, and therefore LOES, to RCAH. Unfortunately,
this is commonly done (the author is among the guilty!). Note that if l/Te is approxi-
mately equal to 1/T, the Response-Type becomes Conven:ionnl-Airplnne,s s0 {n some cases
we have been lucky. In other cases, the correlations have been successful in spite of
using CAP for an RCAH Response-Type, because the problem was primarily due to excessive
equivalent time delay, and/or because the equivalent wgp tends to be low in spite of the
poor match.

1f l/To i{s low, it may not be possible to obtain a sufficiently high Bandwidth with
pitch-rate “feedback alone, while keeping 1/Tg, = l/'l‘q (recall that omega-prime circles
1/T,, see Fig. 19). In such a case, nngle-of--et-ck feedback may be employed to further
increase omega-prime while retaining the Conventional-Airplane Response-Type. An alter~
native is to use ACAH as discussed below.

Since, {in general for RCAH augmentation, 1/T, is not approximately equal to 1/T,,,
we have chosen to label the Response-Type RCAH for all cases wvhere the response has tﬁe
generic characteristics of Fig. 21 and ll'l‘q > l/T°2.

3. Attitude-Comsand-Attitude-Hold (ACAH) Response-Type (Fig. 22)

The generic characteristics of the ACAH Response-Type are seen to be dramatically
different from Conventional-Airplane, or RCAH. As the name would iaply, the attitude-
to-stick Bode plot is constant out to the "dominant wode", ', see Fig. 22. The gamma-
to-stick Bode plot has the desired K/s above 1/Ty, and K below 1/Ig,. The response is
clearly noun-conveantional, and a LOES approach to ‘define parameters %o plot on the CAP
boundaries would not be appropriate.

The shape of the angle-of-attack time response is a step, with some overshoot. This
is convenient in that it is possible to determine {f the gamma-to-stick Bode plot has
the "right shape"” from an examination of the alpha time history to a step stick input.
Note that the ACAH Response~Type has more phase margin in gamms-to-stick at frequencies
below l/To than RCAH or Conventional-Airplane, and hence might be expected to be the
best lenpo&-e-rype for this task., The data presented in the following section do indeed
support such a conclusion.

S0f course the phugoid mode may be completely suppressed due to the pitch-rate
feedback which is not charscteristic of a "conventional airplane.” Since the phugotid
has no impact on fully attended tracking tasks, the Response-Type label refers to the
higher frequency dynamics,
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4. Data Correlations for Precision Flare and Touchdown

Flight teste to imvestigste flying qualities for flare and landing have been con-
ducted using the USAF Total Ianflight Simulator (TIFS), see Ref. 20. Each of the three
Response~Types discussed above wvere tested. The results are summarized inm PFig. 23, in
terms of Cooper Harper Pilot Rating vs pitch sttitude Bandwidth as defined in Fig. 7.
Figure 23a indicates that satisfasctory pilot ratings cannot be obtained for any tested
value of attitude Bandwidth for the RCAH Response-Type and no treands are apparent. A
definite correlation of nttitudo Bandwidth and pilot rating {s seen to exist for the
Conventional~Airplane R ¢, and & minimum value of 2.5 rad/sec is i{ndicated for
Level 1 This valuo ie consistent vith previous data correlations, e.g., see
rig, 14, Finslly, the ACAH Response-Type is seen to yield consistently good pilot
ratings down to an attitude i.-a-fﬁzs of i.S rad/eec (Fig. 24c)., This is not surprising
considering the excellent flight path characteristics of this Response-Type (see
Pig. 22). Thie point is further illustrated in Pig, 24. Here four configurations are
shown which had essentially identical Bandwi{dth and phase delay, but the Response-Type
vas changed from RCAH or Conventional-Airplane (with low. Bandwidth) to ACAH by inserting
a vashout prefilter in the command path, The faprovement {n flying qualities {s indeed
dramatic. In some cases, the angle-of-attack time history may not be easily character-
{zed as & etep or ramp. In these cases it {s necessary to revert directly to messure-
ment of the flight path Bandwidth. The data from Ref. 20 is plotted on s grid of flight
path vs sttitude Basndwidth in Fig. 25, vhich illustrates the correlation between these
parameters for Conventional-Airplane Response-Type (they are both functions of o' as
shown fn Pig. 20). The RCAR Response-Types are indicated by filled data points, and are
seen to exhibit significantly lower flight path Bandwidth and degraded pilot ratings due
to the K/e° nature of the gamma-to-stick Bode plot. The ACAH Response-Type cases tend
to exhibit the highest flight path Bandwidth.
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- The above noted trends were slso seen to exist im the STOL precision landing experi-

* ment reported in Ref 10. These dats are plotted in Pig. 26, and are representative of

generic versions of s fighter STOL designed to achieve short field performance vis

highly precise fronteide landings followed by reverse thrust. The Ref. 10 and 20 data

, are seen to be consistent (compare Figures 25 asnd 26), indicating that the criteriom
' parameters are spplicable in general, as opposed to being unique to any ome experiment.

S. Proposed Criterion for Precision Plare

In accordance with the above discussions, it is necessary that the Response-Type be
Conventional-Airplane, or ACAH. Note that & RCAH SCAS with 1/Tq approximately equal to
1/Ty, is defined here as a Conventional-Airplane Response-Type., The phugoid mode may or
may iot be representstive of a conventional unsugmented airplane, but that i{s of little
consequence for the flare maneuver, and therefore 1s not a consfderation in the
Response-Type definitton for this task. In the design stages, the Response-Type and
Bandwidth values are simply determined directly from the attitude snd flight path-to-
stick Bode plots. However, for flight test verification, it is necessary to accomplish
frequency swveeps to obtain the required information (vis Fast Fourier Transforms). In
wost cases, it is possible to use the above noted relationship between the angle-of-
sttack response to a step stick input and v/ 8, to fnsure that it 1is not a ramp. 1In the
event that 1t is not clear if the alpha response is s step or ramp, a frequency swveep
aust be performed to insure that the gamma-to-stick Bode plot is K/s in the region of
piloted crossover. Data correlations indicate that a flight path Bandwidth of grester
than 0.80 rad/sec provides reasonable assurance of an adequate region of K/s.

If it is determined that the Response-Type is Conventional-Airplane, the LOES cri-
terion (based on CAP) cen be utilized., 1If the Response-Type L{s RCAH, the aircraft fails
the criterion. The Bandwidth criterion can be used for either the Conventional Airplane
or ACAH Response~-Types.
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Good direct control of the flight psth vector sssumes that attitude control {s not a
problem, and can be essentially ignored by the pilot. This is assured by requiring an
acttitude Bandwidth of at least 2.5 rad/sec. The final critarion {s given {n Fig., 27,
Note thst it includes s minimum value of the achievable ratio of flight path~to-attitude
change to insure that sufficient energy exists to modify the flight path vector, The
ainimum values for Avyay/A8g, are obtained from flight data generated by NASA Awes (see
Ref. 10). An application of this criterion to a wodern highly augmented fighter air-
craft is given in the following example.

6. Exsmple Application to Highly Augmented Fighter Aircraft

Some years ago there was considerable controversy over the flyiang qualities of a
highly augmented fighter aircraft with regards to its flare and landiag characteristics.
Most pilots who flew the aircraft had problems learning to land {t, and most admit chat
consistent good landings continue to ressin an elusive goal. The strategy generally
evolved has been not to “tease 1it" and accept whatever touchdown dispersions that amight
occur from an off nominal approach, Not exactly a shining example of our modern flight
control system expertise! Let us briefly explore how the proper application of the Mil-
Prime specification criteria not only exposes the problem, but indicates possible root
causes when cast in the format proposed above.

*  PITCH ATTITUDE DYNAMICS
-~ wpig 2 2.5 RAD/SEC
- T, S100MS

*  FLIGHT PATH RESPONSE

-- SHORT TEXM & RESPONSE TO STEP Ses IS A STEP --
HAS ZERO SLOPE BEFORE t = 5 SEC

OK NOT OK

-- IF SHORT TERM a IS NOT A STEP, OR IS QUESTIONABLE

wew, 2 0.80 rad/sec

=~ EMERGY TO FLARE

AYmox ) 20.70 Level |
AGss 2 0.50 Level 2

Figure 27. Proposed Criteria for Precision Landing
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A simplified bloek diagrsm of the flight control eystem is given {n Fig. 28. A
locus of the characteristic roots as the loop gain is increased is shown, and the filled
boxes represent the final closed loop roots selected by the manufacturer., One approach
to specification complisnce (albeit incorrect) would be to interpret w as the short
period frequency, and to plot it on the CAP boundaries as shown in Fig, 29. This would
predict satisfactory flylng qualities. However {f we {nvoke the methodology presented
above, the following factors become apparent.

L] The SCAS results in a RCAH Response-Type by virtue of the fact that 1/T_ >>
1/Tg, (4.6 vs. .59 respectively) resulting in a K/s° gamma to delta :ranlger
luncZIon. As noted above this is not an appropriste Response-Type for flare and

landing.
L) The attitude Bandwidth and phase delay is in the Level 3 region (Fig. 30).

The angle-~of-attack time history following a step stick input s a ramp, as expected
when 1/T, >> 1/T (Fig., 31). TFinally, the flight path Bandwidth is 0.44 rad/sec, which
is conliacrably f“' than the required 0.80 in the Fig. 27 requirement,

It is not surprising that the alvcraft {s difflcult to land. .An appropriate fix
vould be to lower the gain on the parallel integrator so that 1/Tqg = 1/Tg . This would
provide a Conventional-Airplane Response-Type. However, the necessary lanividth asy not
be achievable with this reduced integrator gain, necessitating additional feedbacks
(such as normal acceleration or angle-of-attack). 1In fact, the operational version of
the aircraft does have angle-of-attack feedback, but the integrator gain remains
unchanged!

Suppose, for the moment, we do not recognize the fact that this SCAS results in &
non~Conventionsl-Airplane Response-Type, and apply the LOES criterion from the Mil-Prime
Standard (albeit incorrectly according to the underlying first principles). The result-
ing wmatch is shown in PFig. 32, and is seen to be less than impressive. Howeéver, the
eriterion still 1is able to correctly predict an excessively sluggish response (see
Fig. 29), and axhibits excessive equivalent time delay. This result is not uncommon,
and while it is fortuitous in many ways, the undesirable effect is to instill the
concept that LOES works in general., Habitual application of the LOES criterion without
regard to Response-Type will probably work in most RCAH cases, bhut is asking for
trouble, because it is fundamentally imcorrect. In terms of control systea design, the
LOES provides 1ittle guidance to {indicate that the integrator gain is adversely
affecting the flight path response.
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A SECOND LOOK AT MIL PRYME FLYYNG QUALITIES FFQUIREMENTS

Robert J. Woodcock
Principal Scientist, Control Dynamice Bramnch
Afr Force Wright Aeronautical Laboratories
Wright-Patterson AFB OH 45433-6553, USA

SUMMARY

This presentation addrerses current and projected applicaticoes of flying
qualities criterfa, rather than their research ard development. We wil) discuss the
current state of the art, its deficiencies, and needs for further work.

The raticrale for the new US Militarr Standard and Handbook on flving qualitiesn
is briefly discussed. With advanced vehicles, the scope of flying qualities is
expanding, opening new areas to investigate and creating new problems,

With relaxed static stabilitv now commonly used, conterol margin 18 a prime safety
consideration: control must be available for mtabilization, maneuvering and recovery
from any possible attitude, as well as for trim.

Flying qualities aspects of egility include the need for nonlinear flving
qualities metrics, and control systems that provide both rapid mareuvering and good
damping for tight tracking. For all-aspect engagement, the pilot needs to be
thoroughly integrated with displays, automatic flight control modes and other systems.

Por dvnamic longitudinal flving qualities, MIL-STD-1797 presents the Control
Anticipatfon Parameter (CAP) of an equivalent classical system ae a primary criterion,
but gives several alternativee in recognition of problems, and research continues.

INTRODUCTION

The US military flving qualities requirements are in a new document, Military

Standard 1797 (USAF)I, which at this writing i{s in the procees of coordination among
the US Afr Force, Army and Navv., For Air Force use, the original 1issue is dated

2
31 March 1987, replacing MIL-F-8785C". 7Tts most striking feature {s its rize: the
standard and a voluminous handbook are published as one 700-page volume, A two-volume

draft3 prepared by Svetems Technology, Tnc (STI) under contract was extensively
modiffed prior to publication, with fnput from many scurces in the US and Furope. At
present, distribution is limited to the Department of Defense ard {ts contractore
only, becsuse the handbook's "lersons learned” include some characteristics of our
newetr combat afrcrafr. By the time of these lectures, we plan to have a "ganitized"
vergion available for general distribution.

By itself, the standard is not of much use until its mery blanks are filled fn.
The handbook gives guidance on blank~filling and on applicaticn of the requirements.
This concept has allowed us to supgest alternatives for cases in which there may be
doubt about the right criteria for a particular application. Ve have kept the same
framevork (afrcraft classes, flight-phase categories, flight envelopes, aircraft
states, and flying qualities levels) -- and many of the same requirements, but
rearranged by axis, s8ix of them, plus gemeral and combined-axes flving qualities. We
have incorporated many of the advances wmade through research and operational
experience in the years since publication of the predecesscr speciffcation MIL-F-2785C
in 1980.

While we have changed the requirements from those of MIL-F-8785C in many details,
generally we have kept the concept of specifying characteristics of aircraft response
to open=-loop pilot inputs., Ry law, we cannot specify such parameters as tafil sfize or
stability derivatives: these are the province of the designer. Vhat we are really
interested ifn, of course, is not exactly any of those characteristics but, rather,
task performance of the pilet and vehicle in concert, plus pilot workload. These are

the two recognized components of flying qua]iti:!b. Pilots, being adaptable, can
maintain good task performance for a wide renge of vehicle characteristics at the
expense of increased effort and concentration on flying.

Unfortunately, performance and worklosd egre not yet measurable preciselv ercugh
for dfrect specification of tandling qualities, With limited time and funde, flight
testing emphasizes operationally-oriented maneuvers, Capitalizr'ng on this, the Afir

Force Flight Test Center's Fandling Qualities During Tracking (HQDT)S has proved
exceptionally useful in uncovering hand!ing d4fficulties. System identification
techniquee allow determination of many specification parameters, and stability
derivativer too, from the HQDT data. Run-to-run variation and the lack of adequate
wvorkload messures, however, render performance in these mancuvers unsuitable for
design specification., Still, we reed more standardized maneuvers and performarce
criterfa, related to operational tasks, to guide simulator and flight-test
evaluations,
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As other speskers have alluded, pilot modeling can furnish valuable finsights. e
can foresee the day when the specification may be an analytical pilot model with
adaptation rules and a workload or excess-capacity measure. Acceptance of that form
of specification, however, has been slov in coming. We therefore continue to rely on
correlations of pilot ratings snd comments with aircraft characteristics, guided by
pilot-vehicle analysis, supplemented by experience im aircraft development and
operation.

For the most part, the Mil Standard also continues to state criteris in terme of
clasrical responses: static rpeed and sideslip stability, short-period and dutch-roll
frequency and damping, etc. It does not answer the gquestion of how to obtain these
characteristics, that being the job of the designer. The data base is almost ertirely
for piloted control in conventional manevvers. We have only begun to conasider the
altered respenses of highly augmented aircraft (although equivalent classical rerponse
parameters can often be found), and ve have vet to address criteris for combined
piloted and automated flight. These considerations, which are upon us, are some of
the most urgent challenges for further research,

Analysis and simulation are even more important to the formulation cf criteris
for sdvanced aircraft, which not only will incorporate a high degree of stability and
control augmentation to compensate for relaxed static stability in pitch and possibly
vaw, but also will need:

* Increased agility, includicg air-combat maneuvering near and bevond stall

* Adrcraft reeponse tajlored to particular tasks

* Greater reliance on displays for rapid, precise maneuvering

* Automated and semi-asutomated modes integrating propulefon, fire contrel,
short-term guidance, etc modes with flight control

* Artificial intellipence to aid and advise the pilot

*

Automatic restructuring and self-repair to make the best possible use of
remaining system components after failure or damage

for much more demanding wmissions in a very complex environment, taxing pilot workload
to maintein situation awvareness.

One problem we have noted in application of the flying qualities requirements to
aircraft design arises from the frcreased sophistication of flight control system
design. While we have stated the criteria in terms felt to be meaningful to pilots
and airframe designers, many flight control system desipners have not found them go.
One factor is experfence that stability and control sugmentation has at times
resulted in nonclassical aircraft response. Thus a feeling arose that the
requirements just weren't applicable to the case at hand. Also, despite our early
efforts, flight control designers fourd it difficult to incorporate the flying
qualities criteria into optimfzation techniques, and so used other criteria fnstead.
Several resulting poor designs had to be modffied, at considerable cost, after fnitfal
flight testing.

Our next response, in order to make the most of the existing data base, was to
apply the requirements to an equivalent claesical sircraft, matching the two responses

ag vell as possible over the frequency or time range of principa)l Jnteresto' 2. Ve
found the equivalent eystem approach to work remarkably well, but stil]l not
universally. We will discuss some later research results and new criterfa. A current
project ia to develop viable multivariable, computer-aided flight contrel design
techniques which adequately account for flying ocualities. 1Increasingly, we feel the
urgency of good interdisciplinary teamwork.

CONTROL MARGIN

Instability has bteen a perennial problem for manned flight., Since the need to
balance etability against controllability is stil) verv much with us, some background
seems in order. The Wright brothers purposely made their early airplanes unstable so
that thev could be maneuvered, rather than concentrating cn a high degree of
stability, ae was the practice of their predecessors (except Lilienthal) and

contenpotaries7. This made manned, fully controlled flight possible -- but fust
barely: not until the instability was drastically reduced or eliminated could the
Wrighte make their Flyers refrain from bobbing around continuvally as the pilot

concentrated on maintaining control. loot. recounts that in 1904, "when €1fty pounds
of iron was fastened to 1ts nose, 1t came down teo a tolersbly etraight line and
carrfed its burden with ease"; and Lieutenant (Jater Ceneral) Foulois, the first

nilitary airplane pilor, found9 that:

01d Number One..., with fts two elevators out in front, waes about
as stabhle as a bucking bronco... When one of the elevators up
front was moved arnund to the back, stabfility fmproved somewhat,
but not enovgh. I later found that by using just one elevator,
the rear one, I had a platform that worked very well. I could

let go of the levers and make notes ard sketches. It got to be en
airplane that could be used for real wrilitary reconnaissance.

l“

¥
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Nevertheless, as recounted in many sources, for example Reference 10, instabilicies
remained common in fighter aircraft of World War I.

With such instability, just hanging on, keeping the airplane under control, could

be a challenge. But a British investigation in 1919 1 of a serfes of sccidents found
another potentiasl for disaster. A smark of static stability is that che contrel to
stabilize at a nev equilibrius point is in the same direction as the contral to
initiste the change; but for the unstable case, a control reversal is required.
Contrel to recover an unstable vehicle, then, is in the same direction as control to
trim. Figure ! shovs this concept applied im an tnvestigation i{nto the loss of 13
“'A' asroplanes.” In a half-looping recovery from inverted flight, fumsufficient
nose-up elevator control deflection was left to pull out. While the maneuver cited
was a poorly executed loop, there are many wvays to get into such a fix.

Nov, es then, the quest for performance and maneuverability drives designers to
mirinize stability, even to build in s degree of tinstability. These days, such
handling defects can be corrected by resporee feedback, so that the pflot sees nothing
amise -- unless his controls saturate or feil. Back Ir 1913, Orville Wright won the
Collier Trophy for his demonstration of an angle-of-attack feedback fn pitch and a
pendulum for roll, pneumaticslly driving the control! surfaces for stabilization.

-
Modern use of stability augmentation datee from the Northrop B-49 yaw d--parl“. and
har grown into "-uporaug-ent-ticn"la. We shall discuss several hazards of
over-reliance onr the flight control system to compensate for deficiencies of the basic
airframe.

Ever since the appearance of swept and low-aspect-ratio wings, pitch-up hae been
a deaign problem. This pitch instability near stall is related to entrance of an aft
tailplane into the core of the wing's downwash field as angle of attack increases;
wing sweep, low aspect ratio, vortices trailing from side-mounted engine inlets, wing

leading-edge extensions, etc can have maior effcct-!" 15. A later co-pendlull6
recounts more recent experience with pitch and yaw departures. In order to prevent
loss of control, one early fix (on the ¥-104 and F-101, for example) was a stick
pusher which (paradoxically, and to pillots' displeasure) at a predetermined
combination of angle of attack and pitch rate, momentarily took control away from the
pilot so as to push the nose down,

While most airplanes have a rtable stall break, two examples (among others) show
that this static stsbility, post-stall, can ftself be a problem when combined with a
regior of instability at lower angle of attack., Another stable equilibrium point {s
created, as shown in Figure 2, possibly with re nose-down control moment available to
recover. The common decrease 1n stabilizer effectiveness at these extreme angles
compounds the difffculty. Both the RAC 1-11 transport and the P-16 fighter have
exhibired a capability to pitech up fnto a locked-in deep stall, with equilibrium at
full nose~down atabilizer; no nose-down wmoment is available to recover. The F-16"s
stability augmentation applies the full nose-down cosmand, so the pilot hae been given
a special ewitch to negate it mo that he can try to rock out of this trap.

Ordinarily, the F-16"'s stall/g-limiter prevents reaching this state, and
maneuvering 1s "carefree.” Generslly, however, a limiter can be defeated -- by
tricking it in some way, say by losing airepeed fn o vertical climb. Also, by ite
nature, a2 limiter restricts masneuvering capability. For all maneuvers, control
deflectfion and rate margine must be sufficient for:

* Stabi)ization to the specified flying qualities level

* Limiting aircraft response to sensor and system noise and a epecified
{nteneity of atwospherfc diaturbances

* Pecovery from stall, and from any possfble attitude or gvration.

Table I, based on material in Feference 17, lists snimple approximations for some
of the control margins necessary to avoid saturation. Figure 3 1lJustrates the
control action for stability augmentation.

Our military ergineering organizations insist that these sofety-related control
margins be provided through serodynamic control power. Fxperience to date with
current-technology inJetes and engines operating at the distortion levels typical of
high angle of sttsck at Jow speed dictates caution. Consfdersble uncertatnty exists
about reliability and dependability of thrust for use to stabilize and control the
vehicle. Throttle usage is also a factor: idle thrust may be used to decelerate
rapidly.

For a fighter especially, er effective limiter may severely restrict maneuver
capability at engles of attack approaching the limit. Fven 1f control limiting is
avoided, s typical restriction is a slowing of the pitch response to avoild
oversheooting the limit. An additional increment of nose-down control margin must be
aveilable to ccunter the pitching moment from nonlinear inertfa] coupling in roll: ae
a firat cut,
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for a roll rate p sbout the velocity vector, wvith o measured to the principal x aris.
In yaw, stabilization wvhile rolling must counter not only the inertial yawing woment,
but also the dutch roll and any “"sileron ysw." The several nonlinear fnertial termes
in the equations of wmotion make a detailed anslysis necessary to destermine the motion
with any great sccuracy; genmerally, nose~dovn pitehing accentuates this divergent
tendency while rolling. Por the F-16, which subsonically, unaugmented, is unstable in
pitch, the roll ané vav capability st high srgle of attack is severely restricted in
order to preclude & pitching divergence.

Although we have seen hov saturation of control effectors can lead to loss of
control, dynamic deflection or rate saturation does rot necesssrily mean departure
from controlled flight. Swmall amounts of command or stabilization saturation are

17, 18

comparable, in s describing-function sense (Pigure 4), to a reductior {n gain.

fuch behavior will cause flying qualities to detertiorate for large input-lg. but up to
a point will not reduce the response 2ll the way to an fnstability. Deflection
saturation will reduce the low-frequency stability level and the {nitial response to
abrupt commands, while rate saturation will slow the fni{tial response and decrease the
high-frequency stability level (Figure 5). For a basically unstable atrframe or a
aystem deficient in phase or gain msrgin, a sufficiently large or raptd
control-surface coumand cavses a diverpence. For a smaller awount of saturation than
that which reduces stability to neutral, pilot opinion will degrade; moreover, the
variation in responese characteristics with smplitude moey itself be objectionable.

The instability boundarv can be expressed in teres of (a) the steady-statre
response to limit deflection or rate #2nd (b) the bare airfreme's response ratios for

the stable -odel7' 20. Figure 6 {llustratee such boundaries for the two-degree-of-
freedom short-period motion of an afrcraft having onme unrtable root., From the
equilibriur point, with controls saturated the motion in the stable mode proceeds
along the etable separatrix. For combinations of varfebles beyond this boundarv
(which dependes only on the unaugmented characteristics, regardless of eugmentaticon)
the aircraft cannot be controlled and will diverge. For this simple case, full
control deflection gives the equilfbrium, or saddle, point:

Aa -0 M
ss o §
e = -Fcil - ZGHGIHGZG)M/(Hq - vo"u/7ﬂ)

1 - ZGHqIUoHA)A6/<Zu"q - vo"a’

and the slope of the stable separatrix is given by:
(aq/2a) = M /(2 /0 + 1/1y)

wvhere q is pitch rate, Ac is srgle of attack change frow strafght flight, 46 is the
incremental contrel surface deflection, F‘ and Z1 are dimensional srgular end linear

acceleration derivatives, "eub a" represents the rubsidence mode and T, is tte

(negative) time constant of the divergent wmode. 4

While detsiled analysis of such nonlinear behavior 18 best done in the tive
dowain, this simple concept seems helpful in understandirg the problem. Considering
the relationship between step and ramp comwrands, for the correspording boyndarjes for
rate-paturation stability =lone, merely substitrute & for a, § for q, and & for &. The
rlope q/é6 is the same as Aa/Aa.

Experience to date has been mostly with the pitch axir: but 1f the need should
arfee in the yav axirc, similar constideratiors applv to an instabilitv there.

Direct feedback of angle of attack, of course, will] stabilize an afrcraft with
relaxed static stability. Mere commonly, however, pitch rate end normsl ascceleration
are fed back. Since these sipnals cannot completely stabilize attfitude, an interrator
path {r added to null the error efignal in the long term. This mechanization gives
rate-command, attitude-hold control. Fven for statically stahble baric airframes, we
find that proportional plus integral control of there varfables is often incorporated
in order to maintain trim automaticallv., 1In normal operation, control is almoret
conventicnal (except for the need to push the nose down for landing). But once the
control surfece saturates, the continued buildup of the errer signal can prevent
recovery. Figure 7, from Reference 17, iJlusntrates the effect such a runaway
integrator can have in a checked pullup, and a solution: to cut out the {ntegrator
whenever the control surface saturates. ’

Near stall, too, the neutral stability chtained with an integrator can be of
concern. For added stall protection, the F-16 introduces angle-of-attack feedback at
angles of attack above that for spproach.

To summarize, flight safety of an unstable airfrewe requires encugh aercdynamic
control power to trim aerndynamic and thrust forces at all possible flight conditfions
#nd thrust settings, with margins of contro! authority and rate sufficient for:
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*+ maneuvering (Command limiters cam pgusard against Joss of cortrol, at the
expense of decreased maneuverahility and agilicy, If the tnscability is
not too severe)

* stabilizactior of the response to commends and disturbances; high damping
reduces the cortrol budget for stabilizacrion, but overdawped responses
are slover

% recovery, for example from a stable equili{brium point in a deep stall, or
sudden fatlures including loss of an engive, or upsets or unusual
attitudes.

Hultiple control surfaces and various disturbances must be teken into accounmt
vhen determining these margins. Maneuvering flaps, loed alleviation, store drop or
gun firing, ard direct side-force control modes are some possibilitier.

The size of the design gust determines the degree of risk reducrion; a
sufficiently large disturbance can sti1l] cause an unetable afrframe to diverge. A
wake vorterx encounter, not uncoswon in air cowbat (trainimrg or actual) and possible
eleevhere, can be very violent; the corly recourse may be to asrure aircraft integrity
and the ebility to recover, It 1g rot clear just what combfnations of aggressive
maneuvering anrd disturbances are reasonable to consider.

Some margin is also needed for design uncertainties and growth (in weight,
center~of-gravity range, additional stores, etc). Several of our current fighter
aircraft experienced less than predicted serodyramic stehility hecause of
discrepanciee betwesen wind tunnel Aand flight (F-111, F-16), or overestimated fuselape
atiffness (F-15). Reference 17 is of use for early design tradeoffs; but for more
detailed denign, the adequacy of limited control authority and rate need to be
assessed through piloted simulation.

AGILITY

With beyond-visual-range missiles, air combat tactics are charging. All-aspect
and off-boresight shots, and defensive and re-attack capebilities demand more than
high speed for 2 head-on, "slashing”™ attack. Quick pointing, repid scceleration anéd
deceleration, and good turr cspability -- for both sustained turns at high apeed and
steady turns* with altitude or speed loss -- are needed. Simulations have shown thst
high roll performance while loaded, and also beyond stall, can sfipgnificantly fmprove
combat effectiveness. Some umes of agflity and desfgn considerations are listed on
Table 11, from current Northrop work for us.

We are trying to develop new metrics to quantify the requirements, ard the Afr
Ferce Flight Test Center has an Agility Flight Test Committee investigeting methods to
test for agility. Some of the metrics bear on "performance,” but handling qualities
implications are also apparent. Also obvious are some ccnflicting design requirements
and sowe costs In veight, cowplexitv, ergine size, etc. The natural (though
unreasonable) desire 3s to have, without penslty, the most of "all of the above"
capsbilities. While sustained turn capability continues to be importart, wve see a
growving realization of the sgignificance of steady and instantaneocus capebility in air
combat.

"GLOC" (loss of consciousness with rapid onset of normal acceleration) snd pilot
disorientaticn in violent waneuvers have become new flying qualities concerns. Pilots

apprecfate the AFTI-F-16's automatic dive recoveryZI. but further {mprovements seem
possibdle.

The present quantitative requirements generally assume a linear system of
equatiors of motion. Through several approeches we are examining large-scsale
maneuvers which inherently involve nenlinear inertial, kinematic and aerodynamic
terms. ¥rom erxpressions occurring $n these analyses, we hope to develop meaningful
nonlinear flying qualities parameters. Herdman at Virginia Polytechnic Iastitute has
applied Volterra seriees to a |mll-n|>?2 ard wing rock. At Honeywell, a dvneamic
inversion t'chniqu023 has analvzed the controlled and uncontrolled variables in a2 roll
reversal, a barrel roll and a diving turn te suggest flying qualities metrice., STI
has classified pertinent flring qualities issues as: afrcraft-centered; tactical, task

and maneuver~centered; sré pilot-centered perceptual or controlz‘. They applied

differential geometry to deacribe a helix ard a high-speed vyo-yo maneuver, and have
euggested Riccat!{ equation theory as a wav to enalyze "escape” phenowena with
even-function nonlineerities. At Eldetics, Skow is attempting to correlate a "roll
agilfity parsmeter” with increases in mission effectiveness. A’]1 of these techniques
shov promise of providing some suitable metrics, but the work has been of a
preliminary nature.

#Some confusion in terminology hes been encountered. HWHere, "sustained” turn
capebility 19 thrust~-limited in level flight, "steady” refers to maximum steady Jife
or limit load factor, and "instantaneous” includes dynamic overshoot.
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For ground attack, survivability improves as the time of atraight flight before
bomd release is shortened. The APTI-P-16 bhas demonstrated good effectiveness with an

Automated Maneuvering Attack System (AHAS)ZS. relessing the store while maneuvering.
With the predictive display provided, bdboth manual and automatic deliveries, and pilot
corrections during automatic deliveriee, vere possible. The automatic mode left the
pilot more time for other tasks such as waking small corrections, looking for threats
and controlling airspeed. Similarly, high-angle-off air-to-air gunrery can be made an
effective tactic through pilot aids and a degree of autoration.

Ay early draft of NIL-F-8785D specified accelerstion/deceleration capability,
using speed brakes and engine response. Ve dropped all but a cualitative requiremernt
because (a) date were insufficient to validate any numbers and (b) we felt we had mno

control over the engine manufacturvers. Experience with different engines in the r-b26

shoved s marked deterioration fn handling with a slower-responding engine. Since
then, we seem to have gotten through to engire manufacturers, and designs are becaoming
more integrated; but atill we have neither a quantitative requirement nor a sufficient
data base. The in-flight thrust reversing being considered for advenced fighters'
rapid deceleration adds significant weight, which demands more thrust and a larger
ving for the mame sustsined turn capability.

Provision of adequate roll control has alvays been a design problem. It has been
difficult enough just to get people to think in terms of dvnamic roll performance,
time to bank rather than steady roll rate or pb/2V., Although the need 1s to bank and
atop, that demonstration maneuver is very hard to do precisely; so our criterior calls
for rolling through the angle. Since we have had exsmples of roll dampers mechanized
to change the roll time constant wvhen the stick 1is deflected, perhaps we should
reexamine that form. We have also observed that overly sensitive contreol or a very

short time constant can cause "roll ratcheting”™ with the pilot in the loop27. In the
devealopment of MIL-F-8785R, analytical studies shoved no particular benefit of rolling
through as much as 90 or 100 degrees in one second. FExperienced fighter pilote,
however, insisted on keeping such a requirement. In MIL-F-8785C, and continuing in
MIL-STD-1797, we have reemphasized loaded rollas (at higher normal load facters) as
vell as l-g rolls,

Sisulator studies have shown a decided air-combat benefit of good rell capability
st high angles of attack, Such roll performance is hard to achieve, hovever. Fven at
low angles of attack, good fighter roll capability calls for large control surfaces
and extra wing structural weight, Roll performance naturally tends to fall off at low
speed (the roll-mode time constant varies inversely with speed, while pb/2V is
invariant). At high angle of attack, moreover, roll controls tend te produce
significant yaving moments; either adverse or favorable yaw can be troublesome. A
greater challenge g to find & way to avoid pitch and yaw departures due to inertial
roll coupliag without serfouslv restricting rnll performance, At even hfpher angles
of attack, beyond stall, rolling adbout the velcocity vector requires more yawing than
rolling from body~axis-oriented control effectors; and less effect{ve serodynamic
controls musat be supplemented with thrust vectoring or other reaction controls,

Presently, no particular rell axis is specified, The best axis will depend on
the task, and possfibly on the configuration as well, Most generallv, a desire to
miniwize sideslip would place the roll axis along the flight path. For gunnery,
however, a roll axis sbove the reticle causes an inftial reverse movement of the
reticle wher rolling onto a target; in that case, rolling abcut the sight axis or the
gun line seems best., Roll-control ard roll-rate inputs to the rudder can adjust the
roll-axis orfentation*. At high angles of attack, a pilot located above a flight-path
roll axis will get large lateral acceleratfon in abrupt rolling maneuvers; and during
a Ttoll, he will see the nose slew with respect to an outside reference. Of courme, if
direct side-force control is avaflable, tte roll axis can be moved up to the cockpit,
still parallel to the flight path. An overriding consideration may be to orfent the
roll axis to minimize inertial coupling, making more rapid rolls fessible without
losing control, Thie too could induce design penaltiea for larger, more effective
directional control surfaces.

The dutch roll requirements are fairly adequate for general flying, but.have beern
found deficient for aggressive, precise maneuvering as in target acquisition. Higher
dampfag (around 0.7 critical) than required helps fine tracking, but it alsc slows the
response during rapid maneuvering. For the A-10, » derived sideslip-rate feedback now
allows both good damping and rapid response for rapid, highly predictable alignment in
weapon delivery. The experimental DRIGITAC A-7D incorporates this and a nonlinear yaw
damper, Pilots also have appreciated nonlinear pitch damping on RAE's experimente]
funter and our AFTI-F-16 for agflity plus good damping for fine tracking. Thesre
aircraft, hovever, hefng point desfgna, have not furnished sufficient data to write a
general requirement, With quick, accurate response to large-amplitude commands plus
inherently excellent fine tracking capability, integration of flight and fire-control
systess is eased, or the need for sutomation reduced.

*A caution: with pa fed to the rudder to induce roll about the stebility axis,
one fighter experienced auto-rolls when inverted.
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MIL-8ID~-1797 makes provision for direct force comtrol, but criteria are minimsl.
In APTI-P-16 experience, practicsl amounts of heave control gave only a emell
improvement in capebility (slthough sutomation of fire control modes, such as
poist-and-shoot, might prove more fruitful). The major benefits wvere in ride
qualities and 1in quickening the mormal-scceleration response to pitch control.,
Laterally, direct forcea control was found useful fa a vinge-level turn mode for saking
corrections during tracking. Wob's bandvidth criterion vas first derived for such
spplications, in which & wore-or-1 universally spplicable criterion s needed for a
broad range of yet-poorly-defined uses. Tm practice, the utility of direct force
controls must be balanced against their added drag, weight and complexity,

LORGITUDINAL DYBAMICS

No doubt, in the last fev vears more research effort has heen spent omn
longitudinal dynamice than on any other aspect of flying qualitfies. A nuwber of
researchers have proposed criterias which appear to have merit, but to date we have not
been able to settle on one set in which we have enough confidence to apply
univerzally.

Por the short-term response MIL-STD-1797 keeps Bihrle'’s Control Anticipation

28

Parameter {CAP"", the ratio of initisl] pitching scceleration to steady normal

acceleration, or alternatively n:’I(nlc)] slong with damping and sensitivity, and s

limit or the equivalent time ¢elay (the lover-frequency effects of added dynswics,
delays from digitsl] computation, etc). Phugotid damping snd dy/dV, a measure of
"back-sidedness,” continue to epecify the long-term response.

Excessive time delay is & commwon casuse of pilot-induced oscillations. Because &
pilot senses stick or column deflection as well se force, he seems able to discount

any part of the respense delay caused by the feel uyltcnzg; the regquirement takes that
inte sccount. Also, preliminary tracking studies show pilotes more tolerert of delays
in the d1splay than in afrcraft response. Conservatively, the time delay f¢
restricted to values which do not appreciably affect pilots’' retings for fighter
aivrcraft. Phase lag over » task-related bandwidth might be a better criterion:
allowable delay also varies with control sensitivity.

These rarameters correlate fairly well the data base for afrcraft that respond In
the cla cal marnrer. Specifying an equivalent classical systew with time delay, many
heavily-augmented aircraft correlate fairly well too. The sctual response is matched
over the range of effective pilot inputs, roughly 0.] to 10 rad/sec, or for the firse
few seconds In the time domain. The sterdard’s handbook gives several alternative
requirements to handle cases that do not fit well,

An slternative interpretstion of CAP applies purely to the pitching response:
n/a is approximately (V/.)-(l/Te7) (l/'l‘ez is the higher-frequency zero of the

pitch-response-to-pitch-command tranefer function). If the l/Tez from matching the

pitch response varier rignificantly from the value obtained by simultaneously matching
pitching and normal sccelaration, data indicate that flying qualitieer are suspect.

Gib-on’o' ! hae developed another frequency-response criterion, with bounds which
stress ample atteruation and slovw drop-off of pitch-attitude phase response at -180
deg phase, and avcidance of hoth sluggishness and bobble tendency im pitch, Fe
emphasizes time-response criteria, however. Ha requires positive dropback (Figure 8),
dut limitn its magnitude ard dursation for fine tracking; and he bounds normal-
acceleration lay and overshoot in responre to step comwands.

In ground-dased simulator evalustions, McDonnell'e firat flight contro! mystenm
deeign for the STOL/Maneuvering Technology Demonetrator F-15, to MIL-F-8785C criterin,
was good in general maneuvering, but downrated for fine tracking: a pitch bebble

tendency was notnd’l. They found thst Gibson's dropbeck criterion seemed to expleain

the pilots’ comments. A redesign, substituting # larger pftch-numerator inverse
time-conetant (by adding a lag-lead filter), met the dropback criterion. Subsequent
sinulator evaluatfons shoved "vastly improved” tracking, wvith a quite tolerable amount
of "g-creep” in the normal-acceleration response,

Some useful short-term criteris involve only the pitch response. One of these is
u.'fezz log n" - log l/‘l‘ez is the (logarithwic) length of the separation between
l/'l'02 and -.’ (Pigure 9); aleo, °-p192 ie a measure of the pitch-rate overshoot to a
step input, or the lag of normal acceleration dehird pitch rate., Data that correlate
with CAP generally ceorrelate with ..ptez as well,

Poh has proponodg' ! a task-dependent afrcraft bandwidth with good phase and gatin
nargine ao & foirly generally applicadle criterion for dynsmic flying qualfties. A
pilot should not have to work hard to achieve the needed pilot-vehicle bandwidth; and
he may object to s very abrupt rerponse. PFor pitch attitude response (Figure 9), he
bounde & tegion of bdandwidth end an approrimate time delay measured from the frequency
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response. While the concept is fnviting, in some aveas this criterion and CAP are
mutuslly exclusive. Nevertheless, for high-order systems the bandwidth criterion te
easily spplied and vorth checking,

Chalk's recommendations for supersomic-cruise aircraft pitch-rate t.l’onlt’z are
in the time domain. For the response to a step command, he bounds the transfent peak
ratio, rise time snd effective delay. These sre essentifally a trasnslation o’
Reference 2's frequencv-domatn criteria into the time domain. While the requirements
can be applied directly to many higher-order rystems, large departure from a
sscond-order response can still cause difficulty in interpretstion.

The Nesl-Smith criteria have found considerable use. As modified by Callp|n37.
using a pilot model of given form and a 0.25-sec time delay, but wich its other
parameters free, the closed-loop pilot-vehicle nystem must achieve a task~dependent
bandvwidth (here the frequency for 90 deg phase lag, closed-loop) with no more than 3dB
resovence for Level 1 and 3dB of droop at lower frequencfes. These criteris appear in
Figure 10. Chalk indicates that additional considerations, not speci{fied, are the
avoidance of a need for large pilot lead and the retention of stabf)ity with
reasonable varifatione from optimum pilot paraveters.

While extensive augmentation often dees not prevent a good match in the short
term, adding proportional-plus-integral compensation in the forward loop, for example,
will alter the lower-frequency response. Such compensation is cowmonly used to
stabilize an inherently urstable basic sirframe. The phugoid motion can be
effectively suppressed, but the steady-state response may not be like that of 2 simple
sirplane. With pitcherate feedback, unless the integrator lead zero is close to
I/Tez. the flight path will not follow pitch attftude in the normal manner, which {s s

sinple first-order lag. (For a step command, a, which 18 6 - y, will not settle at »
nev constant value but instead will ramp off). See Figure 11. Also, the aircraft
will hold attitude rather than angle of attack, so that the pilot may have to push to
Tower the nose after flarfng to land., With the resulting reutral speed stability,
angle of attack 18 sometimes fed back {n order to furniseh stall protection -- at least
near stall angles.

Othervise, neutral speed stability is desirable in mary applications: it
prevents large trim changes with speed. Likewise, pilots appreciate such sdded
features as pitch compensation in turns »t up to moderate bank angles. As yet, these
helps sre not covered by our flying qualities requirements.

The options cited for short-term resporse are included in the handbook.
Additional longitudinal response criteria for approach and landing have been proposed
recently.

Cllapanja has formulated anm empirical pilot rating function on the basis of
evaluatiens in the TIFS variable-stability airplane. Based on a step pilot input, the
predicted rating 1s a function of (1) angle-of-attack response rawping, (2) a-response
time, (3) the pilot's normal-acceleration cue from pitching acceleration (for a
cockpit not st the instantsneous center of rotation), (4) control sensitivity end (5)
effective time delay.

For carrier landings, leffley" compares the time lags in airspeed and glideslope
("ersentially Tal and 167" resp) to the time available following rollout onto final

approach (normslly about 15 or 20 smec rr 2/4 nautical mile)., His analysis assumes
pilot closure of an inner pitch loop, then use of pitch attitude and thruat to control
airspeed and glideslope. In ground-based sisulations, pilot ratings correlated with
glideslope ‘lag and sirspeed lag, or with a safngle "excess time ratic.”

1
After fnventigating various pilot loop closures in lunding’s. researchers st NASA
Ames-Dryden found an open-loop metric giving excellent correlatfon with several dats

..t.36. For a step command removed after five seconds (emalogous to s flare), pilot
rating deterforates with increasing peak overshoot of flightpath angle,

Pitech control of the space rhuttle orbiter has received much attention. After
initially norting a pilot-induced oscillation tendency, extensive, continual training
has resulted in very good landing performence (smooth landings with small dispersion,
moatly on long runways, 1in smooth afr). Contributing to the d4fficulty are a rather
large time delay, the pilot location behind the instantaneocus center of rotation, and
added norsal-scceleration lag from reducing the pitch-rate overshoot. In fn-flight

(TIPS) and moving ground-based (NASA Ames VNS) evaluntlonc37. the traived shuttle
crbiter pilots, however, actually preferred their nominal system to modified systems
with more overshoot. The other participating pilots found only the modified dynamics
instinctive ard natwral to fly.

"One {nterpretation of the astronauts’' technique 1s they have learned to
covpensate for the lack of Initial cockpit cues by performing the landing task
primerily using the visunal cues of pitch attitude and attitude rate... The attitude
can then be used to provide consideradle lead in determining the eteady-state
flight-path,” whereas for the other pilots, "direct observation of flfghtpath (or eink
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rate) derived from visual as well ss kinematic cues appeared to be the primary control
varisble.”

CONCLUDING REMARKS

Tdeally, flying qualities research develops criteria through a successfon of
pilot-vehicle analysis snd incressingly detailed evsluastions by pilots in ground-based
snd in-flight simulstors, ultimately checked by flight test. To date, almost all
suceessful criteria have been stated in terms of parameters of the augmented atrcrafe.
While the analytical spproach hss on occasion been quite helpful as a design tool, fts
scceptsnce for specification use does not yet appear imsminent. We do encourage fts
further development and use for early design snalyeis of suitability, and as a
developwent and trouble-shooting tool.

Neither 1s flying qualities specification in terms of task performance
(probabilsty of kill, touchdown dispersion, etc) suitadble, for two reasons.
Quantificstion of pilot workload in mission-related terms is elusive, and such
messures increasingly involve meny factors unrelated to flying qualities as more
differert subsystems become involved.

Generally, we therefore continue the traditional spproach of specifying
characteristics of the (augmented) aircrafe iteself. Oversall suitability for design
missions 48 evaluated in detailed sinulations and emphasized in the flight test
progras.

A nusber of flight control systes designers have been reluctsnt to use the
HIL-F~-8785 flying qualities requirements to determine avstes behavior, feeling that
they do not apply. MIL-STD-1797 sttempte to show where and how its requirements do
apply, and ve are pursuing development of design helps. We thus hope to avoid some of
the pitfalls that have been encounterved.

With increasingly complex aircraft, faflures thet affect flying qualities at all
are liadble to cause degradations in several qualities. Our data base, on the other
hand, generally considers one degration at a time. Current research at STI seeks to
determine general procedures for handling multiple degradations. Considering
multi~axis tasks, both sn optimal control model snd e product rule for predicting
pilet rating of two or more failures show promise. Sorme results using the optimal
control model are given in Reference 38. For substitution of avaflable slternate
control effectors in the event of a failure, more needs to be known about tolerance to
unusual cross-axis coupling.

Hypervelocity flight f{ntroduces nev demands for accurate control of attitude and
flight path ir order to bound aerodynsmic heating, navigation errors and, possibly,
engine paremeters. The pilot'c role 18 as yet poorly defined for "aerocspaceplane”
miesions, but from experience the pilot likely will have at least a monitoring and
backup function in all flight phases.

To overcome the remafning shortcomings and gaps in the MIL-STD-1797 requirewents,
simulation will continue to be an indispensable design aid. For many tasks,
ground-based simulation 1s adequate. 1Its principal shortcomings resain the missing,
minimal or epurious motion cues, which can give mislesding resulte for some tesks, and
inadequate resclution and often restricted field of view for flight close to the
around. Visual and motion time delays ir the simulator can be meessured; they may or
may not be tolerable. Direct comparison of In-flight (TIFS) and limited-motion

ground-based (NASA Langley VMS) -i-ul-tlon39 confirms that (1) generally, good
correlation exists, (2) ground-based simulation may not show pilot-induced oscillation
tendencies observed in flighe, and (3) touchdown eink rate fs about 3.5 ft/sec grester
on the ground-dased simulator.

nti]l now, we have tried to write requirements which, wvhile assuring good flying
qualities, do not overly burden the design to achieve an optiwum. With a datas bsee
that until recently consisted entirely of the classical response of unsugmented
aircraft, we have wanted to minimize the cost (funds, wveight, drap, comwplexity, design
effort) of epecification complisnce. These costs are becomirg even more sipnificant,
but s comdination of wore demandivg operatiora) needs and enhanced flight control
capability drives us to seek greater mission effectiveness through more comprehensive
solutions., Unafded, no airfrewme can accomplish some necessary missions or, indeed,
survive.

Ve need, of course, to define flying qualities that wi)] demand the least fronm
the pilot while ensbling him to do the best possible job. Ir additionm to traditionsl
flying qualities, this will involve coupling with other subeystems, the character and
cynamice of dieplays, and at least ¢ degree of automation of pSloting functions.
Requirements need tailoring to specific tasks involved in terrain following/terrein
avofdance, STOL operation includimg ground handling, precision weapor delivery, threat
avoidance, air combat in an expanded flight ervelope, etc, for normal operation snd
for handlirg faflures. Battle dsmage and possible flight-control reconfiguration pose
similar concerns.

A . e : P S e e st oes o~ te——-
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As emerging aircraft become more complex, pilots and other crew rembers rely more
heavily on the visual cues provided by cockpit display systems. Past research has
concentrated on determining appropriate Fisplay content and format. Wowever, displays
may stil] fail to reduce crew workload and way even increase it. Until! recently,
designere failed to take into account the dynamice introduced by cockpit displays,
modeling the closed-loop system using only the pilot ard aircraft with its flight
control system, Our wvork hae demonstrated that display lags, hsrdwidth and damping do
ispact svatem performence, pilot vorkload and perceived flying qualities, in o
task-dependent manner. Both experimental and anslytical approaches are still at s
fairly rudimentary stege.

The scope of flying qualitiea is expanding to account for improvements 4n» flight
control mechanization, autcmation to reduce pilot workload, and integration of flight
control and other szubsyatema. Such nicetfea, of course, must be applied selectively
and shown to be worth their cost. PMost important, thie decign integration requires
close teamwork among a number of technical disciplines and the pilot cocmunity.
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TABLE I. REQUIRED CONTROL-MARGIN INCREMENTS

Flying Quality 48pQ/ang = 57.3 CAP' Mz deg/g (for Tege < 0.05)
Tgp © UTgp
' 2
Stabilifzation Abstan/snc = §7.3 ﬂ;m.—m deg/g (1inear, 2 DOF)
Turbulence os/ay fn of My, M;, uspey {s’cl' structural modes

- most severe at Jow ¥
~ 305 and oy for severe turbulence recommended

Sensor Noise sa/ss fn of Ksu KF, vs, 1Ta, usp s Cap. s u,',m

Flying Quality 3pq/ng = 57.3 CAP/(My-Tege) for desired CAP

Stabilization 5sm/"c < 3;q/nc 1f FCS stability margins OK & %ﬁ> we
3stap/ng fn of 1/Tepr, 1/Tsp,, Ysp.ye ¢5Pg

Turbulence cj/ow n of 1/T,, “$peq? “"c 1 My

- Most severe at low T

~ 3¢} recommended for control margin

Sensor Noise 08/0g = KsKp:fn (ug, 1/Ty and, for low wgp ¥ u;pm_
“SPey* sPey ¢

- These parameters are not all independent
- 30§ recommended for control margin

anc 1s the commanded fncrement of normal acceleration

1/T, 1s the unstable pole of the transfer function (negative; 1/sec)
zé,ﬂ 1s the 2-deg-of-freadom product of the poles, 1/sec

.-spc‘ and (sacl are the closed-Toop frequency and damping ratio of the
short-period mode

CAP 15 Qg/8n., CAP' 1S Gpax/AN.

=g 1s the sensor bandwidth

Ks,» Kf are the sensor and forward-loop gains

95, oy are the rms intensities of sensor noise and vertical gusts

«¢ is the crossover frequency of the Blnc transfer function

Teff is the effective time constant of command-path plus forward-path
control-Toop elements (such as prefilters and actuators)

Ta is the time constant of the actuator ram

TABLE II. AGILITY CONSIDERATIONS

Capability Operational Ulility Vehicle Impact
* High Angle-of-Attack/ * Good for all aspect missle pointing + Requi i
y equires Propulsive force and
Post Stall Maneuvering « Poor many-on-many tactic moment effectors
+ Rapid Acceleration/ * Excelient for both defensive and

Deceleration oltensive maneuvering * Requires thrust reversing

Essential for survivability in i
v * flapid thrust onset

« Qui many-on-ni
(Quik Energy Recovery . lmprgves ulii:‘yyol low speed * High Thrust / weight
maneuvering
+ High-g cockpit
» High g (9* ) Maneuvering « Oulperform adversary « Pilot loss of consciousness
protection
* High Sustained Turn Rate « Turning Advantage  High Thrust
« High Mach ( 2.2*) flight * Shon, slashing engagement tor » High thrust
survivabilily » Varnablke inlet
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THE OPTIMAL CONTROL PILOT MODEL AND APPLICATIONS
by

Mario Innocenti?>*
Dipartiwento di Ingegneria Aerospaziale
Universita' degli Studi di Pisa
Via Diotisalvi 2, 56100 Pisa, Italis

ApsTRACT

The modeling of the human pilot behavior plays an important role in the prelimtinary analysis of
aircraft handling qualities. This is especially true when the designer is confroanted with
non~conventional aircraft dynamics, tasks and/or lack of sufficient handling qualicies data-base. The
present paper reviews one modeling technique which was developed in the early 1970's and has been widely
used since then: the optimal control model of the human pilot (QCM). The model hae been validated ia a
number of tasks and used in the anslysis as well as the synthesis of maunual control loops. The
capabilities of the wodel are evaluated in the pilot rating (PR) prediction, in the analysis and in the
synthesis of pilot/vehicle control loops from the handling qualities standpoint.

1. INTRODUCTION

The first integrated attempt to describe the behavior of the human pilot in an optima! control
theoretic framework was by Kleinman, Baron and Levison [1) in their two-part work puilished by
Automatica in 1970. Since then, the optimal control model of the human pilot (OCM) has been used,
without substantial modifications, in a variety of applications ranging from pilot modeling to rating
evaluation, from visusl coatrol loop analysis, including additional dynaaic elements, to loop synthesis
in cases when there was not enough handling qualities data-base available.

The study and modeling of the human pilot behavior has its modern origins in the late 1940's with the
work by Tustin (2]. Since then, the model development has followed over the years the imtroduction and
usage of control theory techniques, with appropriate modifications to sccommodste the peculiarities and
limications of the human operator. The most immediate result has been the development of claseical,
frequency domain based models, which have evolved from rather simple lead-lag compensators using
describing function techniques, to the wore complex crossover and structural-isomorphic models [3]. A
detailed discussion on this topic has bdeen addressed in previous lectures of this series.

The development of the OCM follows a similar path. Optimal control theory and estimation has had a
major impact on the coutral design community, after the early work by Kalman and others, especially in
the serospace arena where the algorithaic MIMO nature of linear quadratic gaussian control (LQG) furnished
s powerful systemstic tool for synthesizing complex highly coupled controllers envisioned for the
development of modern, high-performance aircraft. The optimal control model of the human pilot
represented, therefore, a natural extension to msnual control of time domain techniques which appeared to
be useful in treating a variety of situstions arising in piloting a highly coupled dynmmic system, from
multi-axis control to multi-tasking and complex wission management.

Although the use of OCM as an algorithmic tool has not posed particularly difficult problems, the
optimal control nature of the method carried out both the advantages and dissdvantages already known in
the gpplication of the ssme theory to the synthesis of automatic controllers. In particular, ome of the
difficulties of the OCM has been the translation of the pilot's objectives into a robust quantitative
functionsl whose miniaization produces the operator's control strstegy. On the other hand, the geanersl
structure of the model was perticualrly attractive because of the number of applications it would allow.
Originally, the OCM was used in a very straightforvard way as a wodel of the pilot's continuous control
action during tracking taske typical of many phases of the mission of an sircraft. Comforting agreement
with experimental data was found (1] especially when desling with compensatory tracking. Research is
still ongoing for multi-axis manual control [4] due to the lack of data-base, as will be pointed out
later in the paper.

Due to the structure of the model (see next section), OCM can be modified to treat decision-making
problems by considering the estimation/prediction section of the model [5] as the output iastead of the
control strategy (now a pre-sssigned decision rule).

The optisal control wodel of the human pilot has been applied mainly with regard to aircraft flight
control and dynamics, doth as a predictive as well as snalytic tool and some of the applications will be
described and commented on later. The paper is organized as follows: the next section coutsins a review
of the sathematical background of the model, including some extensfons usec for particular applications
and the status of the computer codes used for the implementation. Section ) inciudes some validation
examples snd snalyszes the cap.bﬂluu of the model to give pilot rating (PR) iunformation in a
quantitative and the with experimental data. Sectfions & and 5 describe the use of OCM in
a closed-loop pilot/vehicle framework. In this context, applications to display analysis and aynthesis,
workload evaluation, time delay effects, attention allocation analysis and cooperative stadility
sugnentstion synthesis techniques will be outlined. Finally, sowe conclusions and comments will be given
in Section 6.

TAGARD-L8-157, Paper #7, 1988.
#Present Address: Department of Aerospace Engineering, Auburn University, AL 36849-5338, USA.
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Figure 1. OCM Block Diagram {3]
2. MoOEL REVIEW

In this section, the mathematical formulation of the optimal control wodel will be reviewed, together
with the implementation of the major human operator's characteristics. The following derivation will be
based on Figure 1, which shows the block diagram of the model's components.

The optimal control nature of the model arises from a basic sssumption of the pilot's behavior; that
is: a "well motivated, well-trained human operator behaves in a near optimal manner gubject to his/her
{oherent limitations and constraints, and knowledge of the control task"{1]. In this context, the
application of etandard optimal control techniques requires the additional hypotheses of: 1) linearized
representation of the plant dynsmics to be controlled and/or monitored, 2) a stochastic model of the
disturbances feeding the system, 3) a linear representation of the sensory information utilized by the
pilot during his/her action.

The structure of the model, as shown in Fig. 1, is completed by introducing those {tems characterizing
the human liaitetions constraining the pilot's behavior. Basically, these limitations comprise the
properties of the sensory inférmation, herein named as "display vector,” the ability of reconstructing the
state of the system, the inability to generate noise-free commands and a constraint on the bandwidth of
his commands. The display vector is the perceptual component of the OCM and it 1s characterized by a
linear combination of the system's states, including all the potentially relevent cues such as traditional
syabolic display information, visual scene and outside world cues. It is well known, from experiments,
that the pilot is able to sssociate velocity fnformation with moving displays aud this should aleo be
taken into account in the constructfion of the display vector. Part of the so-~called remnant is modeled in
the OCM by adding an observation white noise process to the display vector, which accounts for limitations
such as perceptusl resolution, imsge processing and attentfon sharing. The displayed vector is
additionally modified by adding an observatfion delay due to husan processing limitattons.

The other component of the pilot's remnant is modeled fn the OCM by & white nofse process called motor
noise, which takes into account the imperfection of the command and it {s additive to the control action.
It has been shown that the importance of the motor noise depends upon the application [1] although fts
presence is "heuristically” necessary since the operator is not able to generate a perfect estimate of the
control input.

The physical limitation of the pilot's bandwidth is introduced via a rirst order lag that, in the
sodel, is formally the direct comsequence on the penalty in control rate activity. This tera is also
known as the neuromotor lag and it can &lso bde associated to subjective constraints self-imposed by the
pilot in order not to make rapid control movements. ,

The pilot's capability of reconstructing the state of the dynamics he is controlling {s the cemtral
element of the model. Based on the delayed, noisy information from the display vector, it is assumed that
the operator possess an internal model of the system and forcing disturbances. This translates
asthesatically in two components: an estimate of the system's delayed states and a prediction of their
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behavior in resl time. Once the state recopstructios is performed, the optisal coutrol model chooses its
control strategy based upon a combination of two major objectives, that is the task psrformance and the
amount of workload needed in order to accomplish the task in a satisfactory wanner. The quantification of
the above objectives is critical to the successful wodeling of the operator's behavior since, as shown in
the next parsgraph, the model’s control strategy is computationally dependent upon the aforsmentioned
objectives.

The mathematical development of the OOM is briefly reviewed at this point. The plant dynsmics to be
controlled are given in the standard state-space linear form by:

X=Ax+Butly )
1-Cx+Dy

where x(t) is the n-dimensional state vector, u(t) the a-dimensional pilot’s input, w(t) is the
p-dimensional disturbance vector wodeled as a Tero-mean gaussian white noise with covarfance W. The
r-disensional display vector and the state vector are chosen so as to include all the dynsmic ianformation
and cues used by the pilot as well as rate content of the displayed variables.

As mentioned earlier in the section, the perceptual model of the displayed vector y is corrupted by an
observation noise !,(t) and delayed by a quantity t. The human pilot's perception is therefore modeled

xp(t) = Cx(t-t) + !’(('t) 2)

with !y(t) as a zero-mean gaussian white noise process with intensity matrix Vy = diag [v’ ] 1=1,...,1.
1

The intensity matrix V, depends on the nature of the display, the physical environment and pilot's
characteristics. It has been showm {1}, [6] that {t fs proportional to the variance of the outputs
q; through a roughly constant noise-signal ratio oyn and inversely proportional to the attentional
1
allocstion fraction and indifference threshold T; of each channel, according to the expression
2
le °y
v, T —e— )
1 1 erfc[—«—‘-]

%4
In practice, the observetion noise characteristics are implemented via the ratio vy1/°; T which
usually shows a power density level of about -20dB.

The model's control strategy is obtained from the minimization of a quadratic performance fndex J given
by

T
fon g ) xTex + y"R u + TGE1de) “)

- v
0

In Equation (4) the weighting matrices Q0, R>0, C>0 may be chosen as an extension of classical
compensatory tracking tasks requirements /or subjective constraints. The weighting on the pilot's
control rate represents, as described earlier, a limitation on the pilot's bandwidth as well as the
natural tendency of trained pilots not to perform abrupt control actions. This tera translates formslly
into a8 first order neuromotor lag on each control channel, as shown in Figure 1 and the weighting matrix
G is selected in an iterative manner so as to satisfy the experimental based neurowoter motor delays
(usually of the order of .1 - .15 seconds).

The control action results from the direct applicatfion of standard LQG techuiques to the delayed
systes, leading to the full-state feedback relation

8 (8) = - Lx(e) )

where the contfol gain matrix L is the solution of the standard algebraic Riccati equation referred to the
auguented perforamance index
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Note that the sugmented (a+m)-dimensional state vector 1s now yT = [xT, uT]. The solution is therefore

L = ¢"1{0:I)Kg = [L}:L2] (8)
with K, solution of

T e 0 T

AK +EKA + "o x] - xoloc’llo K, =0 )

The internal model of the pilot, that reconstructs the augmented state vector y(t) from the displayed
vector yp(t-1) and the command uc(t), is given by a cascade combination of Kalman filter snd linesr
predictor [7) represented by equations (10) and (11), respectively.

(1) = A1) + Kylgp(0) - CK(e-0)] , Ky =xdWil ,  aremaleml ez via a0 (10)
and
2(t) = g() + A (x(t-n) - gCe-0l , £(e) = Ag(t) + Bu(t) an

The control gain matrix L of Eq. (8) is obtained through the minimization procedure, chooeing G so that
L2 = 'l;l yielding the pilot's control actionm:

T+ u= - Lfx =y, vhere Lf = TL,L,=Tg! 12)

including the motor noise Y e finally get;

T tumy by, a

with !- modeled as a zero~mean, gaussian white noise process with intensity marrix V‘.

As for the observation covariance, Vg = diag.[Vai] was found by model aatching data to be proportional
to the mean square value of the control input 8 according to the relation
2
V“b - o, o = 003 o‘zl (14)
cl ci

vhich corresponda to a normalized value of about -25 dB.

A comment must be made at this point: the way the Eq. (13) has been derived leads theoretically to a
control law which is "suboptimal™ in the sense that no longer minimizes the performance index. This
procedure, however, retsina its validity since the indirect inclusion of the sotor noise (after the
miniatzation process has been completed) does not alter appreciably the closed loop response within the
bandwidth of the normal control loop. Introducing the motor nolee contribution in the fmternal model of
OCM causes no particular problems, however, as ghown in the derivation of [i], [8]. The motor noise is in
fact treated as an additional external disturbaunce and the ed system b

. A B 0 E O v
x(t) = l xt [ J + ] (15)
0 -1t T o Tl |v
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with the Kalmsn filter and predictor operating now on Eq. (15) instead of Eq. (7) and leading to the
control law

8,(6) = ~ L8 x(6) = =~ [TL; O)y ae)

The mathemstical structure of the OOM, as outlined in the preceding paragraphs can then be applied to
the wodeling of human performance once the complete set of inputs is given for the manusl control loop at
hand. The inputs necessary for the use of the model are collected for the sake of clarity in Table 1.

Table 1. OCM Input Data

Variable Description Typical Value
A,B,C.E system's matrices -

W external disturbance covariance —

Q,R,G weighting matrices —

Vy observation noise covariance —

Va motor noise covariance -

fi attentional allocation fractions ifli =1

Ty indifference thresholds «05*, .1°/sec
T observation delay 1=.2 sec

™™ aeuro sotor delasy <1 sec all inputs
PisPuc noise ratios in dB -20,~25

The output of the OCM is ueuslly expressed by a set of time domain performance measures such as the
uinimum value of the perforsance index and the RMS values of error and mean square values of estimation
error, estimate states and input (state and input covariance matrices). Frequency domain perforsances are
not easily obtained from OCM unless the single-input, single-output case is treated. In this case, s Pade
approximstion can be used to eliminate the observation delay (8],{9],{10) and to obtain the pilot's
transfer function in addition to the crossover frequency, effective delay, pilot phase compensation, which
are perforsance measures used by classical pilot models.

The basic structure of the optimal control model has not changed substantislly over the years.
Levison, Baron and Junker [11] defined a revised optimal control model (ROCM) in order to improve the low
frequency discrepancy of OCM when trying to match the standard laboratory data for K, K/s snd K/s2 plant
dyn-lcl. In their work, it is shown that the introduction of a pseudo motor noise in the internal model

a lowfreq y zero in the pilot's equivalent describing function u(s)/y(s) leading to the
duued droop and matching the experimental data (see next section).

Some modifications were suggested by Phatak in the mid-70's in order to overcome the identification of
difficulties of the OCM parsmeters [12],[{13]). The problem of the tdentification of a model of humsn
behavior has always been very important. A lack of identification requires, in fact, an increase in
qualitative judgment on the model parameters snd this could lead to an increase in the trial and error
procedure needed to match model output with experimental data. The main problem with OCM is
that the model is overparametrized; that is, it has more par ers than 'y to uniquely describe
the input-output behavior of the human operator. Over-psrametrization has led to difficulties in applying
standard identification procedures based on either spectral analysis model matching or heuristic iteration
of model parameters, which do not offer guarsntee on the uniqueness of the identification nor a
high level of confidence in the selected parameters due to the non-minimum variance of FFI's.

Four major areas of simplification of the model have been considered, some of them validated later on
by independent research. The first point is the structure of the internal model of the OCM. The original
hypothesis is the assumption of a perfect internal model of the plant/noise dynamics (in the least squares
sense), which increases in complexity by a factor of 2n with respect to the dimensions of the plant. It
is ressonable to assume, due to the finite bandwidth of the pilot, that che internsl model should be of a
level of complexity adequate to the specific control task, thus a lower order internsl model coneistent
with the task requirements. A validation of the above assumptions can be found in [14). Using
ground-based simulation of a highly flexible sircraft, it was found that the p’lot's action in a pitch
tracking task followed that of seroing the rigid body pitch error rather than the total displayed error.
This implied the pilot's ability to filter out the high frequency content due to flexible oscillation
pursuit ia the pitch response of the aircraft. PFrom these observations the hypothesis was ssde and then
verified thet the OCM internal model consisted only of the low frequency component of the total plant
dynamics.

A second source of simplification comes from the sttempt of OCM to be isomorphic to the psychophysical
characteristics of the human operator. This allows the presence of a delay in the observation vector,
thus requiring s linear predictor to obtain the resl time estimate of the state vector x(t). In terss of
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squivalent input-output describiag function, the combimation predi 1 prod & near pole-sero
cancellation over a wide frequency rsuge and an over-parametrization of the model. In many instances, the
observation time delay can be eliminated, therefore eliminating the need for the predictor's dynamics.
This assumption has been validated with experimental data {14],[15); in both cases, the observation noise
vas retained in the normal control loop using a first order Pade’ spproximatioa.

Anotbar aspect snalyzed by Phatak hes been the eliminatiom of the display rates in the observation
vector requiriag the estimstion of rates only if necessary and some results in [12] show no appreciable
degradation in the wodel's capability of fitting and predicting cootrol data. Two further simplifications
can be sade from the ifdentification point of view. One is the introduction of the motor-aoise at the
input to the model and combined it with the observation noise to get an “equivalent™ human operator
randomnsas contribution. The second is the elimination of coamtrol rate weighting in the model's
performance index, which has been found to csuse serious identification problems for low value of
observation delay and motor noise covariaace.

The implementstion of the optimal control model of the human pilot has not changed substantially over
the years from that in [10). Modifications have been msde only to accommodate particular applications and
to derive the pilot’'s and open loop describing functions for handling qualities analysis. Recently, OCM
code has been made available for personal cosputers [8] with interesting results at least iu single-input,
single-output tasks and independent multi-axis tasks.

3. PILOT MODELING AND PILOT RATING EVALUATION

In this section, the optimal control model of the pilot will be first verified by a comparison with
standard compensatory laboratory data and then its capabilities in evaluating pilot ratings will be
assessed.

The first validation example considered is the classical SISO compensatory tracking task described in
{1). The pilot has a single control and the display explicitely shows the error so that error and error
rate information are the two components of the display vector. Three different plant dynamice are used
with increasing difficulty tn the control task, they are K, K/s, K/s2. The input consists of &
combination of sine waves wodeling a random noise (first order, break frequer:y = 2 rad/sec for K/s, K/s2
and second order, bresk frequency w 2 rad/sec for K plant).

The measure of performance was obtained evaluating the closed loop RMS values for error, error rate and
control activity, and the pilot's equivalent transfer functions ye(a) = hj(s)+sha(s) where hy(s), ha(s)
are the transfer functions from the fnput to each output (error, error rate).

Table 2 in [1) shows the comparison between measured and theoretical closed loop performance. No
substantial discrepancy is found except for the proportional plaat output rate variance. This erroer can
be reduced, however if the frequency range of the measurement is limited to values of the order of 30
rad/sec [1}.

The behavior of the predicted and measured equivalent transfer functions and the value of the
equivalent remnant power spectrum at the plant output rate are shown in Figure 2, for the K/s plant case
(similar results for the other dynamics can be found in [1],(13}). The agreement between the results ies
evident except for the inability to r the low fregq y phase droop. The error fa low freguency
matching can be eliminated using the concept of pseudo-motor noise of ROCM [ll]) as shown by the dashed
line in Figure 2.
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Figute 2. Frequency Domain Measures, K/s plant [13].
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Another validation of the OCM in a single-axis pitch tracking task was performed by Heas [16] using
three configurations from Arnold‘s data~base (5A, 84, 10 correspoading to level 3, level 2 and level 1
dynamics, respectively). Figures 3 and 4 shov RMS performance and pilot's describing functions as the
result of Hass' samalysis. The validity of the pitch-tracking task was assessed by verifying the integral
behavior of the open loop descriding functions near crossover.

Froa Figure 4, we can relate the validity of the OCM results as handling qualities assessment tool by
looking at the distance between disturbance break frequency wp and pilot-vehicle crossover frequency wc.
The ssaller the separation between the two frequencies and the lower the acceptabiltity by the pilot as
verified from the pilot's comments and ratings during the simulation.
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Figure 4. Frequency Separation from Arnold's Data. [16]

A maybe more important validation of the OCM model is its capability to assess and predict the handling
qualities characteristics of a given aircraft. A lot of work has been done in the past in this area
following two main directions, the first being a single-input, single-output compensatory tracking task
validation using the large data~base available from the work done in testing classical pilot modeling
techniques. The second is the identification of a relation between numerical pilot ratings (usually on a
stendard Cooper—Harper scale) and the main festure of the OCM, its performance index value. At the
present time, research is focusing on the assessment of handling qualities characteristics of multi-axis
tashs.
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In the validation of the OCM as a viable tool for handling qualities prediztfon, a significant result

was obtained in Ref. [18].

In the work by Bacon and Schmidt, the OCM capability of obtaining standard

Neal-Saith type information was recognized and, furthermore, the optimal coatrol model was able to better
model actual in-flight situatious without relying on the fixed bandwidth idea, thus uncovering some PIO

prone cases which were not determined by the original Neal-Smith work. Figure 5 summarizes the results in
{18) and the agreement of the two approaches is evideat.
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The advantage of using the OCM in the closed loop analysis in [18] is evident in the sense that the
optimal control model minimizing the tracking error tends to minimize the low frequency droop as well as
In doing this, OCM will automatically adjust for the best

to reduce the closed loop resonance peak.
bandwidth required to achfeve the pilot's objectives.

Another application of closed-loop analysis technique using the OCM as model is given in [19]. In this
work, Anderson and Schmidt extended the classical Neal-Smith analysis to the approach and landing task.
The handling qualities assessment of this inherently MIMO task was performed by introducing an equivalent
SISO frequency response and by plotting the pilot's phase compensation against a sensitivity parameter

related to the closed loop resonance peak.

Although the closed-loop analysis in a Neal-Smith type of framework has given a considerable validation
to the optimal control model, one of the major efforts, in the verificatfon of the model capabilities, has
been the relation between the model's index of performance and the pilot's subjective ratings. Some of
the work in this area is reported in [20], (21], [22] and, more recently, in [4}, [23].

The definition of a rating metric form pilot modeling techniques was introduced by Anderson (1970) and
his "paper pilot.” Anderson defined a minimum rating algorithm, implementation of & function of explicit

model parameters (lead, lag) and performance (RMS errors).

Following this approach, the use of the OCM's

index of performance as a rating metrfc was hypothesized by Hess based on prior work by Dillow and Picha
[21]. Hess suggested that, under three main assumptions, the numerical value of the index of performance
resulting from the modeling procedure could be related to the numerical pilot rating assigned to the
vehicle and task by the pilot via a monotonic function R(J) which depends on the rating scale used. The
use of the performance index J as a rating metric has been the obvioues choice, since the OCM attempts to
obtain a control strategy which indeed minimizes J. In addition,
well as the physical aspects of the pilot's workload can be thought to be represented by the quadratic
terms in J. Hess' results, which reflect the analysis of 19 different vehicle/task configurations are

summarized in Figure 6.
the control of the task.

closed-loop system.

The figure contains two graphs.
pilot ratings and J. The d is the dep

the task objectives and the mental as

The first shows a logarithmic relastion between

d between pilot ratings and the attentional allocation to
This second graph gives an indication of how the workload, associated to
allocating the control attention to the various channels in a multi-input task, affects the rating of the

The idea of monotonic relation between pilot ratings and index of performance was also validated in
[22) using a set of configurations from Arnold's work and flight tested by Neal and Saith. The
correlation, however, appears to be variable in that the rating sensitivity (slope) changes depending on

the task, aircraft and pilot model parameters.

All of these factors must be carefully evaluated in order

to determine a meaningful rating metric from the performance index.

Finally, an application to a multi-~axis task 1s given in [4].
opinion ratings from a collection of experimental single—axis and stuwultaneous three-axis tracking tasks
{24). The pilot ratings were obtained from the relation PR = 7.7 + log J with J being the sum of the

performance indices relative to each axis.

The results are shown

The C/M has been used to predict pilot

in Figure 7, indicating that the

performance index of the OCM indeed shows potential for the development of subjective ratings for

nulti-axis tasks.
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4. CLOSRD LOOP PILOT-VEHICLE ANALYSIS

The optimel control wodel has been widely used in the past in the analysis of a variety of coaponents
of the manual control loop. In this section, some of the applications will be examined which deal with
the analysis of particular aspects of the control systea configuration, such as loop time delay evaluation
and display analysis, as well as with the computation of critical pilot parameters like the workload
L assessaent and the attention allocation in multi-axis tasks.

It is generally recognized that the presence of time delays in manually <ontrolled systems can lead
to degraded performance and potential closed loop imstability. The problem becomes particularly critical
in modern high performance aircraft where delays are inhereat to the system, due to complex digital

SUS

S el e e e e atp————.
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control law implementation and phase lags associated with high-order controller dynamics. One of the
potential effects of time delay is the degradation in handling qualities due to pilot-induced oscillations
arising from the over p ation y to eliminating of the equivalent loop lags. the OCM has
been successfully applied by Hess ([25) in identifying PIO prone configurations derived froe different
in-flight test data. In his work, he related an effective time delay due to higher order dynamics or a
real time delay to the pilot-vehicle crossover frequency as predicted by the optimal coantrol model of the
pilot. The relation found by Hess was applied to several configurations resulting from independeat
in-flight test data run at NASA-Dryden at Calspan and Princeton. The results, taken frome {25] are showm
in Pigure 8.
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Figure 8. Influence of Loop Delays on the Open Loop Crossover Bandwidth. [25]

Two comments can be made by looking at the results in Figure 8. The first is that the open-loop crossover
frequency we can be reduced by varying the aircraft dynamicse {n a way as to increase the effective time
delay. The second point is that the increase in time delay produces a slope less than -20dB/dec
indicating the need of pilot equalization to restore K/s like characteristics of the open-loop system
YpYc. Poor transient performance can be identified by noting that Ky > we. The need for improved
transient response would then fmply an increase in static gain leading to potential low damped
oscillations which are a necessary component of a PIO excitation. This fact was verified through the
flight test results which showed configurations 12 and 6-1 of Figure 8 to be PIO prone configurations in
the presence of small static gain increases.

Another example of the analysis of time delay using the OCM can be found in [26] where predicted
performance were compared with manual simulation (both ground based and in-flight) performed by Calspan.

One of the most prolific applications of the OCM has been the analysis of the effect of display
parameters and dynamics on the overall manual control loop. The dynamics of advanced displays play an
important role in the pilot's evaluation of the handling qualities of flight vehicles. It has been shown
that display dynamics may alter the pilot's opinion in rating the manual control loop. Future aircraft
will present advanced display systems for controlling as well as monitoring the various phases of a
mission and the amount of information displayed as well as its dynamic content are as important as the
characteristics of the pilot's control manipulation in defining the pilot's role and capabilities in
relation {» the automated functions.

In [23) a siaple second order transfer function mwodel was used for the display dynamics in order to
L rate the displays according to different damping, bandwidth and time delay values. Two different plant
dynamics were used and experimental data was obtained which fncluded RMS tracking performance and pilot
ratings (the Donnell's four scale system was used for the ratings). A, optimal control model of the
pilot behavior was then used and experimental and predicted pilot ratings were related. The OCM pilot
rating prediction was in fact able to separate badly rated configurations from the good ones.

While the analysis fn [23] focused on the relation between display dynamics and predicted pilot
ratings, other studies evaluated the display characteristics based on increasing workload due to
attentional demand [27) and task interference [28]. The basic hypothesis behind the display/workload
relatfon is the use of equations (2) and (3) to represent respectively display variables (including
quickening and flight director capabilities) and the lumped human rand whose invariance with a
variety of control tasks makes it a processing limit of the human operator under “idealized” displays
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(no thresholds). Baron and Levison {28] modified the display veriable covariance to account for
thresholds from equation (3) to
-v. +v (17)

v
yi yi £ io

where vy1 contains the threshold's conbribucion and it {s given by equation (3). Both terms on the RHS

f
of equation (17) contain the observation noise/signal ratio Pj which is associated with the operator's
central processing capabilities. This relation led to s model for task interference and operator workload
using attention sharing factors at different levels. By letting

%I ’ (18)
with Py = - 20dB as baseline signal/noise ratio, the atteantion allocation can be divided iavo fractions ft
(control related - monitoring tasks), fg (longitudinal - lateral subtasks), f; (attention devoted to the
ich display in subtask s). With some assumption regarding the attention sharing and interference, we have
tfy = 1, £fg = 1. The third attentional allocation term is taken to be a free parameter when performing
performance/workload tradeoffs.

The procedure for determining the pilot's workload outlined before was used in [28) for the evaluation
of a baseline status display and an advanced integrated display is a task simulating a commercial
transport in a straight standard approach. A schematic of the electronic attitude/director {ndicator used
in [28) is shown in Figure 9. The advanced display adds a perspective runway, an extended centerline and

-10 »

i
L A S? |

Figure 9. Display Indicator for Workload/Attention Sharing Analysis. [28]

a track angle indicator (f,g,h) to the baseline display. The displays were analyzed for two differeant
autopilot modes (control wheel steering of attitude and velocity) and the results were based on RMS error
performance as functions of the workload and attention sharing ratio.

An index of pilot's workload using the OCM was alsc determined by Wewerinke [29] which extends the work
by Baron and Levinson.

In his work, Wewerinke was interested not only in the attainable performance predicted by the OCM, but
also in obtaining an absolute index of the difficulty of the control task. Six standard SISO P ory
tracking tasks were simulated and frequency responses as well as normalized subjective ratings and RMS
scores were collected for further analysis. Defining the workload index W as the ratio $/P, where P is
the signal/noise ratio and S is the gensitivity of the RMS performance with respect to P, a good
correlation was obtained between predicted workload W, RMS performance o: and subjectives ratings as shown

in Figure 10.
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5. CLOSED LOOP PILOT-VEHICLE SYNTHESIS

Maybe the most desirable feature of any algorithmic methodology is its capability of contributing in a
synthesis and/or a design process. One of the ultimate goals of the optimal control model {s, in the
author's opinion, its use in designing a satisfactory manual control loop which complies with the designer
objectives. A sound, reliable pilot model should help the engineer, in the preliminary phase of the
design process, in the evaluation of alternative displays/information systems, in comparing candidate
inner loop and outer loop automatic closures, in choosing onboard computer speed and sampling rates so
that the manual control loop presents the best flying qualities characteristics in terms of standard
requirements, pilot opinion ratings and performance/workload tradeoffs.

Keeping in mind the always present necessity of experimental validation, several attempts have been
made in the past to utilize the optimal control model for the synthesis of various components of the
manual coatrol loop, using the model for off-line computation, as well as for on-line simultaneous
synthesis. The two examples considered in this section are stability augmentation synthesis (SAS) and
display design.

In the mid and late 70's the facreased availability of high power, high authority flight control
systems has led to the development of the first prototypes aircraft possessing non-conventional dynamic
characteristics and advanced task-tailored control modes. Quantitative handling qualities specifications
were not applicable and at the present time it is still not clear how to determine and judge active
control technology implementation and the actual improvement of the man-machine loop.

In this context, a cooperative augmentation synthesis was developed [30}], [31] in order to indicate the
most appropriate SAS in terms of predicted pilot ratings via OCM. The cooperative control approach uses
the optimal control model algorithm as an active element of the control loop in the sense that the OCM'se
index of performance indicates how well the inner-loop dynamic element will satisfy the handling qualitfes
requirements. The “optimum™ SAS s then obtalned by simuitaneous minimization of its own performance
index (based on mission performance) and the pilot’s model cost (knowm to be on an indicator of handling
qualities characteristics).

In {30] the stability augmentation system synthesis for air-to-air tracking task was considered, with
the plant dynamics inclusive of the display sight dynamics as well. The resulting autmentation system
gave better RMS performance and better predicted handling qualities characteristics as shown in Figure 1
of {30), where K/s like crossover was was obtained for the loop transfer function, as well as a reduced
pilot lead required at crossover. In [31] the cooperative approach was used for the SAS synthesis of an
unstadle aircraft. The index of performance to be minimized by the SAS synthesis procedure contains the
pilot's model cost Fp so as to obtain a global inner loop with satisfactory handling qualities
characteristics.

The results of the cooperative aynthesis procedure, for a pitch tracking task are shown in Figure 1l.
They are expressed in the Neal-Saith fors and shown in the figure are two candidate SAS laws and two other
autmentors derived from the literature (Ci, C2, C3,C4, respectively).
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All four candidate designs show Level 1l characteristics; however, lower workload was predicted for the
cooperative controllers (based on lower stick rate activity).

An experimental validation of the predicted results from [31) was carried out in [15] using a
fixed-base simulator. The results showed consistent agreement in terms of RMS tracking error and stick
rate and in terus of predicted and experimental pilot ratings, as shown in Figure 12, below.
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Figure 12. Experimental Validation of Cooperative Control Synthesis. [15)

Another application of the cooperative approach idea has been suggested in (23] and developed in [32].
In this case, the objective wee the synthesis tradeoff between display and controller augaentation wiht
explicit inclusion of pilot-centered requirements from an optimal control model. Although the effect of
display dynamics and control system dynamics are known to contribute to the overall pilot ratings in
flying high performance aircraft, the two problems have usually been analyzed separately in the past. The
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analytical work in [32]) and some experimental results in [33] show the potential for a global approach to

the synthesis problem using the OCM as one active component of the control loog.

The idea in [32] was

applied to a simple double integrator plant indicating that a simultaneous display and control

augmentation would lead to lower OCM performance index values compared to separately augmenting the
display dynamics and the plant dynamics.
integral behavior for the open loop transfer function over a wider frequency range.

In addition, the chosen candidate design would produce an

The control/display cooperative synthesis “as been applied in [33] as a predictive tool in the
evaluation of a multi-axis X-22A at hover.

Different control augmentation schemes were implemented
(attitude, rate, attitude-rate combination) and two display formats (ED~2, £D-3) were considered.

Figure

13 shows the relation between experimental pilot rating and the optimal control model performance index
A model-based frequency domain analysis
revealed, furthermore, that while display augmentation would reduce the workload without affecting the
performance (RMS scores), control augment-tion would lead to both workload reduction and performance

given by the sum of the longitudinal and lateral components.

improvement.

The display synthesis procedure, based on pilot-centered information, has received a lot of attention

in recent years.

Hess used the OCM to obtain a semi-algorithmic procedure for the design of a flight

director display in a UH-1H helicopter ir a landing approach task involving longitudinal and lateral

degrees of freedom {34].

His design procedure used the pilot rating/index of performance relation as well

as workload and attention allocation measures to come up with the design flowchart and candidate display
shown in Figures 14 and 15, respectively.

Automated control/display design was also suggested in [35] using a four-step procedure which would
start from the information requirements stage, followed by control/monitor performance, pilot/automatic

control task allocation and leading to the display format design.

The meth

od was applied to a CH-47

helicopter in hover and approach, using displays with and without flight director information and with

different levels of control system automation.
validation of OCM as three-levels model (information, display-element, display-format).

Several results were proposed in [35].

First of all a
Secondly, the

necessity of workload metrics for both monitoring and control tasks was suggested in order to represent
the human performance at different levels of coutrol automation.

Another application of OCM to the display design problem is given in [36], where four candidate

display systems were proposed and rnak-ordered according to workload and perforamance.

The particular

application consisted in the determination of information and display requirements for a terrain following

task.

The four-step procedure of [35] was used and validated through simulation, indicating the

superiority of flight director over the other candidate displays (predictor, tunnel display, integrated

tunnel-predictor).
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Figure l4. Potential Display Design Procedure using OCM. [34]
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6. CONCLUSIONS

Research in flying qualities has slways merged several differeat disciplines: from flight dynamics to
control theory, from statistics to human factors, from applied mathematics to extensive ground and
in-flight simulation. The central point of the effort is the evaluation of the processing capabilities of
the human operator as sn active comsponent of the manual control loop, in order to design the best
pilot/atrcraft integration in terms of mission performance.

One of the aspects of flying qualities research has been the modeling of the human controller to solve
unexplained experimental results as well as to predict new, untested flight situations. The development
of pilot models has often used control theory tools in an attempt to quantify those human characteristics
which dominate during fiight vehicle control operations. In this context, the optimal control model has
been developed in the early 1970's and widely used with a high degree of success. Applications of the
model cover practically all the aspects of a control task, from the analysis of the aircraft dynamics to
the design of ad d display pts, from the validation of the pilot's behavior to pilot rating
prediction and {integrated pilot/vehicle syathesis.

The advantages of optimal control theory make the model an appealing tool for quantifying the human's
behavior in multi-axis control and some preliminary results appear to be promising in the complex area of
system monitoring and attention sharing.

The optimal control model, however, has some difficulties. First of all, the complete internal aodel
must be known, at least in the original OCM formulation, and such a knowledge is difficult to obtain. The
optimal control model suffers from overparametrization making the identification of the model parameters
from experimental dats not always possible. Finally, the optimal control nature of the model requires the
fitting of the manual control objectives into s quadratic fumctional cost. The problems outlined above
have been analyzed in the past and even though they do not pose a limitation to the use of OCM, they must
be kept in mind.

The optimal control model of the human pilot, as any other mathematical model of human behavior, shows
its greater capabilities when used in tasks for which the wodel is appropriate. In addition, its
capabilities are fully exploited when used in conjunction with other models so as to have the largest and
most accurate representation of human behavior.
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THE ROLE OF SIMULATION IN FLYING QUALITIES AND FLIGHT CONTROL
SYSTEM RELATED DEVELOPMENT

by

A.GBames
British Aerospace pic
Warton Aerodrome, Preston, PR4 1AX
United Kingdom

i

Flight Sismulation makes a vital contritution to the understanding of flylrg quelity requiremsnts
and to the clearance of modern aircraft flight controis. The background to the use of sinulators,
both airborne and ground-based is presented, and the experimental techniques, inciuding validstion
and hr&-n requirements sre discussed. The limitations which equipments can impose are

and les are given of the use of flight simulation in flying quelities research.
Flmlly, ‘the tcd'liqns required for the clearance of current designs are highlighted, and &
direction for future resesrch is indicated.

. Introduction

As the last contributor, | can add very fittle to the expert advice which has been given, on the
current status of flying q.-luln requiraments., It is a subject that has grown in importance
over the pest forty years. The growth is due to the incressed demands on the pilot's control
capsbilities, as aircraft performence increased, and the flight envelope of new designs

All the previous speakers have played major roles over the years in the progress that has bem
made.

My topic is the use of flight simulation for Flying Qmiities Research - the equipments which are
in every duy use, and the technicques which we apply. although my experience lies in the use of
ground based simulators, | do not wish to exclude airborne flight simulators from the discussion.

1 will cover the important topic of simufator fidelity snd validation to indicate the strengths
and wesknesses of the experimants we do. | will give examples of the use of simulators in Flying
Qumiities Resesrch., | will conclude with comments on what the future holds - equipment
improvements, and how aircraft design and specification needs may dictate these improvaments.

To begin, however, | would like to spend a little time with some general remerks on flying
qulities, and how they hsve related to simulator studies in the pest. It is important to know
where we are todey, but it is equeally important to know a littie shout the route that we took, and
how we came to be here.

Hondling Quelities and Fiight Simulation

One of the esrliiest applications of the Research Simulator, in Industry and in
University/Coverrmant Estsblistments wes that of predicting the flying quelities of aircraft at
the design stage. In the late fifties, analog computers ware st a stage where it was possible to
solve the six simul taneous differential equations which determine the swai! perturbstion response
of an sircraft in flight. [t was 2 logical step to connect the camputer to stick and pedals, to
stimuslate the response. Equally well, the response could be observed by comnecting to the
computer a set of flight instruments or a CRT.

Prior to this advance, prediction of flying gmiities relied on comparing the values of parameters
which could be easily calculsted, with criteria based on these parameters (Reference 1). Examples
of these psrameters are seen on figure 1.

Latersl Longi tudinal
Rolling pover, b, Tail volume coefficient V = S'8,
S¢
Meroeuvre mergin H =-3C
- ! L] ’
Spiral stability, c“ cn' c“' c" N sq’_"

ta
Phugoid period snd dewping 2x = J2aV; 1 . 3¥X
w

Outch rolt frequency and demping: T‘ B C‘i + Period snd denping of s.p. oscillation: ;2'1 . C
Directions! stability, C, ’
s ?

P 9 I'P dun

Figure 1 1950's Hendl ing Quelities Parameters

In the sixties, as alrcraft perfornance incressed, we were to see the |imitations of such rule of
thard mathods .
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The anelog camputer iwprovements in the 1950's wes paraiieled by application of servo control
theories to aircraft design. The use of irreversible power controls to move control surfaces on
aircraft called for techniques previously confined to specialist appiications such as qnnary.
Once applied, the technique of considering the sircraft, the controls and the pilots as a closed
loop system quickly followed (References 2,3,4,5). By this time, the computing to support this
spproach wes available, and a new and powerful method of studying Flying Qualities was born.

The introdiction of servo-analysis took flying qualities criteria from the time domein into the
frecquency domain. It also introduced closed loop criteria into flying cuniities requirements -
phase, gain, bandwidth - a whole new methodology for deciding whether or not satisfactory control
would be achieved in a particular design.

In meny respects, the 1960's were our hayday. Aircraft projects of various types were available,
ol the flying quality requirements were framed aroux) linear, small perturbation, continuous
systams, Anmalytical methods could deal with such assumptions, and the state of real time
camputing did not allow too many non linearities to be introduced, 1 rement ac t about an
American paper describing 3 computer mode! of spiming, mede by sn English professor of
Aeronautics, at an Agard meeting at Cawbridge in 1966 (Reference 6). He expressed disbelief that
spimning behaviour could be modelled. "Spinning is a capricious wmenceuvre”, the said, “and has
eleaments of unpredictabiiity. In particular, the interference effects of the lower wing on the
top wing of bi-planes are considerable.”

Such views on modetling changed, as the value of smalytical and simulstion tedmiques were
sppreciated. the prediction methods were seen to contribute to aircraft design, and the
analytical methods helped exptain how adverse characteristics could be aliminated. The result was
that methods and criteria were incorporated into Flying Quality Specifications, both in the U.S.
and in Europe. This was the start of a process that has continued to this day. Now, the sad fact
is that there is a shortage of projects to which the latest Specifications can be applied.

. Pilot Rating Scales

The qualitative nature of flying quality assessment calls for a consistent wey to record pilot
opinion.  Verbal descriptions of handling qualities are unsatisfactory from an engineering
standpoint, for meny reasons. Whet is needed Is a more formalised method to indicate the degree
of difficulty associated with a flying task, in a form which can be easily handied.

In the fiftiex, several different sqproaches were tried. At Warton, we used the initials GM 8
(good, mclerate, bad), and to distinguish levels within these categories, suffices of + and a -
were needed. We had in effect a nine point rating scale, Other workers used rumbers, in
particular, the groups at NASA Ames and Gornell Aeronsutical Laborstories. A peper by George
Cooper (ref 7) had the effect of introducing the concept for a ten point scale. (Figure 2)
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Origtnsl Cooper acete Figure 2

Subsequent work resulted in the definitive standard, reference 8, where the experiences

of Ams and Calspen were carbined, This standerd of the resulting rating scale is seen on figure
3. We sre warned in reference $ thet the beclkground guidence contained in reference 8 is not gjven
the same attention by users of the scale, a3 the scale itself. Its wse requires a definition of
the task to be performed, and the circumstances under which it is performed, These circumstences
includie the presence of secondary tasks, the envirommnt snd disturbsnces which might be
encountered, snd the piloting population likely to be the exd users.

From the pilots' point of view, he arrives at a rating by meens of a series of dichotommn
decisions - controllsbie or uncontrollsble, adequate performence or not, snd then satisfactory or
not. It is usuml for the pilot to muke a biind evalustion - in other words, without lgwowt of
the configuration under assesssant (although he will be briefed on the mature of the axper t
snd the range over which paramters will be cherged). This form of evalumtion conducted efther in
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the air or on » grouwd besed simslator, is very demsnding on the pilot. It is surprising how
often pilots elect to split 2 rating betwsen two integers.

From the enginesrs’ point of view, the cutput of the experiments has to be handied with care. The
bere mambers are often veriable or inconsistent, and reference to recorded comments is needad.
Smil sasple size, and large deviations sake general conclusions difficult to draw, and in any
case, taking the sversge of the mumbers obtained is open to criticism, Jut In the end, they
provide 8 meesure of acceptabllity, which is the informstion needed by the designer, to improve
the performence of his machine.

Figure 3 HANOLING QUALITIES RATING SCALE
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It is impossible to divorce from any discussion of pilot rating scales the concept of pilot work
foud. Methods of measurewment of work toed are inedequate for use in the interpretation of pilot
ratings, Consecuently, pilot rating methods are largely enpirical. Criteria for acceptable
harxdling are established from piloted experiments, either from ground based or airborne
simulators, perheps in the form of iso-opinion bounderies, such as those seen on figure §,
Alternatively, values of a handling quelities parameter, such as short period danping, can be
assigned #s bounds within which a stenderd of control will be achieved.

It is worth noting thet hendling qualities boundaries such as those on figure § relate only to the
circunstances under which they were cbtained - the equipment used, the ftight condition simulsted,
and the task which wes given to the pilot. Two of the Jonglitudinal short period bounderies were
from fixed besed simuiators, snd one came fram a varisble stability aircraft. Similarly, ore of
the rotling criteria caome from a varisble stability sircraft, and the other from a fixed base
simulator. Not apperent on these graphs are the influence of all the other factors which affected
pilot ratings, snd which ivelidete camparisons between resuits of this type.

Criteria of this type were converted into mendetory requirements in the '69s (Reference 10)
following long and detalled study (Reference 11), It formulated the concept of flying quelity
fevels of desirability, based on the Cooper-tHarper rating scale, depending on aircraft type
category, sircraft state (including failure state), arxd phase of flight. It is a complex concept,
which hes heen wade even wore complex ss advanced flight control systens have been introduced.
The specification of flying quelities requirements and their interpretation for aircreft design
purposes now requires very specialised knowledge.

Simulstor Equi t

A remsrksbie range of simulstors is applied to Flying Quiities resesrch. Reference 12 contains
tists of Airborne snd Ground Based Research Simulstors, srxd the purpose for which they sre used.
Much the largest use of airborme simulators is associsted with Flying Qmiities resesrch; groud
besed simulators sre divided betwesn (lylrg qmilities, systems, twen factors, snd simuletor
developrent. Useful work is possible on low cost simulators, restricted to simple display
elenents snd |inesrised computer models of the aircraft.

-
ety
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Figure S Boeing 1960 Fiat 1960

Stick and Scope Sinulators

in the fifties, airborne simulators, such as the 8.26, F9%8A and T-33 at Cornell Aeronautical
taboratories had the most impact, in setting handliing qualities design criteria. Doubts were
expressed by proponents of varisble stability aircraft about the validity of results from
ground-based sinulators. They considered that the assessments so obtained called for.too great an
extrapolation by the pilot, to predict how the experience would transfer to actual flight.

Figure 6 Calspen Variable Stability T-33
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Since then, massive strides have been made in the technology of representing flight in

a ground based sinulator, and these doubts are now fargely unfounded. The proponents of ground
based sinulators expressed concern about the cost/effectiveness of varisble stability aircraft,
and European countries were siow to foflow the lead from the U.S. The increasing costs of the
ground-based simutation facilities at the largest research establistments has biunted the
srgurent. The situstion todasy is that all the simulators have a part to play, and are proving
thelr worth. The substantial investments being made in research and development simulators,
ground besed and aiborne, in the U.S, and in Europe, is testimony to their prospective value. The
high operating cost of airborme simulators and the more advanced ground based simutators limits
the mmber of qeneralised handling cualities studies which can be funded. Consecuently, a
coordinated activity is required which carbines amalysis, low cost simulation, and advanced
facilities, to construct handling qualities criteria spplicable to new configurations.

A research sinulator bresks down into several camponents. The requiraments for each of these
conponents are discussed below,

N.1 The Cockpit

For most handling quality studies, there is no need to use a tailor-mode cockpit, representing
8 particular aircraft. Clearly, it is better to represent transport alrcraft in a cockpit
similar to those in trensport aircraft, snd the sesting position used to represent fighter
sircraft should correspond in tenms of geometric location relative to stick, controls, and
displays. Cockpit displays used by the pilot in the hendling asses-ment, for exarple a hesd
wp display and flight instruvents must be furctionsl.

§.2 Stick Feel

An accurate representation is essential of the stick force gradient, friction, travel,
non-linear gearing and other refationships between the pilot's input and control surface
deflection. In the pest, programmeble hydraulic force-feedback feel systems hsve been
necessary in meny investigetions., Current aircraft, using fly-by-wire menoeuwvre demnd
systems do not require the simuiation of mechanical control nns - the signals are teken fram
the stick unit in the cocipit. Simulating the stick feel is therefore sn easier proposition,

8-5
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8.3 Modelling

w

Cavputing power is no longer a restriction to the complexity of the mode! of the aircraft and
flight control system. As a result, sows work Is possible with simple models, in other cases,
the model is cowwsehensive. The nead for a3 comprehensive model appesrs when the srea of
investigstion can no longer be described In terwms of linearised ssmi! parturbation equtions,
This situstion srises more and sore, pertly because the airframe designer is clesring his
sircraft closer to depsrture boundaries then in the past, and partly becsuse the flight
control designer can use casplex control algoritime to achieve his purpose. Digltal computers
are in universal use for modelling. Models used for flying qualities work wust have a high
iteration rate - better than 300 solutions per second Is desirable. Otherwise, wndelling time
delays will Intrude into the sssessmnt. For work related to advanced control system designs,
the camputing task is terge. For exanple, for EAP development, the computers can hendle B
Megafiops, and overal! memory is 100 Megebytes,

In these circumstances, ground besed simulators have the advantage over alrbotrne simulstors,
becsuse more comprehensive computing facilities can be provided in a ground installation,

Visual Display

Once again, the type of work determines the display requirement. Synbols on a scope may be
sufficient to study a pilot transfer function in a tracking task. At the other end of the
scale a study of lateral departure at high incidence may need the (ull field of view systems
only seen in Air Conbat Simutators. Handling quality assessments relating to flight close to
the ground, for exanple, approach and ianding, need a three chanel (GI system of good quality
(reference 13). Again, display deficiencies, such as time delay or resolution can sometimes
affect the assessments. The variable stability aircraft has a big advantage in this respect.

Motion System

One of the areas of research for ground-based simulators has been to determine the
contribution which motion cues can give, and to determine the validity of sinulfations which
have limited travel or do not provide motion cues, It is a difficult area of investigation,
and there is no end in sight. Views on the need for motion differ, although the following
guidelines may help:

o to give accurate motion sensations requires high performance and large travel, outside
the capability of most research establishments,

o it is better to have no motion, than a system which gives false cueing,

o motion systems are of most inportance in hand!ing investigations where stability
margins are low {e.g. the pilot is stabilising the vehiclel, or in studying failure
cases involving a transient response, or in studying the effects of turbulence on
flying qualities,

o 3 small travel nmotion system can be used with advantage for subjective cueing, simply
to add realism to the simulation.

Provided that it can achieve the required flight condition and provided that the moudet
suppresses the response of the basic sircraft to outside disturbances, the varisble stability
aircraft clearly can represent accurate motion feedbacks.

General

These equipments are |inked together to provide a research tool. The mmrmer of integration
has a strong bearing on the effectiveness of the tool. The link between the motion system and
the visual system is self-apparent. Equally, there is a need to select the operating system,
which links the computer to the other elements, for easy operation. Successful investigations
require the sbility to repeat cases quickly, to change perameters quickly, and to record
qnlua;l’ve and quantitative results. Perhaps the most inportant asset is a knowledgesble and
dedicated team,
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5. Validation
It has often been said "no simslation without validation”. The question then arises - how do we
validate a simulator for use in the study of flying qualities? In some circumstances, futl
validation only comes when the simulated vehicle is flown - for exanple, when an unstable airframe
vhich relies on the flight control system for stabllisation s being developed. Prior to that
however, confidence has been built up, based on knowledge and experience. [t is equally important
to know the areas where shortcomings in the simulation will lead to erroneous results, as it is to
offer predictions of likely behaviour. The subject is discussed in reference 18, from which the
following paragraphs are taken.
"The key to obtaining valid results are:
1. Know your simulator
2. Structure the test
3. Value the pilot
“Fidelity has mony dimensions: crew station realism, vehicle model, visual scene, motion and
sound, and in each dimension there are many parameters which influence fidelity. Since one-to-one
engineering replication cannmot be obtained, especially in the dimensions of visual and motion
effects, the question becames one of perceived fidelity,
"Simulation validation before the start of any evaluation tasks should be a four step process.
1. Document simulation equipment per{onmnce
2. Conduct non-real time mode! checks (conpere to control law analysis results)
3. Conduct real time model checks
a. Conduct task checks
"With regard to item 1, a good check of the vaiidity of the simulator is to model and "fly" an
existing known aircraft. A rating scale like the one shown in Figure 8 can be used to assess
validity. If flight data is available on the subject aircraft, the identical control inputs can
be run in the simulator and the resulting time histories can be compared to flight data.
cATEGORY | maTwe | apsecTive SUICAITION
SATISEACTONY 1 | excevient | vinruaciy o ATON CES ACTUAL VEHICLE
REPRESENTATION CHARACTERISTICS TO THE OEST OF MY MEMORY. SIMULATOR NESULTS
OF ACTUAL OIRECTLY APPLICASLE TO ACTUAL VEHICLE WITH MIGH DEGREE OF
VENICLE CONFIDENCE.
? 6000 | VERY MINOR DISCREPANGIES. THE SIMULATOR COMES CLOSE 10 DUPLICAT-
ING ACTUAL VENICLE CHARACTERISTICS. SINULATOR RESULTS IN WOST
AREASWOULO OE APPLICASLE TO ACTUAL VEMCLE WITH CONFIOENCE,
] FAIN | SIMULATON IS REPRESENTATIVE OF ACTUAL VENICLE. SOME MINOR
£, 0UT NOT ENOUON 10
MASK PAIARY CHARACTEAISTICS. SIMULATER TAENGS COULD OE APPLIED
0 ACTUAL VEMCLE.
unsamseactony | o FAIN | SUNULATON HEEOS WORK. 17 HAS MANY MINOR BISCREPANCIES ICH ARE
NEPRESERTATION ANNGYING, SINULATON WOULD NEED SOME INPROVENTRY SEFONE APPLY -
OF ACTUAL NG RESULTS DIRECTLY VO ACTUAL VENICLE, BUT IS USEFUL FOR GENERAL
vEmeLE HANDLUING. QUALITIES INVESTIGATIONS FOR THIS CLASS OF AIRCRAFT.
s OAD | SIMULATOR NOT AEPRESENTATIVE. DISCAEPANCIES EXIST WINCH PREVENT
ACTUAL VEWICLE CHARACTERISTICS FROM BEING RECOTMZED. REFULTS
OBTAINED NERE SHOULD OE CONSIDENED As unneLinele.
§ | VEAYSAD | POSSIBLE IMULATON MALFUNCTION. WROWG 310N,
CONTROLS, GTHER GRUSS PREVENT FAOw
EVEN OEING ATTENPTED. WO DATA,
Figure 8 RATING SCALE FOR SIMULATOR VALIDITY ¢

"It is important to select pilots familiar with the art and science of simulation. The pilots
nmust believe in simufation, take the job seriously and work hard at task demends. He must treat
the sTmulaior with the same frame of mind as he would the real aircraft,
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“Pilots differ significantly one-to-the-other In their controil techniques. Some are low gain
operstors, meking a minimm of control inputs, while others are very high gained (dither)
controiters. These different control techniques nmy cause one pilot to have littie difficulty
with » configuration while snother pilot msy uncover a control problem. It is therefore wise to
have & variety of pilots in your evaluations. A minimum should be three, with five or wore being
preferred. Multiple pilots is more important ther repeat runs.”

"The objectives of the handling qualities engineer are

t. Inner loop stabilisation and control law development

2. Outer loop control integration

3. Development of stick, rudder pedals and throttle controllers

A, Development of flight displays

S. Ground handling including nose wheel steering and anti-skid braking
6. Testing of failure modes

*“in these simulations, fidelity becomes critical. The fidelity of the meth model of the
vehicle/control system must be accurate snd the visual and motion system, which provide cues used
by the pilot in control, also became important. One of the big failings of the simulator
conmmity, however, is to rigorously define what fidelity is required to obtain the right answer.
Although a large body of basic dats exist on humn perception, there is no source of compiled
guidance on what degree of simulator fidelity must be used. The tendency has been to use the
"best"” simulator svaifable. In fact, in the U.S., almost every new military aircralt developed
has conducted an in-flight simulation as a last check before first flight. The experience of tlhe
in-flight simulations has quite often revealed concerns which had not been uncovered in the ground
based simulations and which in some cases resulted in modifications to the control logic prior to
the first flight",

Further valuable discussions on the topic of simulator fidelity are contained in reference 15.
The contribution to sinulator fidelity of the sub-systems are considered under the headings

motion effects
visual system fidelity
time delay effects

It is concluded that fidelity is a relative, rather than an sbsolute quantity, and that even the
best of the large scale research simuiators impose restrictions on the types of situations snd
tasks that can be faithfully simulated. Bxperiments are cited which compara pilot assessments of
flying qualities, made in simulators and in flight. Use was made of the rating scale (figure 8)
to give a measure of the degree to which the simulator represented the aircraft behaviour. One of
the investigations discussed in detail is that of the UH-60 helicopter (reference 16). All the
areas where pilot conments indicated the simulator to be unrepresentative of flight coutld, not
surprisingly, be attributed to all or any of the three factors given above.

Of course, the helicopter, in terms of vehicle dynamics and tasks, presents greater probiams to
the simulator engineer than conventional fixed wing aircraft; the loop closures are higher order,
and the dynamics of the vehicle are more conplex. But the basic principles still apply, and the
indications of deficiencies in motion cues, visual cues and dynamic response show where improve-
ments will count.

Reference 15 contains a most instructive discussion on these topics. THe data relating to motion
cueing came from the LAWRS sinulator st Flight Dynamics Laboratory at Wright-Patterson AFB
{Figure 9). The results indicate the difficulties of this kind of work: of pilots adepting to
produce similar performance, independent of the lateral-sway washout; of the need for non-linear
washout filters to reduce the peak lateral motion. A closer look at reference 17 is recommended,
and it is worth quoting the awbicquous reason for uncertainty in the conclusions - "the pilot
comments were not alweys repeatable”.

On the subject of visuml system fldtll!%, the work reported in reference 18 is cited. The inten-
tion of this work wes to vary quality of the visuml cues seen by a helicopter pilot, and
assess in flight the intrusion into the flying task of the limitations of current GGl visual
system. The limitations were scuity, detail, texture, contrast, and field of view. Again,
reference to the original report Is recormended. The significant findings seem to be thet i) even
though the pilots could see the horizon with reasonable clarity, their ratings of attitude cueing
degraded dramatically with fogged lenses (poor micro-texture of the vismml external field), end
ti) their ratings of longitudinal and fateral transiatione) control degraded, both with reduced
field of view, and with the loss of micro-texture. The discussion in reference (9 nmy shed (ight
on these results. Spatial orientation is largely derived fram the ambient mode of vision, which
requires a visual scene with good "spatial texture®.
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Figure 9 LARS Resesrch Simutator, Wright Patterson AFB

The influence of time delays on simulator assessments of flying cqualities also receives rigorous
treatment in reference 15. In particular, the value of analytical models to determine the effect
on loop closure of time delays from various camponents of the simulator is pr d. In Y.
"accurulated time delays from a variety of simulator camponent sources will cause reductions in
the effective system bandwidth, relative to those in flight., [f the bandwidth chance occurs in a
rating sensitive region, the simulator will be pore poorly rated than flight for this reason
alone, For region of flat rating trend with bandwidth, excessive time delay and associated phase
lag will stifl lead to anamlous simulation results,

'Measurement of pilot behaviour in flight and simulator, directly as by frequency domein or model
matching methods, or indirectly as by phase-plane trajectories is an invaluable too! for judging
overall simulator fidelity. Further, it can produce direct or inferred insights into the specific
causes of simulator difficulty and pin-point possible fixes or cures".

The fidelity of a simulation also depends on the task which is given to the pifot. A smelil
perturbation tracking task mey reproduce all the elements necessary for comparison with flight,
whereas a complex loop closure, such as visual high speed low level flight may not. In this
respect, a wealth of experience has been gathered over the years to cast doubt on the validity of
ground based simutation in two areas,

1. Certain types of pilot induced oscillations, where the pifot is expected to stabilise a loop
with merginal stability, and In consequence has to generate lead or lag, and change the
cross-over frequency. Previous contributions to this Lecture Series illustrate the wide
understanding that exists of p.i.o. related mechanisms. Now it is possible early in the
design of a new aircraft to take account of p.i.o. situations, and reduce their likelihood,
The flight control system ensures well-danped inner loops, and the control inceptors are
tailored to provide wel! behaved responses., Even so, p.i.o.'s can never be forgotten, and can
occur fram unexpected sources.

A 'trigger’ mechenism, such as an FCS failure, is  usually involved, and difficultius
sometimes arise in reproducing the occurrence of a p.i.o. An aircraft, flown without trouble
by meny pilots for twndreds of hours can suddenly exhibit 8 p.i.o., after which It is easy to
find, One such exampie occurred during spin-recover testing. Following the recovery, & pitch
p.i.0. occurred, increasing in magnitude, then subsiding. The explanation (found by
growxi-besed simulation) whs that there was a fag term burift into the pitch feel dynamic
pressure scheduling, and that the rapidly changing flight condition allowed high gain in the
pitch FCS for a significant period during the recovery.

2. Unmided visual landi roach and flare. The elements of modelling, visual cues, motion
Cues and time delays alE inﬂueme the quatity of simulating this task. In the case of
wel | -beheved transport aircraft doing stately approaches, the only area of concern is that of
touchdown performence - in particular, comparisons of sink rate at touchdown compering flight
measurements with simulation invarisbly show factors of two in performance - with much heavier
landings occurring In the simulator (Figure 10). There is also a considersbie difference
between pllots - its is almost possible to classify the pilots into two group “good simulator
pilots”, and "bed simulator pilots®. It is suggested in reference 20 that the problem is not
a physiotogical one, of differences between piiots in perception or response time, but a
psychological one, in which the good pilots believe what they see and feel (insdecamte as it
is), the others do not, and thereby incur a lag due to incredulity. The only solution is to
improve the quality of the information, and to remove knomn deficiencies. Severs! researchers
heve noted the need for good representation of aerodynamic ground effects. VSTOL and
helicopter simslation also suffers near the ground. A useful concept in defining fidelity is
to consider a speed/height buse, within which fidelity of ground based simulation is suspect.
The size of the box depends on the simulator, but few simslators could be truthfully said to
l‘:.vn g:.ll(y within 2 50 knot/50 feet box. The task of the simulator engineer is to shrink
thet .
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6. Experimental Results - Quasi-Linear

6.1 Longitudinal Short-Period Criteria

Work in the fifties and sixties related both to fighter sircraft and to transport aircraft
designe, and meny experiments, in-flight and ground besed, were conducted to establish
criteria relating to the short period oscillation. Two typical results are seen on figures %a
and ab. Considerable differences in such boundaries fram different experiments were apparent.
Better correlation was achieved by introducing an additiona! parameter which defines the lag
between the generation of pitch rate and lift. Any of the three parameters, L, n,, and Tq ,
all closely related, achieve this purpose. Reference 21 describes fixed base simulator trials
showing the importance of this factor.

Further work by Boeing is reported in reference 22, Trials on both a fexed base simulator,
and on a variable stability aircraft (their Boeing 367-80), established the boundaries seen on
figures 11 and 12. At low speed (n, < 15), L, is the preferred lift parameter, anc at higher
speeds, n, is used. The assessments were based on large aircraft requirements for clinb,
cruise, landing approach. The agreement between simulations (and known aircraft) is good.
The figures do not show that bounds are needed on the values of w,, L, and n, for these
criteria to be applicable; for example, very low values of L, and «, can produce poor
handling, even if the ratio seems acceptable. The existence of a lower [imit can be inferred
from figure 8(c).

l./un CORRELATION

1t
L3
L0
IN FLIGHT SIMULATION
1/' R 6i5 © FIXED BASE SIMULATION
-a / o-’i '—02—5
/ 63| %4
_L!_.6 / / 1 \3'5 Figure 11
@ / bas (028 422
N A 38 3}0 40
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a
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Nz >0,
SYMBOL MACH_ ALTITUDE
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Nge 12 y, /4 N MRS
- JA74v4 3.5
8 ( 7 \ Figure 12

A
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SHORT PERTOD DAMPING RATIO-{

More work on short period requirements using the Calspan T-33, is described in reference 23,
The tasks used for assessment were more akin to fighter manoeuvres, and the possibility of
pitot induced oscilllations wes addressed, One conclusion states "feel system and control
system dynamics can have significant attenuating effects on the abrupt pitch response at high
frequencies, and therefore such cheracteristics are of considerable importance in the anaylsis
of hendling qualities reusits”. Attention was also drawn to the importance of the perameter
"mr , the maximm pitching acceleration per elevator stick force. This parsmeter relates
t rﬁ's criterion (reference 24) and influenced the short period requirement for Category
C (low speed, landing), seen on figure 18,
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6.2

6.3

Low Speed Longitudine| Requiremsnts for Ack d Transport Aircraft

A NLIR study using both a ground besed sisulator, and the TIFS variable stability aircraft at
Calspsn is reported in reference 25. The ground besed simulator incorporated a four degree of
freedam motion systam, and a TV/mode| bosrd visus! system, to allow the simulation of a visua!

and landing, ss well as an instrument spproach. Great care was taken to duplicate
the tasks in the ground besed simulator and in the TIFS,

The besic stability of a simulated transport aircraft wes modified by a rate commend/attitude
hold flight controi system, and by direct-1ift control inputs. Based primary on pilot ratings
and comentary, boundaries between "satisfactory” and “acceptable” handling quaiities (3.5)
were established, and compered to existing criteria. Many valusble results emerged fram this
work. Afthough some differences between ground based and in-flight sisulation were observed
(sink rates at bwck for examplie Figure 13), in general the correlation of results was
good, including the ratings relating to variations in short period frequency, wnd in pitch
rate ov ershoot. Figure 18 shows the mean ratings fram the ground based simufation, compered
to MIL-F-3785-C. Modifications to this requirement were recommended.
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Space Shuttie Longitudinal Landing Flying Qualities

A good account of the use of flight simulation to improve the flying qualities of the shuttle
is given in reference 26. Early approach and landing tests had indicated a tendency to
p-i.o.s near touchdown. Analysis of the records showed that due to the hardware and
mechanisation of the pitch flight control system, there was an effective time delay between
the pilot input and the airplane response. Sawpling in the digital FCS countributed to the
delay, and metters were made worse {f the pilot used large inputs, because the elevon
actuators would exhibit rate timiting, The problem wes tackied from several directions. An
F-8 Digital FBN aircraft was used to study the inter-action of time delay and high bandwidth
requirements. A fixed base simulator, with a (RT display to tailor the task, was used to
study adaptive fifters in the RCS, and to support mathemetical modeiling of the p.i.o.
Extensive ground moving-base and in-flight simulations were conducted, on the FSAA and WS
simulators at NASA Ames, and the TIFS at Calspen. [t was found that the in-flight simulator
was more likely to predict the occurrence of a p.i.o. The WS has larger vertical travel than
the FSMA, and was preferred to the FSAA, but was not as p.i.o. prone as the TIFS, Al though
the p.i.o. tendencies were not the same, the WS and the TIFS produced similar evaluations of
the besic handling qrmlities for less damnding tasks.

The lessons learned from the shuttle experience have been shown to apply to the approach task
for fighter aircraft (reference 27),

Roll Response Requirements for Advanced Aircraft

Reference 28 describes work at NLR, equivalent to thet summerised in section 6.5, relating to
the roll response requirements for a transport aircraft with s rate conmnd/sttitude hold
system, in the lsnding approach and touchdown task. Pilot ratings were obtained from
assessments in the NIR moving base flight simulator of different cavbinetions of rofl demping
and meximm rolling acceleration. The results are compered with various requiremants and
criteria fram other sources. A cowperison is made (figure 15) with the boundary seen on
figure 4f, The perfect correlation may owe something to good fortune, but could equelly be
sttributed to good experimental practice. Since one trial was fixed base, snd the other with
cockpit motion, the motion cues do not seem to have influenced the pilot ratings. Later
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results fram the TIFS allowed the low roll dawping case R-8, to be compered to an in—flight
evalustion. The more favoursble rating (sverage GR = 5.7) fram flight might be attributed to
minor shortcomings of the visus! system in the ground based similator. The difference, fess
then one point on the GR scale, is not large, but the inference, of being within the
‘scceptable’ boundary, Is significant.

0
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¢, ROLL MODE TIME CONSTANT (s)

Figure 15 Handling Qualities in Roll

Rolfing requirements have been complicated by the Introduction of high gain menveuvre devend
systems, The roll rate feetback gain, to minimise response to external disturbance, has to be
bafanced by high gain in the forward path. Forward path filtering is then needed to reduce
the roll sensitivity. For fighter aircraft, high maximum rofl rates are wanted throughout the
flight envelope, and non-linear relationships between stick force and roll demsnd are
necessary. The use of a force side-stick adds to the design problem. The classic exawple is
the F-16, and the roil p.i.o. vhich caused an inadvertent first flight. The problem is
described in reference 29, which makes the point that in-flight simulation played an important
role in producing the solution. A related handiing daficiency in rol), “roll ratchetting",
yielded to analysis and fixed base simulation, which resulted in good correlation with
in-flight simulation (figure 16). It is instructive to compare the roll rates for full stick
implied by Figure 16 and the correspording *,, with the Figure 15 boundaries (assume 10 lbs
for full stick). The p.i.o. area lies in the top left corner of Figure 15. Conventional
aircraft have prblems in the bottom right corner!
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Figure 16  Roll Ratchet Comparison, Flight and Simulator
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6.5 Lateral Stability and Cantrol

Maryy sisulations, fixed-bese, moving-base and in-flight have been made to establish criteria
for the roliltg, spiral, snd dutch roll modes, and for excitation of these modes by control
y domin perameters provided the wmost corwenient form to express the
criteria, ald were used to frame the subsequent Flying Qualities Requirements. Reference 11
deals 'nh these results in detail.

Figure 18
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Figure 17  Latera! Directional H.Q. X

Further insights into Iuternl flying cualities is gained by considering dimensions!
derivatives, such as R L“ , Ny_ . These derivatives indicate the magnitude of
excitation - for exmplg La gios a“direct ‘measure of the initial response in roll to e side
gust. Figure 17, fram reference 30, shows the results of an in-flight simulation study, using
the variable stability Nevion at Princeton University. The pifot rating boundaries are
plotted in terms of L, and x, , the rolling mode time constant. A similar study using a
ground based simulator (reference Bll produced very similar ratings for the level of
turbulence represented in flight. As might be expected, the pilot rating varies with
turbulence Tevel (figure 18). Systematic study of the effect of turbulence on flying
qualities (as opposed to ride camfort) is a neglected area. Depending on the control loop and
the excitation, the pilot may reduce or magnify the effects of turbuience., In the latter
case, his best control strategy is to minimise his inputs consistent with retaining control of
the inertial flight path. The question still remains whether open loop criteria , for
exanple, bounds on the bank and yaw excitatinns due to gusts (figure 19}, or closed loop
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criteria should be the basis for specifications. There is a shortfall in the specification of
recuiremants which cater for flying qmlities in ail atwspheric conditions. Modermn flight
control techwology can address sutamstic gust alleviation, but even then, there is » need to
ensure thet the system thet wodulates the response to exterral disturbences does not detract
from the menosuvring capability of the aircraft.

Bufore leaving the topic of lateral handling in turbulence, it is worth noting that ground
based simulators with motion systems (even of modest performmnce) heve procuced hand!ing
qulities assessmants thet correfate well with resuits fram flight trials, At the same time,
fixed and moving bese simulators produce different results, and the dwracter of the pilots
control inputs chenges, as seen in the example on Figure 20 from reference 31.
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Figure 20 Comparison of fixed and moving base simulation in turbulence

7. Experjmental results - large excursions

The examples of Section 6 help to satisfy the need for experimental results to support improve-
ments to Handling Qualities Specifications. Compared to the sixties, there has been a sharp
reduction in such experiments, and the lack of dats has to same extent hindered the development of
Specifications to deal with the types of aircraft now being designed. A further hindrance hes
been the application to aircraft design of new technology, inciuding relaxed stability,
fly-by-wire, and multiple redundency. Their influence on flying cualities specifications was
discussed by A'Harrsh and Woodcock in 1981 (reference 32). They observed that there had been an
"erosion in confidence, and a lack of commitment to understand the specification, snd to actively
utilise the specification guidence during the evolution of the design.” One of the reasons for
this situation was gliven as follows: "The Specification used to be the primsry tool for evaluating
Flying Qulities before first flight. Flight Simulators, of increasing sophistication as the
design progresses, are now utilised as an integral part of the design process. The camputstional
capabiiities available to support simulation hardwere can model the complex aircraft and flight
control systems for pilot evalumtion. Indeed, the design of advanced aircraft todey is virtually
unthinkable without substantial flight simulation support. Becsuse of its sophistication and
direct involvement with pilots, the sinulator may be more readily believed then the specification,
whether werranted or not.”

The views are even nore relevent todey, excepting perhaps their last qualification. Modern
aircraft are conpletely dependent on avionics - for cockpit displays, flight control, and systems.
Extensive ground testing of hardware and softwere is essential prior to flight, part of this
testing includes pilot evaluation of flying qualities. It is no longer sufficient to chose an
isolated task and flight condition for assessmant; the full envelope has to be explored.
engineers and pilots have to assure thamelves thet both the fine control of the aircraft, snd its
behaviour in extreme conditions will not cause problems in flight. Examples of flight simulation
evaluptions of the latter type will now be given.

7.1 The most recent exanpies are the clearance to flight of the British EAP and the French Rafale
prototype aircraft. Both aircraft use relaxed stability to menoeuwvr ing ,
and could not be fiomn without their fly by wire contro! systems with wul tiple-redundancy.
Within weeks of first flight both aircraft were bring demonstrated at low-level in impressive
serobetic routines. The confidence for such demnstrations was based m ground-besed rig snd
simulator testing.

The standerd of simulation needed to clesr the RCS for the EAP is described in reference 33.
It is far removed from thet used twnty yeers ago, to study flying qumlity requirements.
Figure 21 shows the various elemnts included in the simulation. Fram the flylng qamlities
standpoint, the se € model, and the fiight control IEQQ wmodel are of interest. 1t is
difficult to relate aerodyramic model to neer force and moment coefficlent
models which were once sufficient. Data is transferred to the simulator host computer in the
form of hypercubes - arrsys of mmbers which include afl non-linearities and
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Figure 21 EAP Simulation Block Diagram
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cross-coefficients, which sre interrogated at high speed to provide the correct forces and
moments on the airframe at alt times., Typically, the computer hendles 0.5 million coeffi-
clents. the critical coefficients are updated 300 times per second. The flight control
system mode! is also complex. Features include multiple feedbacks, non-linear gain and filter
shaping, forward path scheduiing, limiting and monitoring. the FCS irons out aerodynamic
non-linearities and cross-coupling, snd takes account of the incidence/sides!ip/g/speed/height
envelope to allow carefree handling.

There are several consequences to this level of simulator activity. First, the capsbility of
the simulator is stretched, perticularly in the ares of modelling, and qualification of the
model. Good standards of documentation are essential. Secondly, classical flight mechanics
methods of investigeting flying quality deficiencies do not apply; neither the aerodynamic
moce!, nor the flight control system model can be inspected with ease. Third, the flight
simulator becomes a general design tool. In defining the FCS, the engineers have used analyt-
ical methods and computer modefs, together with a knowledge of flying qualities criteria.
Even so, resi-time simulation is the point where all the components come together for the
first time, including representative forcing functions (pilot and external disturbences,
including ground constraint). Iteration, besed on inspection of responses, is the key to
success, and the FCS engineer who says "yes, we lnow sbout thet, and it is taken care of in
the next issue of the FCS software” is usuelly being econumical with the truth. Although the
technique is different, the challenge to provide good flying qualities still remains. Re-
peated evaluations are needed ~ often it is after many hours of assessment thet s loose end is
spotted - an uwented coupling, a pitch attitude drop-back, a restrictive limit, or a com
bination of controls that induces trouble. Once found, these things are so obvious.

Lateral Depertures

Carefree mmoeuvring is still a luxury, and the manoeuvring envelope of many fighter aircraft
is determined by lateral stability and control at high incidence. The need to use high
incidence, particularly at low speed, is dictated by requirements relating to air conbat. The
unrlerstanding of serodynemic phenomerm in this region has greatly improved, so thet the
opportunities for simulation have been enhenced. This region of flight is more sppropriately
studied on ground based simulators rather then airborne simulators - in fact, the study of
these effects on the actual aircraft is not without difficulties, Because of their non-!inear
nature, repestability of a manoeuvre is not assured, and it is often very demending on
piloting skill to achieve a test-point in the air. Filight data is needed to confirm the
serodynemic mode!; then the simulator can be used for exploration - the effects of trim,
aircraft configuration, and flight condition. The result is a plot of depsrture boundaries,
together with the neture of the departure snd how to recover. In practical terms, the
Clesrance Authority can then incorporate manoewvre restrictions into the Pilots' notes, as
necessary. Alternatively, the control system could be developed to allow high incidences to
be achieved without deperture - the Spin Prevention and Incidence Limiting System (SPILS) on
Tornado is such a development.

All of the work of this nature st Warton (relating to Jegusr snd Tornedo) wes conducted on
fixed base simulators; a proportion of the assessments used a wide field of view visual system
inside a dowe.

The use of growxi-besed simulation to spport F-18A fow altitude high angle of attack flight
testing is described in reference 34, Over 2000 total menoeuvres were flown on the simulator,
trvolving afl aspects of the flight test programe, from initial test plaming to post flight
menoeuwvre analysis. From the simulator resuits, the critical departure versmeters were
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identified, and caparture trends weve defined. As & result, the msroceuvres in the sircraft
test plan were dedicsted to accomplishing the critical dewonstration endpoints. The
simulstion programe contributed grestly to flight safety. Pliots ware wei! rehsarsed for
esch dmonstration. Details of the softwsre any herdware standards used by Gruwmn are given
in the reference. Simulator fidelity is discussed, confirming the view that it is a refative
quntity. The acceptability of the simulster fidelity wes based on experience, familiasrity
with the aircraft, and best engineering judgesment. simulation wes deamed accaptabie as
long as it provided a "close but conservative® representation of the aircraft's depsrture and
recovery cheracteristics. Using simulation support in this way, the F-18's deperture charac-
teristics were safely dwonstrated at angles of attack greater than 60 degrees with full
angine thrust asywmetry at altitudes below 10,060 feet.

If recovery from (ateral deperture is not effected, spinning will follow. Like smny high
performance aircraft, the F-18 exhibits saveral spin modes. The alrcraft may transition into
an aerodynamically stable fiat spin wode (90 degrees ADA with increasing yaw rate to 180
dagrees per second). The pilot can be subject to “eyebslis out” g forces as high as 6 (/21 g,
resulting in simost total Incapecitation [f his shoulder harmess is not securely locked.
Raference 35 describes simulator trials to study the sircrew safety problems, using the
Oynemic Flight Simulator (DFS) at NADC, Warminster. The key element is a human centrifuge
motion platfurm with three degrees of fresdom - a 10 foot diameter gondo! suspended in s dus!
ginbe! system, on the end of a 50 foot arm. Tha system can provide 10g per secorxd onset rate,
between 1.5 and 15g. The elements of the simslator are seen on Figure 22. Many aspects were
studied, including the effect on spin recovery of recovery initiation, height lost during

, the effect of altitude on entry, the need for recovery dispisys, and the design of
the restraint systam. Valusble deta were obtained from the tests slthough (not surprisingly)
flight validation was spurse. Fidelity aspects of the centri , and the controi algorithms
which were used, are desit with in pepers given st the sawe AIM conference,
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Figure 22 cocamt

DYNAMIC FLIGHT SIMULATOR (DFS) BLOCK DIAGRAM

Ski-hnp

Also presented at this conference was a from McDonne | | Alrcraft Company (reference 36)
describing ground besed simulator trisls to determine the likely success of erhancing the F-18
take-off performence by landing gesr moxdifications to aliow telw of f .rom a ski-jusp remp.
Resi-timm, mon in the lo?':hullﬁm was considered necessary to study the handiing snd
flight control sspects. similator prograwe was followed by flight testing; s cawperison
between flight and simslator is seen on figure 23. 1t is concluded thet the program benefited
significantly from the extensive simulstor effort. The simuletor provided wode! validation,
as well as pilot fanifisrisation snd training. [t established safe operating erwvelopes, end a
:\'n: Air Tu::'c-:hr report said thet "simulation is the perfect tool to evaluste different
wp profiles”.
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7.5 Generat

The above exanples are a small cross-section of specific trials. Of a more general nature is
the value of sinulation in the study of almospheric phenomena, and their effect on flying
quatities. In the sixties, simulators contributed to the understanding of the d’%}_‘ﬂ'{
problem and the jet- t problen. Recommendations emerged, not only to show control
system modi fications 1o minimise the problem, but also to advise the pilots on
flying tectnicues to inproved safety. More recently incorporating conplex atmospheric models
of the micro-burst have helped engineers to understand the mechenisms involved, and have
helped pilTots to deal with the operational aspects.

8. Future Prospects

Without cuestion, (light simulation will play a vital role In the design and clearance of all
types of future aircraft - civil and military; conventional, VSTOL and helicopters. Hardware
improverents are allowing increased fidelity in simulation. Additionally, the complexity of
aircraft design increasingly calls for simulation as an essential step in the clearance process.

8.1 Sinutator Inprovements

The complanentary mature of airborne and ground based simulator testing is unlikely to change.
Standards of in-flight simslation will improve for several reasons. Hardware improvements now
svailable include sensors, actuators, deta transmission, and airborne computing. Programmable
electronic displays cen more easily replicate those intended for a new aircraft, so that the
range of tasks which can be sinulated will expand. Telemetry ground links, and monitoring
devices of fer more benefits.

Ground-based simulation is also improving. Most companies and agencies are up-dating simula-
tor laboratories with improved hardware. A better understanding exists in the sinufator
community of the source of current limitations - in visual cues, motion cues, and time delays
-~ and means of remwving these limitations are appearing. The inter-actions between these
three factors are recognised, and fuxdamentals are being addressed. Recent improvements in
visual display hardware offer higher resolution and wider field of view displays. Equally
impressive is the recent progress in image generation. Processing power, allied to compensa-
tion technicpres, is taking the sting out of time delays.

8.2 Aircraft Design

Ve saw in section 7 that aircralt designers are inclined to test their ideas on simulators,
and reduce the role of the Flying Qualities Specification into that of a check list. That is
only hatf of the story. Clearly, the Procuring Authority needs a document such as MIL-F-8587C
to lay domy a requirement for a new gircraft. But alrcraft procurement today is not a simple
buyer /supplier situstion - on both sides, teams are likely to be involved. In the case of a
team of suppliers, involving large conpenies, with different philosophies, there is a need for
2 unifying force, an operating fremework. In the case of flying qualities, the Mil Spec
provides that framework., We mmy not obey the ten commandments, but we are alf benefactors
from their existence.

The aircraft design problem has changed, perticularly in the area of flying qualities and
flight control. Responsibitity for good flying qumlities resides more in the domin of
avionics than it did in the pesl. The flight control system can be made to do a better job
then the pilot in meny sreas - in menoeuvre limiting, and monitoring. The idea of levels of
fiying qualities, to deal with control degradation, has much less mesning for wodern aircraft
than It had ten years ago. But the pilot is stitl the key eleament, and the design must
incorporate his preferences. Section 7 shows the wide scope of investigations now required.
The task Is @ critical element, and a specification besed on only 3 categories A, B and C is
insdequate {or design purposes.

= s Y
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8.3 Flying Qmlities Specification

A general specification which embraces all possibilities, snd sets mandetory requiremsnts, is
difficult to formulate. Applying it to a design using new principles of control is also
difficult, and proving compliance is not easy. The question arises whether a general
specification is worthwhile, when major projects are few, and when there mmy be time to
prepare 3 specification tailored to each project.

As we hsve seen, the specification serves other purposes, and should be revised rather then
rejected. Two possibilities could be explored. One possibility is to (ean towsrds the format
asdopted in the British revision of AP 970 Oupter 6. Flying Qualities Requiremnts
(reference 37}. The mendetory requirements are phrased in non-mesmerical terms, using phrases
like "shel] not give rise to piloting difficulties®. Each requiresant refers to an acceptsble
means of cawpliance (AM.C). In this way novel, non-compliant solutions can be offered. The
revision will be conplete when an equivalent section, acceptsble means of demorstration is
conplete. Such davonstration will include snalysis and sinufation.
The other possibility is to have a framework specification, to which can be added the
nuverics! requirements and background information which is appropriate to a defined new
project. The opportunity would then arise to define siso the extent to which flight
simulation is relevant to the design and developwent process.
The recuirements thamselves need to be examined. Although the ‘equivalent systen’ approach
deals with same of the festures of modern digitai flight control systems, definition of what
is an equivalent system is imprecise, An altermative or cowplementary formet for specifica-
tion is to use parameters which emerge from the examination of time responses. Such criteria
are in wide use, inplying a swing fram the frequency domin into the time damin. Also, the
nature of sinulator trials described earlier suggests « classification of criteria for either
fine contro! or cosrse control - the same control system must satisfy both types of control
input., The inportant issue for the future, however, is to ensure that the interchenge between
analysis, modelling, simulation, testing and project definition is s coordinated activity,
from which emerges an aircraft with good flying qualities,
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>>Judging the suitability of an aircraft to safcly and effectively perform its mission without undue
pilot skill and discomfort is what “flying qualities” is all about. Central to such judgement, and to
the design of suitable aircraft plus flight control systems, is an understanding of what the pilot can
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~* For purposes of ready and universal “characterization™, the aircraft plus flight control system
(plus displays if applicable), is approximately matched by a lower order equivalent system of suf-
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http://www.abbottaerospace.com/technical-library

