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Preface

The validity of constrzining the responses of todzy's control dominant aircraft to conform to the classic flying qualities criteria
derived from stability dominant aircraft experience has been an issue for many years. The intvoduction of full time visual scene
enhancement with sensor fusion, and computer generated/interpreted night scenes, also escalates display dynamics into the
arena of flying gualities concern,

Integrated flight and propulsion control schemes and direct force controllers have the potential for completely coupling all the
sensors with all the controllers to provide any combination of controlled motion from six independently controlled single-
degree of freedom systems 1o a single completely coupled six-degrees-of-freedone system,

These new technologies have expanded flight envelopes, reduced drag, increased manceevrability. provided the framework for
practical gust alleviation and active flutter suppression, and provided flexibility for faun-tolerant, damage-adaptive flight
controls,

Bowever, the upduting of flying qualities criteria has in general notkept pace with these techinological changes. The purpose of
this Symposium was to review flying qualities issues today, and to report progress towards their resolution. The following topic
areas were covered:

—  Flying Qualities Experiences on Contempaorary Aircraft
—  Application of Flying Qualities Specifications

- Flying Qualities Rescearch

—  Flying Quatities at High Incidence.

The concluding "Round Table Discussion™ provided the Session Chairmen with an opportunity to share with the Symposium
atiendees their view of the major issues relavant to their session topic which need to be addressed in the future.
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Préface

Depuis de nombreuses années, la communauté de la mecanique du vol s'interroge sur {a validite de ta méthode qui consiste a
moduler les réponses des adéronefs d'avjourd’hui, qui sent caractérisés par la commande, pour qu'elles se conforment aux
criteres des qualités de vol classiques gui découlent des adronefs caractérisés par la stabilité.

L'arrivée des systémes d'enrichissement permanent de 'image combinés avee linterconnexion des capteurs, ainsi que
{'imagerie nocturne créé/analysée par ordinateur, fait passer la dynamique de la visualisation dans le domaine des qualités de
vol,

Les systemes fatégrés de commande de vol et de commande de la propulsion et les systemes de controje direct des forces
permettent d'cnvisager le couplage direct de tous les capteurs avec toutes les commandes pour réaliser toute combinaison de
mouvement commande, altant de siz systemes a un seul degré de liberté et a commande individuelle, a un seul systéme a six
degrés de liberté et a couplage intégral.

Ces nouvelles technologies ont eu pour effet d’élargir le domaine de vol, de réduire la trainée, d’aceroitre la maniabilité, de
fournir 'environnement technologique favorable a Patténuation des rafales et a la suppression du flottement et d'amener la
flexibilité demandée pour la réalisation de commandes de vol insensibles aux défaillances et adaptatives a 'endommagement
de I'aéronef.

Cependant, les criteres applicables aux qualités de vol n'ont pas suivi ces évolutions technologiques. L'objet de ce symposium a
été d'examiner les questions qui se posent dans le domaine des qualités de vol aujourd’hui, et de rendre compte des progres
réalisés en vue de leur résolution. Le symposium a traité des sujets suivants:

— }‘expérience acquise dans le domainc des qualités de vol sur les avions modernes.
—  Lamise ¢cn application des spécifications des qualit¢s de vol.

-- Larecherche en qualités de vol.

-~ Les qualités de vol a forte incidence,

Le debat “table ronde™ qui a cloturé la séance a fourni aux presidents de séance Foccasion d’avoir un ¢change de vues avee les
participants sur les principales questions qui se posent dans ce domaine et qui sont a résoudre a l'avenir.
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YLYING QUALITIES 2ESEARCH — QUIO VADIS

by

Raymond b.Siewert
Deputy Direcior, Defense R. & Eng.
ODDRE/R & AT
Room 3D 1089
The Pentagon
Washington DC 20301-3080
United States

Thank wou Dave for that very kind
introduction.

Good morning ladies and zentlemen.
It is indeed an honor to prasant one of
the keynote addresses at this symposium.
However, I do have a some concern that
members of tne AGARD flying qualities
community now look upon me as a senior
citizen for it seems one has to achieve
that status in order to give a proper
keynote. In retrospect that may hbe
closer to the truth than I care to admit,
as my first AGARD presentation was twenty
four years ago to the fiying qualities
symposium in Cambridge England. At that
symposium I delivered a papsr that
presented a controversial c¢riterion on
the susceptibility to lengitudinal pilot
induced oscillation (PIO) which was
developed jointly with Mr. A’harrah,
currant chairman of the flight mechanics
panel. My comments today may be egually
controversial, but in a broader context.

My remarks this morning are directed
toward fixed wing aircraft, principally
high performance tactical aircraft.
However, as evidenced Ly the oLitle of
severul papers on the agenda at this
symposiuwe, cvhey will scon be applicable
to halicopters as well.

ask the students of Latin to
axcusc my very liberal translation of
that beautiful language in the title of
this talk. However, 1 believe flying
qualities research is at a cross roads
and +hat the community should address the
quuntion “"What are the future directions
in thia discipline?"”

To place this thesis in proper
perapective, I will briefly trace the
history of flying qualities, to explore
the more noteworthy highlights of the
past as a back drop to explore where
flying juelities research might be going
. the future.

Before embarking on our historical
Journcy, 1 belimve we should take a
morent Lo conszider this technical area
and those characteristics which make 1t
unique and fascinatine arsa of research.
it in one of the f Jdaciplines which
Crar togather hig complex dynamics
snalyses with the pecformance and likes
ard dislikes of the human operator.
priceitionars of tha art must:

tharoughly eschooied in aircraft
smlos and aercdynamics

o HBe familiar with the limitations
of the human operator

0 Understand the athiributes ot
mission aifectivenoss

In essence flying qQualicies research
rresents the clasasic interface problen
among the discipiines of aerodynamics/
dynamics, slectronics/controls, and human
factors. Increasod integration of these
disciplines and a blurring ot the
distinction between them characterizes
recent trends. There is no reason to
believe this will change in the
foreseeable future.

Thus far I have raferred to "Flying
Qualities” as the topic of my
presentation, and indeed *“hat is the
title of this sympesium. However when
examining the agenda for this meeting, I
note the intermixing of the term
"handling qualities” with that of "Flying
Qualities”. I would not have thought
much of *his difference in terminology,
had not. our session chairmar, Mr. Key
recently brought it to my attention that
he belleves there is a distinct
difference in the application of these
terms. It seems that "Handling
Qualities" is concerned with flight
control (note-not controls) and produces
design criteria, assessment techniques,
and design tools. Whereas, "Flying
Qualities"” is concerned with the
interface with the pilct primarily to
reduce workload and improve task
rerformance. If one accepts these
distinctions, I believe history shows us
that early experimenters were concerned
primarily with "Handling Qualities".
However, modernu practitioners of the art
must concern themselves with both aspects
of the discipline.

The importance of handling qualities
was certainly recognized by the Wright
Brothers, as seen in this excerpt from a
speech Wilbur made in 1801:

"The difficulties which obstruct the
pathway to success in flying machine
construction are of three general
classes: 1) those which relate to
the construction of the sustaining
wings, 2) those which relate to the
generation and applicaticon of power
required to drive the machine
through the air, 3) those relating
tc the balancing and steering of Lhe
machine after it is actualily in
flight. Of tuhese difficulties the
first two are already to a certain
extent solved; but the thiid, the
inability to balance and steer still
confronts students of the flying
problem. When this one feature

has been worked out the age of
flying machines will have arrived,
for all other difficulties ars of
minor impcrtance.

We all know that during the riest two
vears,

the Wright Brothers sucoended in
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solving that difficalty, at least to the
point that their flying machlne had
aufficlent control to successfully
accomplish relatively safe flight.
However, we would all question the
adequacy of the flying gualities.

Some eight years after the first
flight of the Wright Brothers, the next
major component of today’'s flying
qualities was developed by contemporary
mathematicians. It was the British
applied mathematiclan, G. H. Bryan who
placed the hole voroblem of airplane
dynamics on a more rigorous mathematical
basis in 19i1. Bryan introduced the
concept of "stability derivates," broke
the total airplane motion down into
symmoetrical and rotative components and
uncovered the natuire of the alrplanes
natural frequencies. Thus the
foundations of aircraft dynamic analysis
were established.

It was not until almost forty years
after the Wright Brothers first flight
that the final element of modern flying
qu&alities was established. The work at
the national advisory committec for
aercnautics or NACA at Langley Field in
the U.8. which began in the 1930’s, was
coming together in 1840, Jjust prior to
World War II, in a group of sophisticated
programs %o correlate airplane stability
and coutrol characteristics with pilot’s
oi'inions on the airplane’s "flying
gualities.” This work focused cn those
factors that coculd be measured in flight
and could be used to define
quantitatively the flying qualities of
alrplanes. The fundamental natare of
that body of technology that we call
flying gualities has not changed in
almost fifty years.

Almost simultaneous with the
establishment of flying qualities as a
technical diszcipline, was the development
of the firs* flying qualities
specification. This work was performed
by E. Warner c¢f NACA the when he was
arked to prepare the specifications for
the Douglas DC-4 airplezne. Warner
discussed the problem with airline
rilots, industrial develiopment engineers,
anc the NACA staff, and his specification
was the -esult of these studies. While
Warner 1s credited with the development
of the firsc¢ flying qualities
specification, the U.S5. Army Signal Corps
had some thoughts on this matter in 1907
when they drafted the specification for
the first military airplane to be
procured from the Wright Brothers.

Flying qualities were not even given a
stand alone paragraph in that one page
spe~ification, but merely a sentence
which is as fellows:

“"During this trial flight of o¢ne
hour, it [the airplane] musc be
steereu ir all directions wtthout
diffioulty and at all times under
perfet control and = librium.’

Those requirements are almost
elegant in their simplicity.

We like to believe that we have come
a long way from those simplistic times

e "\' .?&

the flight regime of early marned
aircraft. was so rudimentary that control
power was the key to success, and the
aerodynam’¢ instabilities could be
stabilized by the pilot after a little
practice. As airplanes flew faster and
became more heavily loaded, the
divergences of the unstable airplane
became too rapid for the human pilot to
cope with and design for inherent
aarodynamic stability became mandatory.
As the airplane moved into more and more
complex flight regimes, the capability of
designing for complete aerodynamic
stability throughout the flight envelope
became nearly irpossible. Due to the
great nonlinsarities arising from power
effects, compressibility and
aeroelasticity we have had to introduce
stabilizaticn elements through the
control system to aid the pilot in
controlling the airplane to parform the
mission. Indeed, modern cont:rol
technology has prngressed to the point
where we now intentionally design
airplanes to be unstable cver a large
portion of their flight anvelope to
enhance performance and mission
aeffectiveness.

These advances whils contributing to
overall mission effectivaness have caused
their share of problems for the flying
qualities engineer  As designers rely
more and more on the flight control
system to compensate for poor dynamics
and asrodynamics of the airplane, the
flight control engineers have been forced
t.o ever higher levels of complexity,
resulting in total system dynamic
characteristics several orders greater
that those first identified by Bryan.

The raesult is that we are no longer able
to identify the characteristic modes, not
only mathematicaily, but also in the
alrplane response characteristics.

As this situation evolved over the
past fifty years, we have attempted to
define and redefine criteria to insure
"good flying qualities” with the result
that today’s specification is an
extremely complex document which has to
be supported Ly a back up manual over
eight hundred pages in length. Still we
have problems defining flying gualities
criteria. 'This has resulted in efforts
such as the notion of equivalent systems.
In this concept an equivalent set of
second order response characteristics are
derived from the modal characteristics of
the complete higher order airframe. The
criteria for acceptability are now
defined in terms of these equivalent
characteristics. In my view we are
attempting to "force” airplanes which
exhibit new and unique dynemics into our
traditional mode of thinking about flying
qualities criteria. To what extremes can
we contilnue this practice?

Coupled with the increase in control
complexity ias the incresasing trend toward
cockplt automation. We have such
programs as integrated fire and Flight
control, wherein we demonstrated the
ability to shoot down a drone under
flight conditions where such a feat was




vV

considered impossible in the past. The

pllot remarked, "I den't Ynow if he {the
antomatic system)] got iL or I got it, but
we got 1t!" Consider! .g that much of our

flying qualities research for military
alrcratt 1s devctod to defining the
characteristics of a stable and precisely
controllable weapon delivery platform,
what then should be the nature of this
regsearch In the above example?

"The drone demonstration” was
aceomplished almost ten years ago, and we
have been pursuing technology development
for automated ground attack, automated
target hand off, automatic terrain
following/terrain avoidance, aut-mated
systems monitoring and flight management
and much more. This leads me to the
question, "What is the role of man in
cockpit?” The traditional response has
been that he will become a manager of the
battle. I have not discussed this with
very many pilots, but I do know from long
experience that pilots like to fly
airplanes, and all of our governments
spend a considerable sum to insure that
they can do it very well. Management
training 1s significantly less expensive.

A survey conduct by the Naval
Weapons Center in China Lake, California
a few years back of Marine attack pilots
indicted that while control of the
aircraft trajectory was considered
critical to the success of the migsion,
it was not consider a difficult or high
workload task. What was surprising was
that they rated weapon interface critical
to the mission as well. but as a high
workload task. The weapons were iron
bombs! These admittedly sparse data
raise the following question in my mind:

“In our eagerness to automate
cockpit functions, have we
overlooked the preferences of the
pilots and automated those things
which we think will be beneficial?"

Advances in technology are also
bringing in new modes of controil. The
U.S5. Alr Force is currently flying a
modified F-15 airplane which integrates
the flight control with the propulsion
system which includes {n flight thrust
vectoring and reversaing. A opaper
describing this program will be presented
later in the symposium. The point I
would make here is that this integrated
control concept may result in response
characteristics which are not generally
recognized .n the classical flying
qualities sense, but which may be very
acceptable to the pilou

Closely related to the above is the
topic of high angle of attack post stall
flight, which 1s the subject of the final

seesslon of this saympostum Alrplane
response characteristics in this regime
Aares fapr from olassical. Accordingly, we
have takan to developiug a new term
airoraft agility. There 18 ourrently

great debate in the united states on
fdentitication o f theass agility
paraneters and the range of acceptahle
valies There is a tendency 1o agree
these by consensus which | find very

disturbing. I find this very disturbing
becsuse it ignores the foundations of
Eryan, Gilruth and others who pioneered
the concept of relating the tlight
mechanics parameters to pilot preferencs
and performance.

Finally, we all recognizes the
importance of ~imulation, both ground
based and In flight, to flyling qualities
research. Hcowever, from my observations
of some recent simulat -'ns, we are no
longer building system. ic data bases
upon which to base new or revised
criteria. Rather, the researcher has =a
conceptl. for a new mode of integration,
writes an algorithm tc implement it, and
conducts simulation to prove it works.
The result is that if the aivplane
designer does not wizh 4o utilize that
particular mechanization, he has no dsata
baze upon which to hase alternate
aesigns. It appears that the days of
systematically varying parameters and
atudying their overall «tfect on pilot
opinion and verformance is beccming a
lost art. 1 cen only reflect that future
designs will snifer.

Py now you have heard some of my
concerns and recegnize why at the start
of this talk, I suggssted that it might
be controversial. I would liks to
conclucde by posing srme challenges to the
comtunity here today. I ask you to
consg:uer the following questions as you
g0 Larough your program this weok, as
well as in your future work.

0 Vhy shoull we continue to try to
define the charscteristics of
advanced airpiane ~onfigurations
which ro longer exhibit classical
reaponse ~haracteristics, such as
the short perlod or dutch roil
™ g, In those terms?

0 What i3 the role of man in the
cockpit, and how should this role be
addressed in future flying gualitios
research?

o Are flying qualities criteria and
the resulting specifications
becoming too complex? If so, whav
are some altarnate approaches?

In ¢losing, I ask you tou again
consider my original thesia, that flying
qualities rescarch is assuming new
directions. Further, thcse here today
must determine what those directions are
and develop the research agends o pursae
them

Thank you For your kind attention
and 1 winh you success in your symposium
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L'ADAPTATION DES QUALITES DE VOL
AU PILOTE ET A LA MISSION
par J. Coureau, Directeur de la Sécurité des Vols
DASSAULT AVIATION - 13800 - Istres - France

L’aviation a débuté comme un grand jeu
sportif auquel sc sont livrés des fanatiques assez
fortunés pour fabriquer la machine, asscz ingénicux
pour qu'clle puisse voler, ¢t assez téméraires pour la
fatre voler.

Ceux qui ont réusst avaicnt par dessus tout
du génic !

Ces constructcms-piiotes ont di obtenir
asscz rapidement une stabitité¢ suffisante pour
permettre des vols de plusicurs minuates sans fatigne
excessive, une bonne précision de pilotage pour
réaliser de fagon répétitive et sans trop de cassc les
manocuvres de décollage et atierrissage, puis la
tenue de palier, puis le virage. Les premigres courses
“au pyidone” imposaient déja une certaine maitrise
dans ces domaines.

Les régles en usage pour dimensionner les
gouvernes, caler les surfaces portantes, tenir compte
des couples d'hélice, cte... devaient s¢ communiquer
oraleraent. Bien peu d'éerits de Pépoque font état de
ces nroblemes. Hs furent pourtant résolus et la
premicre guerre mondiale voit relativement 10t
apparaitre une aviation militaire utilisable.

Les aviateurs sont d’abord chargés de
régler des tirs 4'anallerie. Mais pour déloger ceux d'en
face, on erée laviation de chasse vers 1916. La qualité
de la plate-forme devait étre excellente car le pilote
devait manocuvrer pour se placer a "portée de fusil” ci
licher les comrandces pour tirer sur un gdversaice qui
manocuvrait pour éviter. Treés vite larmement de
bord a évolué vers des mitrailleuses puis des canons
fixes dans Paxe avion, preuve évidente que la
meniabilité des avions en permettait un usage
performant. L'abandon de cet armement est souvent
¢voqué, mais son usage est encore répandu de nos
Jours.

En France, un orgamsme d'Etat, créé en
1920, débuie Vétude réctiement scientihque des
qualités de vol des avions; ses pilotes et ingénicurs
trouvent les bonnes régles, les commumgquent aux
constructeurs puis tentent de les fuire respecter.

Hs découvrent la stabilité longitudinale
statique, Ta stabilité de route, le meuvement spiral. et
ausst le flottement.

Un des constructeurs porte un grand
mntérdt aux qualités de vol de ses avions, il incite ses
ingénicrs A participer aux vols de développement ot a
temr compie de Pevis du pilote 5 il conserve ces
prinapes tout au long de sa brillante carriere. Fai cu
'e plaisir de travailler sous ses ocdies pendant 30 ons
vous aves reconnu Monsicur Marcel DASSAULT,

LES AVIONS CLASSIQUES :

La deuxierae guerre mondiale réalise uae
grande confrontation des matéricls.

De belles machines deviennent célebres pour leurs
qualités de vol. On demande aux bombardiers une
bonne stabilité longitudinale et transversale car les
movens de visée ct les calculateurs associés réclament
peadant le "bomb run” des corrections précises et bien
amortics.

Les chasscurs par contre ont besoin de
manocuvrabilit¢ ¢t de maniabilit¢ pour conduire les
combuts bas¢s sur I'utilisation des armes dans I'axe de
Pavien. (Cest la course A la puissance pour les
motcurs; fcs gouvernes doivent équilibrer des couples
d’hélice trés importants.

A Fapparition du réacteur, Paccroissement
de vitesse qu'i} permet révele un nouvel accident de
comportement : la compressibilité. Les phénomenes
les plus courants sont des vibrations (buffet), des
oscillations peu controlables (purpoising), de Pauto-
cabrage (pitch-up), des défauts de compensation des
gouveraes. Cela eréé de nouveaux soucis pour le
pilote de combat.

L’emploi des profils minces guérit ces
nconvénients mais en améne d’autres.
Laérodistorsion revient en force pour réduire les
vitesses de roulis. On rencontre des décrochages
dynamiqucs plus violents. Rendues plus plates par
Finertic accrue du fusclage, les vrilles sont réputéces
difficiles & contrdler.,

Les quahités de vol requises

1 - Laséeurnd d’emplor : Favion doit pouvair étre
employé sans danger jusqu’zux limites de son
domaine de vol, tant A grande vitesse ou grand
Mach qu’a basse vitesse, & haute altitude
comme pres du sol. Cea suppose que soient
mailrisés les comportements ¢a subsonique,
transsonique et éventuellement supersonigue
aussi bicn qu'au cours de déerochages statiques
‘t dynamiques,

Dans différents pays, des normes strictes
sont érabhics qui ont pour but d’éviter le
renouvellement de defauts avant amené des accidents,
Sappuyant sur des eas particuliers, elles manquent
patfois d'universalite. Le fait de les respecter ne
garantt pas viament la quahité de Pavion,




L& transsonique provoque sur les gouvernes
et des thmonerics associées des moments A la
dynamique ¢t aux variztions si rapidcs qu'il n'est pas
pensable de les compenser efficacement. Onoa
recours aux servo-commandes irréversibles
généralement hydrauliques @ la sécurité reposc sur
denx circuits indépendants alimentant des servo-
commandes duubﬁ;corps. Le pilote ne ressent plus
yu'un cffort proportionrel aux déplacements de la
commande (boite 3 ressorts) et aucune réaction de
gouverne ne "remente an manche”.

Lefficacité dus gouvernes varic telicment,
dans un doimaine de vol trés élargi, gu'il faut adapter
la commaade aux conditions de vol. L zci est surtout
nécessaire en profondeur @ un deita peut préscenter
une efficacit¢ de profondeur de 0,3 degré par "g" &
bassc altitude et grande vitesse, lorsqu’il est centré
arritre ! Le cortréle en devient alors tras délicat @il y
a risque de "pompage piloté”. On rccherche donc des
centrages irés avant, avion lissc, pour accepter lcs
pertes de stabilité ducs aux emports sous voilures,

Des amortisseurs 3 commande €lectrenique
sont installés, des lois de déplacement non linéaires,
des lois d’effort 2 plusieurs pentes, variables en
fonction de la vitesse et méme du facteur de charge,
des amortissements visqueux (dash pot)...

Bienrdt une chaine ¢lectronique fourait la
commande normale, la commande mécanique servani
de secours. On est cependant en simnple chaine, le
"secours” doit étre d’excellente qualité et conserve
donc tous les dispositifs ci-dessus.

On réalice ainsi des avions polyvalents sur
lesquels le pilote peut passer des faibles vitesses aux
graniis mach, de 'avion lisse A "I'étagere & bombes”
sans devoir porter au pilotage une attention trop
soutenue : la perte d'aid~s au pilotage n’est pas trop
génante et permet dans fa majorité des cas la
poursuite de fa mission.

Sur les avions munis de radar, il est
préférable de disposer d’une stabilisation lors de
"observation attentive de I'écran puis de retrouver, si
possible, 'entiere maniabilité du chasseur ; divers
dispositifs ont tente de répon lre A ces besoins
contradicioires : auto-commande et stabilisateurs de
roulis, pilo: » automatique embrayable et débrayable
instantanCme ay, pilote automatique transparent.
Accessoireme st 1. réalisent tous un auto-trim bien
agréable.

2 - LEfficacitt

Le¢ combat classique imuose toujours use
maniabilité excellente mais dont la recherche
va & I'encontre des qualités de vol classiques
comm:e la stabilité. Sur les avions congus pour
le temps de paix on opére donc un compromis
qui est plutot du coté de I sécurii€ : effurs par
g €levés, stabilité statique forie en volant
centré avant.

LES COMMANDIES DE VOIL, ELECTRIQUES :

Lidéal, connu depuis longiemps, est de
faire piloter Pavion A travers un calculateur
électronique qui assure les amortissements et les
proteciions, ol qui permet, grace a scs réactions trés
rapides, d’accepter les accidents aérodynamiques, de
reculer ke centrage jusqu’au vol en instabilité statique,
procurant ainsi un gawn important cn performance.
Ceci a réhabilité la formule Delta.

La commande mécanique traditionnelle
nest plus utilisable dans ces conditions de vol car les
écarts augmentent beaucoup trop vite pour étre
correctement controlés par un piiote, Il faut donc un
autre calculateur ¢n secours, puis comparer les deux.
En cas de pannc, lequel a tort ? On voit bien que c’est
'escalade vers trois ¢t méme quatre chaines.

C’est Parrivée sur le marché de calculateurs
élzctroniques compacts gui a rendu possible la
réalisation de ces commandes de vol électriques sans
secours mécanique.

La suppression de la transmission
mécanique a posé quelques problémes
psychologiques, bie vite oubliés devant la somme des
avantages obtenus.

Dans Paviation civile, ces problémes ne
sont pas encore tous oubliés !

Que permeitent les commandes de vol
¢lectriques ?

- une trés bonne stabilisation de plate-forme en
conditions de vol instable, donc la possibilité d'une
trés grande maniabilité. Ceci réscud le probi¢me
des chasseurs précédents . un avion stable comme
le roc et irés ardent ! Quel avantage en combat !

la manoeuvrabilité maximale grace aux limitations
automatiques en facteur de charge et en incidence,
dans toutes les configurations. C’est 'avion que
I'on manocuvre trés vite, A fond, sans souci de la
perte de contrdle ou de la casse. Bien siir les
couplages roulis-lacet rendent le dosage du pied
inutile Autres énormes avantages en combat !

- lafacilité de pilotage : avion & mettre entre
toutes les mains, qui pousse vers ic haut les
performances individuelles, efface les différences
de pilotage, accroissant aiasi Peffizacité d'uve
force aérienne avec le minimum de temps
d’entrainement.

- lcs nombreuses fonctions nouvelles ;

le pilote automatique de base peut étre inclus
dans les calculateurs, donc multi-chaines, ce
qui accroit la sécurité d'emploi A trés basse
altitude et la disponibilité,

¥
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Pévitement de sol automatique devient
posstble, méme ¢n manocuvre, grace au relicf
numérisé ¢n mémoire,

la récupération de Pavion, en cas de perte de
conscience du pilote, est réalisable, par analyse
de ses réactions au moyen de Aétecteurs peu
contraignant : mouvements de la téte, efforts
aux commandes,

le controle aisé de Uénergie en combat, sans
consulter d’instrument, par limitation
présélectée des évolutions ou par signaux
tactiles au pilote,

a gestion optimale de la trainée ou de la

la gest ptimale de la trainée ou de la
portance par utilisation de toutes les surfaces
mobiles,

I'utilisation possible des six degrds de liberté
pour découpler les translations des rotations
autour du centre de gravité, bicn que la
complication des cornmandcs ct des stratégics
de pilotage m’ait pas encore permis
d’application opérationnelle en combat,

Pallegement de certains efforts structuraux,
Panti-turbulence,

Papproche dynamique ou méme le mainticn
des grandes iacidences (post décrochage ou
post-stall), etc...cncore que Fintérét
opérationncl en soit largement discuté. Ceci
peut changer trés vite en fonction de
I'évolution des moyens de désignation de cible
et des domaines de tir des missiles.

Les limites de cette liste sont celles de
I'imagination !

N’y a-t-il pas de revers a ces médailles 7

Si, bien sir,

Pinstabilité, point trop n’cn faut : elle réclame de
grands braquages de gouvernes ou des surfaces
excessives ou méme une poussée orientable pour
lc zontrdle dynamigue pres des limites ; la
performance s’en ressent, le poids et le prix

grimpent.

les manoeuvres faciles a facteur de charge €levé
(9 g+) devienrent physiquement éprouvantes,
accroissent fortement les risques de perte de
conscience ("g" LOC) si Pon ne prend pas de
précautions pour limiter les cadences et anticiper
les prises de "g". Les avions "agressifs” le sont auss:
pour leur propres pilotes !

Les risques de perte d'orientation spatiale sont
acerns.

la limite & la charge sire est trop basse en cas de
ressource tardive ou de manoeuvie d’évitensent.

La buiée surpassable du MIRAGE 2000 résoud

particllement cet inconvénient,

- les innovations cofitent cher ! développer un
logicicl et le quahfier exige des anndes de travaid
de nombreux spéeialistes et Pemploil intensif de
moyens de simulation.

- la compiication des modes rend incertam le
diagnostic du pilote en cas de panne, d’anomalic
ou simplement de nos prise ca compie.

- les modes de pilotage découplés ne sont pas faciles
d’emploi ou demaadent un entrainement
spécifique entretenu, done cher.

Enfin, on peut se poser des questions sur
I'intérét de Padaptation au combat tournoyant a
Pheure ol armement principal est constitvé d'enging
a grande portée ou de missiles de combat rapproché,
beaucoup plus manoeuvrants que ne sera jamais
Vavion pilot¢ !

Pour la courte portée, la désignation par
viscur de casque et le tir d’un missile agile ron
accroché peuvent remplacer des manoeuvres
¢prouvantes. Si la faisabilit¢ de ces tirs est évidente,
leur mise au point n’est pas terminée... On est par
contre beaucoup moins optimiste au sujet du
comportement d’un missile tiré pendant une
manocuvre style "cobra” ?

H reste cependant que Pavion tireur doit
bicn s¢ placer, trés tot, et donc manoeuvrer vite.

Queclques questions se posent :

- Jusqu’ol doit-on pousser la sophistication et son
prix ?

- Avec quelle précision doit-on approcher les limites
de la structure ou celles du contrdle de I'avion 7
Faut-ii couvrir toutes ies manoeuvres imaginablcs
pour éviter quelques consignes restrictives ?

- Est-on parfaitement sir de la protection contre la
perte de contrdle ? Faut-il concevoir une détection
de vrille et un mode de récupération, automatique
ou non, qui traite le probléme sans risane de
Paggraver ?

- Les pilotes accepicront-ils les modes de pilotage
ol un dispositif aura autorité sur leurs propres
ordres (évitement de sol par exemple) ? Les cas
de déclenchement intempestifs sont-ils exclus, vue
Js faible précision des capteurs ?

Au milieu de cet imbroglio, I'établissement
des  ormes et de reégles d’application posera
prot..cme ! La mise au point puis la qualification des
logiciels est un travail ardu, difficile A contrdler par un
service officiel. Quels principes devront étre érigés en
reglement ? Une bonne partie de ces techniques n'ont
pas encore subi I'épreuve du feu.




LES MOQYENS DY PARVENIR :

On constate que, comme par le passé, c’esl
Pexpéricnce et la gualité des personnes impliquées,
leur esprit d’équipe et la collaboration étroite des
Jdiverses parties prenantes, ingénicuis de conception,
ingénicurs d’cssais spéaialisés, pilotes d'essass, et
surfout utilisateurs, pour d’abord délinir le besoin
puis corriger les erreurs précédentes et assarer fa
qualité du produit : avant hicr on mauiait des
dispositifs mécaniques, hier de Phydrauligue et de
I'électronique, avjourd’hui surtout du logiciel.

COMMENT EVOLUE LE PILOTE ?

Les prédictions les plus pessimistes
portaient sur sa résistance physique aux forts factcurs
de charge. Musculation et entraincment intensif
&taient fortement consetliés. Il se trouve que la

susculation ne porte pas les fruits escomptés ei que
le probl2me principal n’est peut-éire pas 1a !

La cause principale d’accidents sur les
machines modemes est paradoxalement la perte de
vigilance, ie manque d’attention. La facilité de
pilotage présente un revers inaticndu ou du moins
dépassant largement les prévisions.

La cause qui vient ensnite est Pexcés de
confiance, amplifiée par .a grande facilit€ d’exécution
des menoeuvres. Les militaires ie sont pas les sculs
touchés par ce mal ! Les commandes de vol ne
peuvent rien contre le danger des basses vitesses 3
trop basse altitude, ni contre le risque d'un
retournement engagé trop bas.

11 parait important de revoir lez moyens et
les programmes d’entrainement des pilotes d’avions 4
commandes de vol électroniques afin qu'ils
s’adaptent mieux A ces nouvelles machines trés
sophistiquées, en attendart que nous sachions
améliorer ces machines pour qu’clles tiennent compte
des faiblesses humaines.




FHE ART OF FLYING QUALITTES TESTING
by
Dieter Thomas
uuptstrafe §7
U - 8080 Firstenteldbruck
FEPDERAL REFPUBLIC OF GERMANY

Basicly, there are two ways of testing the qualities of a piloted acroplane: Either you do it "by the hook” or you do
it by experience and intuition.

When I decided (o be a test pilot - 25 years ago - 1 started to learn all the pecessary details by means of the
available books. Thercby U got a thorough knowledge of most of the related paragraphs. Then I went (o the t2st
pilot school and learned (o evaiuate the flying machines and the practical methods to demonsiraie compliance with
all the related requirements. The first shock ¥ got was during ihe final flight examination by Monsicur Plessier, the
famous Le Bourget “Jupiter” when I showed him ia the air ans explained during the detwiefing bow I confirm
lateral stability:

As teached, 1 lowered one of the wings whiie maintaining a constant heading with rudder and then giving free the
ailerons for scli-recovering. He asked me:"Do you think this is really a geod method to simulaie the recovery after
an atmospheric gust?”

"But Sir, this is the way I was taught to do it at your test pilot school.”

"Do you believe evervthing a teacher tells you?"

"But Sir, what shall I believe in?"

"If you want to be accepted as a test pilot and if you want to survive during your career, you must learn to question
everything you ure told. From now on, yuur main job will be to discuss anda even fight {o: optimum solutions, this
for the sake of flying safety and in the interest of your company to produce good aircraft.”

And hz was right. - The fights for the best solutions became daily routine, and by the way: stzady sideslip is really
rot a good initial condition to prove lateral stability, it is only an established and accepted method to show
compliance with a FAR paragraph.

If you really want to evaluate the roll stability, you need to fly the airplane normally in turbulence or in bad
weather and then you know whether it is stable or not and this without questioning mancuvrability. You must be
ready to evaluate between these contradictionary qualities of stability and manenvrability kezping always in mind,
the main task the airplane was designed for.

After the test pilot school, T was lucky enough to work for seven years in the Franco-Germanr Alpha-Jet
programme at the Dassault Hight test ceater in 1stres. My French partnes test pilots did not carry the MIL Spec.
unter their arms all day long, they preferred to create flying qualities by experience. They had enouvgh experience
by flying a new prototype practically every yedr - from the Alpha-Jet or the Etandard subsonic fighter bombers and
the Mercure transport plane, to the different supersonic Mirages fighters and to the varicus Falcon bussiness jet
family members.

There, I learned and afier return to Germany I practised this at the Dornier company - not to test aircraft against
requircments only, but {o:

¢ fly

4 cvaluate

¢ judge

# discuss

® change and
& fly again

in order Lo creste an aircraft which:

¢ fulfils the operational requarements it was intended for

# has qualities that pleare the customers and their pilots

# assurcs a maximum of safety when operated in the normal covelope

¢ shows ample and clear warnings, should unusual situations appear and

¢ remains flyable even in emergency situations (e.g. heavy icing conattions, system fatlures, eic.).

Fortunately I was able to reduce aciive development testing when the electionic mdustry started to take control of
cockpit design and flight control svstems. When they convineed the design engineers that the human pilot is
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overstressed and nceds the help of computers tn the linking between cockpit handles and the flight controls
surfaces. Links which were more and more of the clectric wire or the fibre optic type only. They also spread the
news that sophisticated soltware ouly coulil solve the future airtasis as the limited human intelliger ce infringes the
possibilities to further optimdse flight operations to increase profit or deterrcnce.
Initially, I had problemns to understand my hesitation to follow this develoment trend. Today | know that this
personal feehng comes from the fact that - at least for civil ar transpoct systems - the industry is taking teo fast an
unnecessery visk i changing from quasi solid moiecular flight control and display systems to soft and fragile
clectromagnetic or clectrooptical varianis.
Saying molecular, I mean systems where the interaction between crevy and aircraft is cither:

@ solid (metal or plastis)

& liquid (hydraulic) or

4 gascous {pncumatic)

It 15 clear to everybody that these molecular systems can fail, as well as electromagnetic systems, bui their failures
and the subsequent system reaction is predictable. In the case of electromagnetic systems, thete types of failures
and system reacilon are very hard (o predici. in addition, they can casily be disturbed in ocr world of increasing
clectromagnetic potintion. This pollution and the disturbances are hard (o test in every aspect before a new
machine is released for public air {ransport. This should be of great concern to all of us.

Another point of concern is that today many aircraft companics unfortunately have completely separate military
and civil aircraft divisions, Dae to this fact, the cwil products do act benefit cuough rom the normaily more
advanced military systems as it was the case in former times. The military exporience - including the knowiedge of
this AGARD group - is not perctrating any more decp enough into civil design works, and here ¥ sec an
unnecessary flying safeiy risk, simply due to a lack of commuaication

Coming back 1o my rciuctance against sott display ar { flight controds,

When we started the initial definiiion on the Do 328 cockpit, [ was the test piletin charge. [ was very embarrassed
how reluctant the civil electronic indusiry behaved when 1 addressed vital ilying safety considerations concerning
the CRT-display presentation, the switchology and the failure modes. - An area of responsibility | really bad, when
working on military aircraft in close cooperation with the services. Most arguments were countercd by the remark
"we have discussed all this with x- and y-company, you take this system as it is or you leave it". I fouad myscifina
situation where T had to fear loosing control over the design of my cockpit and 1 had to give away vital areas of
ciassic test pilot responsibilitics.

Pasallel to this situation I learned about problems encountered with civil fly-by-wire aircraft by own experience
and by aviation magazines. Here some examples:

I flew a big transport aircraft where:

a pilot can give inputs to the conirol stick and the computer refases to follow because a limit is reached - this
without advising the pilot clearly of the software decision
or

- the throttles do not move in the cockpit when engine power is changed by the computer and
time constants, necessary for turbulent weather operations for autopilot operation, are not removed when
flying manually. This results during turbulent weather approaches often in situations where the fast pilot’s
reaction is blocked by a heavily damped computer action: leading to a severe loss of pilot confidence i the
aircraft,

Recently, I read that on another big transport plane, power of all engines was reduced on several occasions o idle
alter takeoff or in climb duc to a false gear down signal.

This list could be continued with at least 10 examples more.

I see here a dramatic gap in aireraft definition which can only be solved by sticking to reliable systemrs as long as
possible and leaving the molecular way only where necessary for safety and for a real reduction in pilot’s workload.
Electronic flight control and display system as they are designed today do not always fulfil this requirement, To
prove tuis, U quote the German Airline Pilots Crrganisation "Vereinigung Cockpit” from their September mecting:
"The Airbus A 320 is not yet fully developed. The computer sysiems are helping the pitot only if they are fully
operatonal. In case of fatlures the crew workluad will zo well above the one in conventional aireraft.”

In my opinion time has come to regain old fashioned team work between test prlots, airceaft design und test
engaers - not 1o forget aircraft mechanics - and the legislative, placing the electroric industry back to its position
of real subcontractor. Every system should be designed only according to airerait type and flying safety ortiemated
speeifications written by the aircraft designer. If clectronic systems are unavoidable, it would be of great help to
the civil side, if the military experience would enter rapidly the brains of civil aireraft designers.
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MIL 8785 Revision [ is here an excellent examyplde: tor the future. It should be vaken as a basis also for future
revisions of cvil aircraft certification regulations.

Let me return to conventionai flight testing as more than 95 % of all new atrcraft types are still treated this way.
‘When I get a new aivcraft in my hands - protoiype or already certified - [ first fly it from takeoff to landing through
its normal flight envelope (fast, slow, high and low, straight and crazy); ground handling is included in such a fight.
The first flight is the most important one for the overall test pilots evaluation and to determine the area to
concentrate on during the following mission. For sales flights, by the way, there is normally ouly one such (light
possible - if too many cxcusces are needed during this flight the plane will not find its customer.

Already durir.. the second flight the pilot starts to adapt even to the worst qualities because he has the natural
good test pilot keeping in mind the "normal pilot skiil".

A normal pilot, by the way, is normally not familiar with the details of the topic "flying qualitics”. For him, a good
aircraft is one which flies like the one he has flown for the last ten years. If he can fly it without thinking too much,
ther it is a good one - nothing else counts. It remains with the test pilot to discover and describe all the problem
areas during initial evaliation. The detail work of "fine tuning” the behaviour of a machine is not very popular
within the companies as the results are not clearly visible in dollars and cents because they touch the border of
personal feelings and even philosophy. If the certification competition continues as it is practised today, that means
every company cutdoing all others in shortening more and more the flight test phases, flying qualities optimisations
will be very soon a banned topic in aircraft development.

The flight test period is also the time when the conflict with existing airworthiness requircments takes place.

Here some examples:

Example no. 1

Civil airworthiness regulations still require the old fashioned speed stability (figure 1), that means that during an
increase or decrease of the speed outside the 10 % friction band a positive push or pull action is required by the
pilot {figure 2). But looking at supersonic aircraft, this required steady positive stick force is reversed above
Mach = 1 but the aircraft stili remains perfectly flyable cven with an apparent instability according to the books
(higure 3).

At M > 1 the actual stability has even increased due to the backtravel of the center of pressure on the Cj®-curve
as can be seen on figure 4.

The Alpha-Jet fighter/trainer is accepted as one of the nicest flying machines that exist. One of the most praised
qualities is the autotrim function of the flight control system when flying between 150 and 450 KIAS. The pilot
does not need to touch the trim button because the control surface moves all by itself giving perfect stability but
not by the civil books (figures 5 and 6). MIL Spec. is here more advanced than FAR's. Apparently there was a
constant dialog between pilots and well experienced scientists who understood the problem and translated it to
uscful criteria, not calling them "certification requirements” but "decision guidelines” (figure 7 and figure 8).
The term "ncutral apparent speed stability” which is used recently could solve a lot of certification problems if
adopted to civil regulations and would even help to make better aircraft to fly by the pilots.

Exampie no. 2

Quite often I have seen aircraft which were perfectly stable according to FAR whea stabilized long enough at
certain speed intervals, but when accelerating towards higher speeds they were unstable with a definite pull force
required to stop them even at V. This is often due to free masses within the control linkage forcing the stick
forward on acceleration or in a descent and backwards when decelerating or when climbing, T have seen aircrait
which were driven progressively into a stall without any selfrecovery tendency. Nobody can stop today a
manufacturer delivering such critical airplane to new customers.

A rather funny experience was the reverse free mass action on the Do-24 ATT amphibian which I tested in 1983.
The Do-24 flying boat was heavily stable when tested at well stabilized speed intervals (figure 9). But it was famous
of being relatively free of ihe dangerous porpeise tendencies when acrodynamics fight hydrodynamics during
speced excursions on the water (figure 10).

Pornoise is normally triggered by out-of-phase pilot inputs. Not so on the Do-24. As you touched the water, the
conirol column was driven forward by the sudden decelleration when water drag started. When waves caught and
left the hull changing periodically the water drag, the column was also pumping in the proper manner calming
down not only the aircraft but also the skipper. We never found out if this funny detai! was one of the secrets of
Frofessor Dornicr or whether it was just an inherent quality installed by chance.
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Example no. 3

As already mentioned, the Alpha-Jet is one of the finest aircraft I have ever flown, also due to the nearly pedect
harmony between aileron and elevator stick forees. These forees are considered light but well adapred, not only for
the trainer but also for the Jow altitude atiack mission. It was therefore clear that Dornicer when stavting the
development of the Argentine 1A 63 iratuer several years ago, saw no necd of changing these characteristics, We
even bought the hardware, the ARTHUR variable stick force bellcrank, which was explained on figure 5, from
Diassault. But already in the development phase a discussion started with Argentine specialists about ML Spec.
level 1 performance. They insisted that the proposed IA 63 stick forces per g did not meet the level 1 as
contracted. They had plotted the required stick force gradients as seen on figure 11 creating a form of g-envelope.
1t was only at that time that we looked at the Alpha-Jet in respect to the MIL Spec levels and we found out that
also this pilot-loved machine did not meet this presentation. The discussions were endless and are still going on.
We optimized in the meanwhile the 1A 63 giving it control forces that suit the envelope, by that giving up the
clegance of operations.

1 am sure that the founder of this MIL. section did rot want to create an envelope. But 1 must say, with all my
experience it took me half a day te understand table V (figure 12) together with MIL spec figure 16 {figurc 13).
Only after plotting stick forces per g over airspeed I had something also normal trained test pilots could
understand (figure 14).

Therefore, T urge this group to look for a simpler way of treating this subject in MIL spec and to leave the arca
below 2 g free for definition by aircraft designers and test personncl.

Example no. 4

Small acroplanes arc certificd according to FAR 23 and airworthiness requirement related o aireraft with a
takeoff mass equal or below 5700 kg. The Dornier 228 ist one of the airplancs in this category. The »oitial
certification was at the specification limit that means 5700 kg. All documents including thic POH were printed aad
delivercd with this limit, until we found a customer in Japan. At that time, a young engincer of the Japaucse
certification agency refused to certify our aircraft because it did not meet the personal licencing requirments as
this operational regulation applies only to aircraft below 5700 kg, We were forced to change all < ocumentation by
replacing the number 5700 kg by 5699 kg (figure 15).

From the last two examples we can learn a lot. If a group of specialists gives leading numbers fo- future reguiations
it has a big responsibility because once a number is published it will be used often by persoas who do ot sec the
difference between an apple and a pear. It may take years and years to change it if experience and prog,. ess finus it
inadequate. This opinion was confirmed to me at ihe last SETP mecting in Arles when I had the honour to talk to
Mr. Georges Cooper who invented together with Mr. Harper the famous flying quality scale. He explained to us
that he never intended, when he first presented his paper to this AGARD parel, to fix his numbers for ever. He
only intended to present a basis of discussion. But everybody grabbed the numbers and called them practically "the
law for evaluation”. And when it was found that in parts the explanations were inadequat nobody was able to
change them in the whole western world. So Mr. Cooper himself was addressed again several years later and was
asked to revise it.

CONCLUSION

To conclude this paper, I urge you, the scientists, for the sake of progress in aviation, pot to give too many
numbers and not to lay down regulation if they are not absolutely necessary for the safety of flying. Proposals,
recommendations, however, and printed discussions are always welcome and highly desirable. In doing so, you give
us, the test pilots and flight test engineers, the possibility to create good flying machines for the specified tasks,
flying machines created by experience, thorough knowledge and intuition.

For a test pilot the ultimate goa! must always be to "promote air safety by expressing pilot’s opinion” - the leading
objective of our society (SETP).

In the cockpit we do not need doctors in scicnce, analysing prototvpes in flight - what we need are technically
crientated pilots creating good airplanes as part of an integrated team of aircraft designers, aircraft mechanics,
development and test engineers. The team must be a mixture of clder, experienced, hesitating people and young,
progressive and aggressive persons. This mixture gives maxirnum assurance that the resulting flying machines will
be classified as:

"Sale, economic, mission orientated and beautiful tn fly".

"Beautiful to fly” is the pilots’ way of saying: good flying cualitics.
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LONGITUGIMAL STABILITY - THE "CIVIL" APPROACH

{a) GENERAL

A pull must be requirsd to oblain and maintain speeds
below tho specified trim apeed and a push required to
obtain and malnain speeds above the apaecified irim speed.
This must be shown &2 any speed that can ba obtsined ...
oxcept that the contro! force necessery to maintain a spead
differing by lesa than 10% from the trimmed speed may be
suppliad by contro! system friction.

FAR 23 : The stick force must vary with speed eo that any

substantial speed change results In & stick force clearly
perceptible to the plict.

FAR 25 : Ths average gradient Of the stable siope of the
stick force versus speed curve may not be less than 1
pound for each 8 knofs

BCAR K" : The stick force/speed curve shsll be positive at
all speeds within the required spsed renges except that the
controi torce necesssry to maintain @ speed diftering by less
than 10% from the trimmed speocd may be supplied by
conirol systam friction.

FIGURE 1
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LOSS OF ELEVATOR EFFECTIVENESS
AND CENTER OF PRESSURE CHANGE
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STICK FORCE (PUSH)

LONGITUDINAL STABILITY - THE MIL APPROACH
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FIGURE 6

3.2.1.1 Long tudinal static stability

For levels 1 and 2 there shall be no tendency lor airspeed to
diverge apariodically when the alirplane ist disturbed from
Urim with the cockpit controls fixed and with them free. This
requirement will be considered aatisfied if the varistions of
pitch comtrol force and pitch control position with alrspeed
are wmooth and iocal gradiernts stable, with ;

a)} Trimmer and throttie controfs not moved from the trim
settings by the crew and

D) kp aceleration normal 1o the fight path, and

c) constant altitude

over 8 range about the trim spsed of = 15% or = 50 knots
equivsient airspeed, whichever is less ...

3.2.1.1.1 Relaxeiion in transsonic fight

a) Levels 1 and 2 - For conter stick controliers, no local
force gradient sha!l be more unstable than 3 pounds per
0.01 M nor shall the force change exceed 10 pounds in the
unstable diection. The corresponding lmits for whee!
controliers are 5 pounds per 0.01 M and 15 pounds,
re 8

b) Level 3 - For center-stick controllers, no local foice
gradient ehall be more unstable than 6 pounds per 0.09 M
nor shall the force ever excead 20 pounds in the unstable
diraction. The corresponding limits 1or wheel controllers are
10 pounds per 0.01 M and 30 pounds respectively.

3.2.1.1.2 Piich contiol force vaclstions during rapwd speed
changes.

3.2.1.3 Fi'ght path stabliity

FIGURE 7
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FLIGHT PATH STABILITY ACCORDING TO MIL SPEC
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3.2.1.3 Flight path stability

Flight path stability is defined in terms of fiight-path-angle
change where the airspeed is changed by the use of piich
control only (thretile selting not chenged by the crew). For
the landing approach Flight Phase, the curve of flight-path
angle versus true sirspecd shail have a local slope of Vo min
which !s negative or less positive than:

8) Lavel 1 — 0.06 degrees/knot
b) Level 2 —— 0.15 degrees/knol
¢} Lavel 3 — 0.24 degraes/knot
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DO 24 ATT TRIM ANGLE AND PORPOISE LIMITS
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STICK FORCE PER g ACCORDING YO MIL SPEC
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EXAMPLE OF PITCH MANEUVERING FORCE GRADIENTS LIMITS : CENTER-STICK CONTROLLERS, n_ = 7.0

STICKFORCE PER g FROM MIL SPEC 8785 C

Pitch manuevering force qradient limits.

TABLE V.
Center Stick Controllers
Level Maximum gradient Mirimuw gradient

(Fg/N)max, pounds per g

(Fg/N)min, poOunds per g

-

240/ (n/ )
but net more than 23.0
nox less thar 56/np-1 *

the higher of 2)/n;-1
and 3.0

2 360/(n/ ) the higher of 18/Nj -1
but not more than 42.5 and 2.0
nor less than 85/np-1

3 56.0 the higher of 12/nz-1

and 2.0

* For nL <3,

(Fs/n)max is 28.0 for Level 1,

42.5 for Level 2.

FIGURE 12
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EXAMPLE OF STICKFORCE PER g OVER AIRSPEED : CENTER-STICK CONTROLLER, m_ = 6.0

3o
R
§ h = 6,0
t\‘
)
\v
o
v -2
S I LEVEL 2
g
¥
[N
[P

- LEVEL T

3

s LEVEL T
LEVELZ

= __/ LEVEL 3

FIGURE 14

DORNIER DO 228 - 200
SECTION 2 - LIMITATIONS
OPERATING LIMITATIONS:

MAXIMUM CERTIFICATED WEIGHTS

Whenever the Pilots Operating Handbook refers to a maximum takeof!
and landing weighit of 5700 kg (12,56€ Ibs), it should be read as 5695 kg
(12,564 1b3).

FIGURE 15
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ADFCS AND NOTAR™ TWOWAYSTO FIX FLYING QUALITIKS

CHANNING S. MORSE
Senior Experimental Test Pilot
Research and Engineering Specialist
McDonnell Douglas Helicopter Company
5000 E. Mchowell Road/560/G23

Mecsa,

INTRODUCTION

Since the first helicopter flight, "Degir-
able helicopter flying gualities" has
appeared under Webster's definition of the
term oxymoron. That is THE paradoxical
phrase. Early helicopter designers were
limited in their capability to affect fly-
ing gualities. There seemed tn be little
the designer could do to improve the
pilot's task until the development of
flight control augmentation devices.

These augmentation devices tuok two forms:
Mechanical and Electronic. Of late, elec-
tronic has been the preferred method of
tailoring helicopter flying qualities due
to its inherent flexibility and to the
rapid advances in computational yower.
These advances have recently takcen the
form of artificial flying qualities
generated entirely by digital computers.
While this tends to work very well in
theory, the basic helicopter has some non-
linear aercdynamic characterigtics which
even the digital computers of today have
trouble dealing with in real time.

As the Project Test Pilot for the
McDonnell Douglas Helicopter Company
(MDHC) Advanced Digital Flight Control
System (ADFCS) and NOTAR™, I have had the
pleasure of participating in the design
and flight test of two systems which
significantly reduce the workload of the
helicopter pilot by improving the heli-
copies’s flying qualities. This paper
reviews the development, flight test and
flying yualities improvements of these two
systems. Emphasis is placed on some of
the directional control problems faced on
the ADFCS program in left sideward flight
and the potential for the NOTAR™ system to
improve the flying qualities of an
zdvanced, highly augmented rotorcraft.

ADVANCED DIGITAL FLIGHT CONTROL SYSTEM

In 1983, a general question was presented
to the then Hughes Helicopters Experimen-
tal Test Pilots: "What is required to
make a mission effective, single seat
scout/attack helicopter." The assumption
watl made tnat the primary pilot task was
to respond to the volatile battlefield
gituation and to make complex lougicas/tac-
tical decisicons. On this assurption, any
task which diverts the pilot's attention
from the primary task decreases his capa-
bility to survive. Extending -his Jngic
to the flight control system, aircraft
control had to become a secondary task,
including night and poor usable visual cue
conditions. JApother assumption was that
the level of sensor dava available would

82505

preclude a sensor coupled flight control
system, analogous to an automatic terrain
following radar system, for helicopter
combat operations. This meant the pilot
would still be responsible for the direct
control of the aircraft flight path and
provide the input to the flight control
system. Expanding on these twe
assumptions it became apparent that the
flight control design should minimize the
pilot cognitive and physical interaction
required to manage control of the aircraft
flight path.

McDonnell Douglas Helicopter Company
undertook a flight control development
program to evolve a system which would
make flight control a secondary task for
the combat helicopter pilot. The ADFCS
control logic would be developed through
an iterative process of concept, simula-
tion, ard flight test to evolve *oward the
goal of making flight control a secondary
task. MDHC configured a prototype Apache,
YAH-64 AV-05 (77-23258), with an experi-
mental flight control system for develop-
ment. Since that beginning in 1983,

6 years of design and development,

1800 hours of real time pilcoted simula-
tion, and 270 hours of flight test have
gone into the development of the ADFCS.
Reference 1 contains a description of the
program, the aircraft and the testing.
The flight test aircraft is shown in
figure 1 and a schematic cf the ADFCS
installation are shown in figures 2, 3
and 4.

The cockpit controls include the capa-
bility to fiy the ADFCS with 4+0 sidestick
controllers left or right, 3+! collective,
3+1 pecdals or 2+1+l. Controirlsr cunfig
uration is a subject unto itself and will
not be reviewcd as part of this paper.
Advanced flight controls are often con-
fused with the flight controlier config-
uration and the two are interrelated but
not dependent on oane ancther. The evolu-
tion of the flight control logic is des-—
cribed in reference 2. The flight control
system logic and flight testing as evolved
dp ko October 1389 will be reviewed here,

FLIGHT CCKRTROIL LOGIC ‘

Distillaticn ot the flight experiences of

the experimental test pilot staff resulted
in some basic rules for developmeast of the
flight conirol syatem:

Flight control workload should not bhe
traded for button workleocad. At s
mat e moding would be reguired
beceuse there s no workloagd anvaot -

age 1 the pilot has to manunily
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select the flight control mode
required, This antomatic moding
includes flight control logic, gain
shaying, and control stick charac-
teristic shaping.

Envelope limiting was required to
free the pilot from monitoring
aircraft maneuver margins and enhance
his ability tvo use the entire flight
envelope.

Some basic automated emergency con-
dition handling was required if the
flight control task was to become
secondary.

A hierarchy of performance trade-offs
was required to allow for an orderly

prioritization of aircraft capability
and pilot comranded performance.

Starting with a cl'ean sheet of paper, the
filight task of the helicopter pilot was
defined as flight path management and two
environments were seen as critivai: An
inertially referenced fllght environment
where the aircraft flight path is relative
to the earth and an airframe referenced
environment where the aircraft flight path
and attitude control is independent cof the
earth, The inertiaily referenced environ-
ment includes takeoff/landing, hover/low
speed, NOE/terrain flight, enroute/naviga-
tion {both instrument and visual condi-
tions), and air to ground weapons
delivery. The airframe c¢r air refereaced
environment includes aircraft to aircraft
maneuvering {(formation or Air Combat
Maneuvering), aerobatics, and some air-~
speed dependent performance conditions.
Switching between systems was ori¢inally
intended to be automatic. During simula-
tion and flight test, this became a
difficnlt propositicn and a cyclic switch
was added with the switching left exclu-
gively to the pilot. The dasire for
autcematic switching remains but even very
complex logic¢ schemes of combined rate/
attitude/command have proven inadequate.
The inertially referenced flight control
system came to be known as Flight Path
Vector (FPV) control and the air
refesenced system Aerobatic control.

FLIGHT FATH VECTOR SYSTEM

The ¥light Path Vector control system
evolved inte a collection of modes which
handle different parts of the inertially
referenced tlight environment. The modes
currently include GRGUND, HOVER, LOW
SPEED, and CRUISHE., switching between
these modes is automatic and transparent
to the pilot. Some symbology cueing on
the Heluet Mounted Display (H!ID) shows the
active wode and pilot transition between
the different wode logle la very natural.
A short review of the FPV modes should
help clarify how the initial sssumptions
and requirements were evolved into & full
enveloepe flight control gystem,

GROUND MODE ~ The ground mode is used
for aircradt start/shutdown, taxi,
takeoff and laodings., Switching in

and out of ground mode isg commanded
by the combined state of the weight
on wheels switches. The development
of the ground contrel mode wasg one nf
the more difficult developmental
tagsks. A helicopter has its full
control power available as soon as
the rotor is accelerated to operating
speed. This necegsitates great core
in how control inputs are sent to the
control surfaces and Lhe sensov suite
on thne development aicrcraft presented
some unigque development problems.
Puring ground operations, the cyclic
control of the rotor is used as
basicaliy a tip path plane trimming
system. No tip path plane position
feedback was availabie on AV-05 so
the pilot was responsible for
manually positioning the main rotor.
Vertical control was used for main
rotor cellective pitoh (power).
Directional control was used for
heading control., Limited body rate
feedbacks were allowed in pitch and
roll with rate and reading informa-
tion used in yaw. Prior to the first
engagement of the ground control
gystem on the ground, airborne
engagements and a flight envelope was
established using the ground control
system. This enabled initial check-
out and gain settings without the
risk of grnund contact, flight con-
trol induced ground resonance, oOr
ayatem hardover. The system was
surprisingly easy to fly and tnre
envelope was expanded from hover to
approximately 150 KUAS. Takeoffs and
landings were made from different
slope conditiong 2nd at speeds up to
50 knots. After a development
period, the ground to air and ajr co
gcound trangitions were easily
accomplished and no control
transients wers detactable,

Figure 5 illustrates tae controi logic for
gstick command and hold functions of the
HOVFR, LOW SPEED, and CRUISE modes.

IIOVER MODE - Throughn experimentation
a % kot hover capture region was
egtablished. If the aircraft ground
veloccity is less than % knots and
there is ro commanded pilot input,
the asystem establishes a hover and
holds hover position. This hover
capture region makes hover very easy
to establish., The pllot has only to
drive the commanded FPV to lees than
S kaots in his HMD and release the
controls. Longitudinal sticw
comtands long. tudinal acceleration,
L.ateral stick commands laceral
acceleratica. Directional control
inputs command vaw rate wiih heading
hold, Vertical control inputs
command vertical veloclty with racar
altitude hold.

LOW SFEED MODE - The low speed reglon
is from 5 knots rvo 20 kEnots with the

inertial flight path vecile
laterally within 1% degrees
aircerate nose; 5-45% knots




of the circle. In this region,
longitudinal stick commands longicu-
dinal acceleration and the longitu-
dinal inertial velocity is heid in
the absence of a command. Lateral
stich commands lateral acceleration
with inertial velocity hold. Above
20 knots with the nrnge aligyned with
the flight path vector ana above

45 knots, lateral stick commands roll
rate with turn rate hold. Barly work
was done with & more conventional
bank angle hold. This was refined to
the current turn rate hold to make
the commanded ground track in the
turn independent of speed changes.
With the turn rate hold, oank angle
is varied with speed changes and the
ground track is held relatively
constant. This reduced the multiple
contrcl inputs required for a turning
acceleration or deceleration clogse to
around obstacles. Directional con-
trol commands yaw rate with heading
hold and the established flight path
is held constant. »irectional trim-
med flight is definad as zero iner-
tial beta up to 60 knots. If the
directional command displaces the
nose less than 15 degrees from the
tlight path vector the aircraft
returns to trim when the control is
released. If “he directional command
displaces the nosw» more than 15 deg-
rees from the flight path vector, the
new heading is held. The vertical
command becomes vertical acceleration
with gamma hold. Level flight is a
subset with gamma e°qual to zerc and a
capture band around gamma = 0 degrees
allcws easy capture of level flight.
This allows descending/decelerating
apprvoaches with orly a deceleration
command once the descert angle is
set. In the terrain fligkt environ-
ment, the frequercy of vertical com-
mands were recuced because the air-
craft can be easi v trin.ed to tcllow
the general slope »f the tervain by
placing the flight path vector symbol
in the display over the desired point
¢a the terrain. This flight path
vector is displayed as & virtual
symbol in the helmet wmounted display.
A rerent additicn to the level fliqght
hold mecnanism has added a radar
altitude reference with a relatively
long time constant up to 45 knots,
which was not intended as a terrain
following monde, but does reduce the
vorkload in the NOF eavironment.

CRIJISE MODE - Cru:se mode iag defined
as inertial speed above 20 knots if
th nose is within 1% degrees of the
flight path vector, 45 kaots in any
cage. Longitudinal stick command
remaing longitudinal acceleration,
inertial speed hold. Lateral otick
command remeing roll rate with curi
rate hold., Direclional commands
heading Lo the asideslip Liwit of tne
alrtrame and revurns to trim when the
command ig yeleased. Lateral toim is
defined o4 wings level, iner:uial
greunld wohood. WVertioal cowmmand

is vertical accelecvation with gamma
hold. The level flight subget has a
gmall capture window neav gamma = 0
with barometric altitude hold.

The Flight Path Vector system includes the
full envelope of the Apache test vehicle,
The flight test and demonstration of the
syster has shown a dramatic workioad
reduction in the inertially referenced
environment. The bect Indication of the
low worikload during the demonstration
program was the performance of people
without any flying experience. With a
preflight briefing on the system and some
in cockpit coaching, norn-pilots could
command near envelope limit performance
from the aircraft in the course of a cone
hour demonstraticn flight. Experienced
pilots Ffound that in the normally intense
low altitude terrain flight environment
relatively few flight control inputs were
required and far more time was available
for nther tasks - the flight control task
was secondary and the fewer flight control
inputs the better the performance of tne
aircraft.

AEROBATIC SYSTEM

The Aerobatic system has a amuch lower
level of flight control automaticn. It is
essentially a rate command/attitude hold
system. The envelopa limiting features of
FPV are retained. Classically good corn-
venticonal flying qualities were built into
this rate command/attitude hold system.
Additional coordination includes the addi -
tion of pitch coordination with bank angle
to maintain 1 g flight at all actitudesa
with the piitot able tc modulate g level
above or bslow that reference. A high
level cof decoupling was retained to allow
single axis inputs with single axis reg-
ponse. Heave damping was added to the
vertical axis for reduced workload in
collective control. Future additions to
the aercbatic mode could eacily include
autcmation as a function of weapon and
sensor status to include features of
integrated flight and fire control (IFPC),
Phis aystem was 2lso designed for full
Apache envelope operation and switching
betwetn the two modes is smooth. No ratne
or attitude lipits are imposed for switche
<ng and the pilots have adapted well Lo
the inflight change in referepca systems,

while the original intent of the concept
was that these two systems would be com-
pletely mission dependeat, it has turned
out that they can be used in concert to
achieve the characteristics desired by the
pilct at the moment. fThat is, ac experi-
snce with the total system increagsed, the
pilot was more likely to switch bhetween :
the systems devendent on workload and used
the FPV system (o unload the £1light con-
trol task and apply himself to othex
tasks. 1t was particalarly interesting
during the development proceas thsat ¢nn-
trel difficulties in the aerobatic asyslem
were usasliy resolvad by switohing tu the
FPY mystem. PFor sxample, tlight tes: of
ropaticsrate commend-attovude hold

system somet vevealted reglons of poo

the ae
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induced cacillatinn (PIO) or flight con-
trol system ingcabilitices and the PPy
system was a quick transition to
controlled flight,

In my experience, the ADPCS is the most
advanced and sophisticated augmentation
system implemented on a helicopter. At
the oppesite axtrema of flight control
augmentation is the NUTAR™ gysatem applied
to an MD500 series helicopter - no elec-
tronics, no hydraulics and no mechanical
stabilization - yet very desirable flying
qualities,

NOTAR™ SYSTEM

NOTAR™ is the Mchonnell Douglas Hellcopter
Company (MDHC) trademark for a system
which revlaces a conventional helicopter's
tail rotor. “Conventional" meaning a
single main rotor nhelicopter with a tail
rotor or fenestron.

NOTAR™ DESCRIPTION

The NOTAR™ gystem design philosophy was to
replace the tail rotor with something "as
good" and eliminate the exposed auxiliary
rotor for safety considerations. A con-
ventional helicopter te.l rotor or fenes-
tron system provides directional control
for the pilot or flight control system and
antitorque to counter the fuselage noment
generated by the main rotor torque. Two
concepts ware p.. tulated as a means to
this ead:

1. That directional control could bhe
satisfacterily accomplished by an air
thruster directed by the pilot.

2. 7That a significant percentage of
the required anti-torque in the low
speed regime could be accomplished by
producing lift on the tailboom. Lift
produced using a low pressure circu-
lation control tailboom as the wing
and the main roter Hwnwash as the
free stream.

The research program was structured to
velidate these concepts and then to inte-
yrate them onto a helicopter for evalua-~
tion. The flight test vehicle was origi-
nally an OH~6A and it has been used
throughout “he NOTAR™ development process.
The system dsvelopnent process is outlined
in tanle 1.

Some of th2 significant events in the
NOTAR™ development program were: valida-
tion of the concept that circulation con-
trol) 1ift could be produced undexr the
rotor of a hovering helicopter using a low
prenssure glot system; addition of the
second slot; demonstration of an efficient
fan design; gqualitative Flight evaluacion;
empennage flight test and oeasurament of
the flow Zieid at the rear of the
airecralt,

The 13 year reseavch and development
pirogram resulted in the oonfiguration
shown in figure &.

The NOTAR™ system has now been integrated
into the MD500 series and the MD530N and
MDS20N are in FAA cextification testing.
Figure 7 shows the confiquration of those
aircraft.

NOTAR™ IN FRACTICE

A discusszion of the flying gualitias and
operational impact of a NOTAR™ aquipped
helicopter must be preceded by a discus-
sion of tail rotor characteristics, parti-
cularly thrust required and thrust
produced.

The tail rotor operates in the environment
at the rear of the helicopter. This
exposes it to trees, bushss, fences,
wires, people, rocks, ground, and the air.
The exposure to the first seven usually
result in some change in thrust output and
structural damage. The exposure to air
can be described as the aarodynamic
environment and leads to the following
generalized eguations.

TAIL ROTOR THRUST REQUIRED = f(MAIN
ROTOR TORQUE + DIRECTIONAL COWTROL
INPUT)

TAIL ROTOR THRUST PRODUCED =

£ (DIRECTIONAL CCNTROL INPUT +
RELATIVE WIND AZIMUTH AND VELOCITY +
YAW RATE + YAW ACCELERATION + AIR
QUALITY + WIND AND MAIN ROTOR
RELATIVE POSITION)

A& comparison to the same equations for
NOTAR™ provides some insight into the
relative flying qualities.

NOTAR™ THRUST REQUIRED = f(MAIN ROTCR
TORQUE + DIRECTIONAL CONTROL INFUT)

NOTAR™ 7THRUST PRODUCED = £(MATIN ROTOR
TORQUE + DIRECTZONAL CONTROL INPUT)

Figure 8 shcws some of the influences on
tail rovor thrust.

The directional control task in trimmeq
£light 13 to make thrust produced equal
thrust reqguired. For NOTAR™ the thrust
required and the thrust prcduced are
functions of the same parameters, main
rotor torgue and directional control
input. There are two equativns in two
variables and the solucicn tor the pilot
18 very simple. The tail rotor p:-blem is
far more complex, two equacions ia sight
variables, and it's surnrising the pilot
can solve it at all, The impac. of thege
simple generalizations on pilct workload
is significant. The deveiopmental and
certification €light testing of whe MDSUON
gseried has demonstrated che follcwving

char avteriglics with a mochanical Tontrol
aysten and no hydraulic boos: or
artificial secability augneatavion,

Fower changes in lovw speed flight o
not reguire pedal inputs to compen-
sate for inoeased nr decreased main
rotor Lorgue S8 Lo nventicnel
beliconrer. } Eelced pllos




workload and leads to a recuced total
power required for maneuvering
flight. This can be easily seen
using a helicopter quick stop maneu-
ver &s an illustration. With a con-
venticnal anti-torque system, the
large power increase required at the
end of a quick stop must be accompan-
ied by a large increase in tail rotor
thrust which reduces the power avail-
able to the main rotor to control
sink rate and establish a hover.
Contrast this to the situation with
NOTAR™. The large power increage to
complete the quick stop doee not
require a corresponding directional
control input and the horsepower
required for anti-torque is the same
as required for a stable hover. This
provides an increase in power avail-
able to the main rotor to arrest a
sink rate or to wmaneuver.

The pilot directicnal control work-
load to hover and control yaw rate is
nct impacted by relative wind velo-
city, direction or gust spread. The
force from the tail rotor is a func-
tion cof these external factors while
the force from the NOTAR™ thruster is
not affected by them. Any change in
the thrust of the aanti-torque system
must be compensated for by the pilot
to balance che moment equation. This
is particularly significant when con-
sidering relative wind/motion which
induces vortex ring state at the tail
rotor or loss of tail rotor effec-
tivenegs/stall. We have been unable
to induce any similar effect with the
NOTAR™ gystem.

Yaw rate and accelieration do not
impact the NOTAR™ thruster force.
Conventional anti-torqgue systems be-—
come very difficult to control at yaw
rates above 60 degrees per second and
large control inputs at thege rates
can produce lcss of directional con-
trol and large torque fluctuations.
NOTAR™ has demonstrated useful yaw
rates in excess of 120 degrees per
pecond with full throw pedal rever-
sals and very linear control res-
ponsi., This useful yaw rate was
achieved with 100 degree per second
per second yaw acceleration and

40 perrcent per second control inputs.
This cortrol capability has also been
demonstrated in 30-40 knot winds.

Current generation military helicop~
ters are specified to be capable of
45 knotg crosswind and downwind
hover. 1Mo meet this specification,
the designer must include a large,
powerful tail rotor. For clearance,
the large tail rotor must be mounted
in a high position above the tailboom
on a pylon. This combination of
powerful tail rotor and mounting
above the centeriine of the boom
rntroduces structural problems which
are Lommon tG most modern helicop-
ters. The atructural problems can be
identitied as tailboom torsion, tail-

boom bending, and tail rotor hub
strain due to precession flapping.
These problems are aggravated with
high roll rates or large, rapid pedal
inputs. Typically, the pilot must be
prevented from making large, rapid
pedal inputs by flight manual res-
triction or tail rotor control rate
damping. The incidence of structural
damage is increased during aerobatic
maneuvering. During structural test-
ing with NOTAR™, we have not encoun-
tered any structural limitations
associated with the size or rate of
pedal input. This includes full
pedal reversals in less than .3 sec-
onds at 120 degrees per second yaw
rate. The implication for the heli-
copter pilot is significant when
combined with the linear < atrol
response in these conditions. The
NOTAR™ pilot can make large, high
frequency directional control inputs
and maintain precise aircratt control
enabling him to safely perform mansu-
vers well outside the safe envelope
for a tail rotor. The operaticnal
impact is significant. The structur-
al flight test for the MD-500N in-
cluded full aercbatic maneuvers to
qualify the aircraft for aerobatic
flight. This testing was very suc-
cesgsful and the third precduction
prototype demonstrated its aerobatic
prowess at the Parnborough Air Show.

Downwind hover in conventional
helicopters has been accompanied by
increases in torque, vibration level
arnd workload. This has forced - he
helicopter pilot to be very aware of
the wind direction in all his low
altitude/low speed tasks. In most
gituations, the peralty for inatten-
tion was deggraded £light cortrol at
hest, loss of aircraft control or
inadequate power available at worst.
Good pilot technique to cvercome
these problems has been to find
targets and landing zones into the
relative wind - not always prantical
or possible. NOTAR™ has freed the
helicopter pilot from this slavery to
the wind direction in the same manner
that tandem, coaxial, and syncopters
have in the past. The improvement
over those confiqurations is the
retention of excellent yaw maneuver-
ability/agility.

The helicopter is aerodynamically and
dynamically coupled in all axes,

This has the effect of reqguiring
secondary control inputs in three
axes for every primary control input.
All the experienced helicopter pilots
who have flown NOTAR™ have commented
that the wcrklovad reduction extends
to all control axes. This synergisu
of reduced workload is a result of
reducing the vedal workload and
thereby eliminating the corresponding
inputs in pitch, roll, and yaw, in
addition to reducing the required




pedal input to compensate for inputs
in the other axes.

Implied in the above workload discus-
sion is the elimipation of interfer-
ence etfects between main and tail
rotors., The downwind hover effect of
tajil rotor vortices lmpinging on the
main rotor is one area of impact.
Main rotor vortices effect on tail
rotor performance must also be
considered.

All these workload effects are significant
to the operation of the helicopter. DRigi-
tal flight contrel could enhance the
NOTAR™ sgystem by optimizing the configura-
tion for the flight regime. The current
system configuration is fixed throughout
the flight envelope but only has a signif-
icant impact on the flying qualities of
the helicopter in the low speed environ-
ment. A digital control system and flexi-
ble confiquration could ea:ily optimize
the system configuration fur the each part
of the flight envelope. Conversely, the
NOTAR™ gsystem characteristics in the low
speed environment can greatly ease the job
of the helicopter digital flight control
designer.

snventional helicopters have a very
ronlinear response region in crosswind
conditions; sideward Elight to the left
for counter clockwise main rotor rotaticn
(U.S., British, German, Italian) and to
the right for clockwise main rotor rota-
tion (French, Russian). Tail rotor thrust
can change dramatically and be very non-
linear in these wind conditions. The vor-~
tices from the tail rotor can also
aggravate main rotor response by interfer-
ence effects in these same conditiong.
This condition is usually self correacting
in that; if nothing is done, the h.licop-
ter will yaw to a new relative wind azi-
muth and take the tail rotor out of this
difficulty. W®hen the piloct, ground
obstacles, or a flight control system
interfere with this natural response, the
problem 1s magnified and sometimes cata-
strophic. In the case of a digital flight
control system, any flight regime in which
the aircraft response becomes nonlinzar or
the sign of the response changes for a
given control input special design con-
siderations are required. The development
of the ADFCS on AV-0% exposed some of
these problems. In left sideward flight
at approximately 40 knots, the AH-64¢
enters a region of nonlinear controi res-
nonse marked by a2 tail rotor conizcel sense
reversal. Pilcts can #asily adapt to this
efifect and the aircraft is easily control~
led by the pilot in 4g knot crosswinds.
The: digital “ ight centrol system had more
difficulty. Even atter gain and systen
tuning a pictch, rolli, and yaw oscillation
remains divergent in this flight ragion.
Figure 9 ghows this aircraf* response in
the form of attitude-time nistory traces.

rigure 10 is a compareble time history ol
the Pasic aircraft with pilot conwrol.

The NOTAR™ gystem has the potential to
eliminate thlis problem for the ftlight
control designer. Development of the
flight control system in the right side-
ward flight regime remains incomplete.
With design and flight test effort, the
digital flight control system has the
potential to eliminate the instability
shown here; however, a software fix for
this anomaly in the helicopter's flight
envelope may not be as good a solution ag
an aerodynamic/configuration change. This
is intended as one illustration of a
flight condition which does not respond
easily to digital flight control augmenta-
tion. There are many others, in both
helicopter and fixed wing aircraft, which
involve regions of the flight envelope
that cannot be modeled accurately with a
second order differential equation. In
spite of the power of the digital compu-
ter, the project/program manager must
continue to view the development of new
aircraft as a big picture and pursue the
entire range of design solutions for the
best combination to fulfill the aircraft's
mission objectives.

CONCLUSION

By combining the capabilities of all the
design tools, aircraft potential is en-
hanced. An excellent example in the fixed
wing community is the trenrnd to reducing
the static stability of modern aircraft to
enhance maneuver capability and/or perfor-
mance. It has been used as a design tech-
nique in the fighter mission to increase
agility and in the transport mission to
increase cruise performance, These
designs depend cn electronic augmentation
for acceptable handling gualities. Struc-
tural design of large wings has been modi-
fied to reduce weight by using flight
wontrol to reduce g and gust loading on
the outboard wing secticns.

This synergism of design is only possible
through open minded pursuit of good total
degign solutions. The helicopter commun-
ity can certainly benefit from this
approa~h. Advanuement of aircraft design
can be easilv stagnated by imposing
r#juirements /restrictions on the designers
through over specification. sgocifica-
tions teud to lag design innovation
because they must be based orn existing
knowledge and technology. The sgpecifica-~
tion: should eaze the way of design inno-
vation and aut restrict it. Design
innovation can be restricted diiectly by
over-specification and indirectly by
program marajzement perception of penaltieg
for not meeting the letter of a specifi-
cation. This is particularly true in
competitively uwid programs.

in these instances, the entlre aircrase
design tear must 2 open to solutions
outside their areas of expertise Goaod
solutions, like medica! cures, must treat
the cause of the sy, toms not ust the
gyriptoms.,




w
|

REFERENCES

Gupta, B. P., Barnes, B. H., Docktor,
G., Hodge, R., Morse, C. S., “Design,
Development and Flight Evaluation of
an Advanced Digital Flight Control
System," presented at 43rd American
Helicopter Society Forum, St Louis,
Missouri, May 1987.

Parlier, C. A., "An Advanced Digital
Flight Control Concept for Single
Pilot, Attack Helicopter Operations,*
presented at 43rd American Helicopter
Society Forum, 8t Louis, Missouri,
May 1987.

Morse, C. $., "NOTAR™: From the
Pilot's Perspective," presented at
Canadian Aeronautics and Space
Institute Flight Test Symposium,
March 1989.




-y

TE30017-30

ca
v 418
[ “
st Anv/y Lt "ol
Pt 098 ) !
// P ’ " }\
g r
\ o i
e Y
IS U Y
v -
B 2 A RN
YU IO R R A
i g
A
7
e
"M ST

AV -05 FLIGHT TEST AIRCRAFT

FIGURE 1

MECTIONAL
SV ACTUAT 08

—
N T o 1rMTEO L0
i .
strins e \
ool A geromoRRy |
DAVE Bk T i o
“4’?
LD
- won P
ERCIGOA -
conTHeL STITvm
¥ vuuuv j
¢ : oML EVSTER /
i ehy (1
R LAY ) e 3 "" vites
e ,g w0 ed A e ! um-;rm e .
7 wamnioses ,r, i T 7 /
wrsanis M mint / "
A8 KTER TN ul0L s ,uum L0AD LTI AdT: 3 Coumar 7

[N

"1 O AR TS LR TS

{ gt i
I comhm e |

1
L Ko »wu et J e
g i /
MO i

[ T anme

mmc.

.
|
!
|

1t g
Lowt it

o

T surmse

i F, NS
[IS9/8 b4 ot
g ' L :
i . i
'L' T vt tiss o by
L ramaw
Y Ao b ,.;}'
Com Kk gy
i

YT IRI e

SCHEMATIC OF ADFCS INSTALLATICN

SIGURE 2




s 4

[

0 POTS
STATION  ~
ELECTAA
T COMMARD FROM
COMPUTER

AFT LECK

RETENTED LOAD [ IMITER
BUNGEL)

ACTUATION SCHEMATIC
FIGURE 4

[EALNN
TRANNAI iar
CE
Ui
ceonrt o LB
CONTROLS AKD B8" LA 4 —
1METN CACHPHTY
E_u’v‘:‘fu }“' _,__________,_____“_J
T FLGHT
ConinoL
3181Ew
A !
S s
W - -
|
[ m’:wul::} Lr:::[j:] ‘E:lﬂ
e ML T
T I w:cv‘nmvc‘a'r;:n }‘ "f l e 1] L_ h\:r'(u ‘Ul
[
L |
tanton
— ATH LAY
e e —
RIBHOIGA. 38
FLIGHT CONTROL SYSTEM
FIGURE 3
0O ROTOR
MOUIFIE S
o~ MAIN ACTUATOR
D0V ELCONDARY
S AC I UATOR
7
LINKAGE



TR

[ETe ” -
v { TNIAL ACUEUE RATIOR TrAL VLGOI

| , ot ke [T
- RS AT [ERYTR,
SIOFROP LT 1 { it NUTRNET

+ ! \V' R A A, TEHALGH CAMMA
W . ( WING S (EVEL TN COORTINATION
LS
CRUSE
SAME AN ABUOVE £ XCERY
(_ WITH ZERQ INERTIAL 1A
TURN CHLORDINATION - -
LOW SPEED
4 i RAMGE )
L ML HoLL N
/ LONGITIDINAL ACCRLERATIGN  LONGITULIINAL VELOUITY
{ - T . LATERKAL ACLELERATION CATERAL YELOCITY )
YAW RATE HEADIMG p
e e o N 2 « VERTICAL ACEELERATION GAMMA
(LOW SPEED OR CRUSE } - . - . :
,L./
r \)
&5}_/
/

/ - A -~ ’ .
i ANy - LOW SPELD
N s , ( RANGE 1)
HOVER ~ . L, AL

L - SAME AS RANGE 2 N

- [# B s . y Except |
| \ONGITUDINAC ACCEIERATION 1L NGUOIAL POSTION )", ‘ Mo oo
. “"EWA_’(‘%}§“"V“ LATERAL ,‘”"?”’0“ - el N VEKNCAL RATE ALTITURE
S VERTCAL RATE ATIG0E - 7 T A ‘

25020274-13

POLAR PLCT OF SPEED/AZIMUTH CONTROL LOGIC
PIGURE 5

TABLE 1
NOTAR™ TEST/ANALYSES HISTORY

AUG 19758 — BASIC DATA GENERATION — MDHC WHIRL TOWER
DEC 1977 — FIRST CONCEPTUAL FLIGHT
APR 1980 -— NOTAR PATENT ISSUED
SEP 1981 — GROUND TESTS — FAN/THRUSTER/THRUSTER TRANSIENT HESPONSE

DEC 1981 — FIRST TOTAL SYSTEM FLIGHT, OH-6A
SEP 1982 -~ SIMULATION — FLIGHT SIMULATION ON FLIGHT SIMULATOR FOR ADVANCED
AIRCRAFT AT AMES

MAY 1983 — GOVERNMENT PILOT EVALUATION
MAY 1883 - USAAVRADCOM TECHNICAL REPORT
DEC 1983 — AERODYNAMIC PANEL MODELS
FEB 1984 — TIECOWN TESTS — AIRCRAFYT ON TOWER TO SIMULATE OUT OF GROUND
EFFECT HOVER
AUG 1984 — NEW FAN DESIGNED, INLET MODS
SEP 1285 -— FAN/STATOR GROUND TESTS

OCT 1985 — WATER TANK TESTING
OCT 1885 -— WIND TUNNEL TESTS
DEC 1985 -— GROUND TEST WITH NEW FAN/INLET AND MORE POWERFUL ENGINE

MAR 1386 — SECOND SLOT FLIGHT TEST
MAR 1987 — GOVERNMENT PILOT EVALUATION
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; QUALITES DE VOUL LATERAL D'UN AVION DE TRANSTORT CIVIL EQUIPE DF COMMANDES DE VOIL FLECTRIQUES,
: EXERERIENCE IE ( "AIRRUS A320,
J. Farineaw, X. Le tron, Aéruspatiale Division Avions, !
316 Rte dc Bayoane
21060 TCULOLSE Cedex., {(FRANCE) . '
. s —— U U U P P g N ‘
) L
1. Genéralites siar la conception de lois de
% pllotage.
T Résumé, a) Contexte,
Les commandes de veol dlectriques, dans un Le contexte nécessaire a4 des lois de \
environnement de calculateurs numériques, pilotage évoluées, ct donc a des qualités de
permettent d'élaberer des lois de pilotage vel améliorées {(par rapport a l'avion
manuel sophistiquées dont le but principal “naturel"), est schératisé fig, 0: des
. est d'améliorer les qualites de vol d'un capreurs &lectrigues sur les organes dco
; avion, en particulier .«u niveau stabillite, pilotage (manche et puionnier pour le
pilotage, et prectections du domaine de vol. pilotage latéral) permettent de transformer
I Cepencant. les degres de liberté effectifs ces bragquages «n objectifs de pilotage; ceux-
. dans la conception e ces lois sont limiteés ci sont ensuite comparés a l'état réel de
rar des contraintes physiques aussi bien que l*avion, mesuré par des capteurs
humaines, pulsqu'll s'agit de pilotage ancémometriques, inertiels, etc... De cette
manue ., comparalson, on déduiv 1'ordre a envoyer aux
Sur l1'Airbus A320, 1es calculateurs de asservissements des gouvarnes de roulis i
. ccmmandes de vol ont accés aux informataions (ailerons & spoilers) et de lacet
anémomeétrigues et inertielles ainsi qu'a (directioni.
d'autres donnees caractéristiques de l'état
: de l'avion, et peuvent asservir _cutes ies

gouvernes. Ceci & permis de reéaliser des lois
de pillotage répondant & des objectifs de
pllotage simples et adaptés aux contraintes

i rencontrées. Des résultats d'essals en vo!

’ seront pirésentés pour mettre en évidence les
points caractéristiques des jualites oo vol
latéral ainsi obtenues.

Nous évcguerons pour ccnclure les
possibilités d'amélioration de la
disponibilité de ces lcis évoluées par une
meill- Uu.e tolerance aux pannes des systéemes

¥ embar. j€%, el en consequence role

o potentiel qu'elies peuvent Touer dans

Le

t'optimisation du dinensionrement des avions
tuturs
U. Notations
B, argle de dérapage, i°;
i ny, facteur Jde charge ijateéral, {(g);
. p1, Vvitesse de roulis, (°/s):
! ry]. vitesse de lacet, (%/s)
$1. angle d'assiette Jjaterale, (%);
. dp, <ommande des qouvernes alaires, ailerons

: et spoi‘ers, (%);
; 8r, omnande de gouverne de direction, (%)
/ (dx/dt), derivee de x par rappol. ay Lemps;

facteur d'amortissement d'on mode;
pulsacicn d'un mode, an 1d/s

€, symbule mathamatique d-appartencince;
CBVE, Commandes De Vol El-atriques;

Ve, Vitesse oir conventionnelle;

cont, configuraticn des becs/voliets;
P10, pompage prloté (Pilot Induced
Gscillations);

§,

w,

ADC, wentrale ancemomét rique (Alr Data
r Computer);
RS, centrale 1nervielle (Inertial Referonce
Syster),
N 5 Y n -y

lois de nilotagei servos

mesures
capieurs

estimaleurs
ADC, IRS _J

l

calculateurs

L]

numer iques fig. O

b) possibilités,
Cette structure permet d'atiirser les
principes de coni.ioie actit géac.alise (CAG)
autrement dit les techniques d'automatl iaue,
dont la caractéristigue de commander des
braguages de gouvernes ftonctlors de ('ordre
piliote, bien sur, mals aussi do 1'dtat de |
Irevion (ce point est aimportant, car il peut
cLre necessalre de tournir au pliore des
informar fons sur la position des gouvernes) .,
Il existe, sur la plupart des avions
actuels, des dispositifs permeitant d'en
augmeater la stabilice ¢ pilarage manuel, on
particulier des stabilisateours de lacet pour
e mode de rouils hoellandais., On pout alle:
pius loin: sur vn avion de transport clivil, )
on dispose malntenant d'informations

complétes sur les 4 variebles représentatives
de l'etat de l'avion (le dérapage, [‘ cu o les

farteur de charge lateral, ny, la
roulie, py, ta de Tacet, 1
Ptassielte | al S L = j
mesdicion fowinis s (R I
essals oen noultlerie [SH [
Yo, st syl Y b narment Y o .t ~
MoUVEemne it e LS VI o Lomnie DG Gl upose de
Pndepernitant o [EECEELE PR S 5;’;, |
Plopa coat oo vl e
4 ) e ¢ ‘e
9 | - RN g e Ten . &y - - e
g e - u N ) -
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contydler les quatre modes latérauy de
l'avion (le roulls hellandals, compose de
deux modes complexes conjugués, en gdnéral
relat lvement mal amovti, le mode de roulis
nur, wode réel assez rapide, ¢t le mode
spiral, mode réel proche de 0, et donc trés
lantement. convergent ou divergent); de plus
1l reste certalns degrés de liberte pour
gérer d'autres objectlifs concernant le
comportement. de l'avion ou l'activite des
gouvernes: en effet, une gouverne est c¢n
théorle suffisante pour contidler autant de
nodes que l'on a de mesures indépendantes,
Différentes méthodes de l'automatique
lindaire permettent. de gérer ces degrés de
literté sulvant les objectifs choisis:

- contrdle optimal, si l'on veut minim:cer
un critere, généralement représentatif d'un
compromis perstformance/colt,

- placement de styucture propre (medes et
vecteurs propres) pour moduler 1l'impact dn
cercains modes sur certaines variabies d'état
ou sur les gouvernes, etc...

L'augmentation de stabiliteé ainsi obtenue
améliore donc les qualités de vol, et
contribue aussi A la sécuriteée de l'avion: sur
une perturbation telle que rafale ou panne
moteur, une stabilité spirale importante
permettra d'assurer {(dans les limites des
gouvernes disponibles évidemment) que l'avien
restera stable, méme sans réaction du pilota,
ce qul n'est pas le cas sur les avions
convent ionnels.

Bien sur, le pilote reste rarement inactit
en commandes de vol manuelles, et ie pilatage
constitue un autre aspect des qualités de
vol, relie toutefois au preécéedert nar le feit
qu'un avion stable est plus facile a plloter,
Les commandes de vol électriques dans leur
contexte de calculateurs (appelées CDVE en
abrégeé) permettent de réduire notablement la
charge de travail de pilotage, en adoptant un
pilotage par objectifs, rejoigrant les
concepts de pilontage automatique ou le pilcte
représenterait la "grande boucle", qui gére
les objectifs, et les CODVE la "petite boucle"
qui réalise ces obje tifs, avec ure réponse
adaptée a la grande bcucle,

Pour augmenter la sécurité et le confort de
pilotage, ii est Intéressant d'introduire des
protections contre les sorties potentielle-
ment dungereuses du domaine de vol normal. Le
principal avantage de tels dispositifs est de
permettre au pilote d'agir trés rapidement et
franchement, puisqu'il salt que son action ne
risque pas de mettre son avion dans une
situat ion critique.

3'il est possible de moditier einsi de fagon
importante les qualités de vol d'un avion, on
se heurte vite & dirférent types de
contraintes limitant les degrés de liberte
effectifts dans la conception des lols de
pilctage.

La premiére contrainte councerne les ent.des
des lois de pillotage, c'est-a-dire les
capteurs, kEn effet, supposons le mouvement de
lI'avion bien identifié, et modélisé par
exemple par une ¢quation diffdérentiellce wu
type:

(dx/dt)  A(x) + B(u)

. 1. .
ou A-*[B,F’I,Hrm | ast. e o wvecleur dhheat
’

N t .
ot B! -[bp br.') e veotaur dos commande s,

Dans <o modale, la matrice A représente la
dynamigue de lfavion, en la matrice 3 la
contrvibution des gouvernes., Elles sont toutes
deux fonctions rdn l'état complet de 1tavion
(vitesse, configuration des becs ¢t volets,
altitude, masse, inerties, souplesse,
etc... ). S 1'on en connait (par des
capteurs, calculateurs, ...} les parametres
principaux, on peut réaliser une lol évoluce
u=t (x*,A%,B%), ou x" représente les mesures
ou estimations de l'état x, A" et B* les
estimations de A et B en fonction des
parametres disponibles et de la puissance do
calcul utilisable dans les COVE.

Mais 1l faut toujours cons.dérer les panne:z
de capteurs., et assurer la sécurité et la
pllotabilité de 1l'avion dans ces cas, en
fonction de la probabili-é d'occurrence,
toute panne noun extrémement improbable ne
devant vas avoir de conséguence catastrophi-
que. Cela limite donc la différence entre
l'avion muni de CDVE en fonctionnement
nermatl, et l'avion dans sa configuration la
plus ~adée, plus proche de l'avion
"natu:oli": 1l faut en particulier que le
pllote puisse s'adapter, c'est-a-dire que les
qualites de vol ne solent pas trop mauvaises.
C'est dire qu'il y a une corrélation
importante ent e l'architecture des systémes
(redondances, fiabiliteé,...) et la
possibilité de réaliser des lois ¢voluées.

Le méme type de contrainte tient dux
possibilités physiques des gouvernes. 11 est
en effet intultif que plus on s'éloigne des
caractéristiques de l'avion naturel, en
particullier dans le sens d'améliorer les
amortisserents et temps de réponse, plus les
gouvernes sont sollicitées. Par exemple , si
l'on veut accélérer le mode de roulils pur, il
faudra un debattement et une vitesse de
débattement plus importants, et 1'on
amplifier: les hautes frequences. Fig 1 et 2
montrent. l'effet d'un mode de roulis pur
acceleré de H50% ( les auctres modes restant
inchange ) sur un avion ae cvype A320:
l'entrie est un creneau de manche de »°/s do
vitesse de roulis commandéa. On voit sur la
figure 1 un dépassement d'environ 30% de Ja
commande en roulis "accelérée" par rapport d
la "norinale", tandi: que la figure ? montre
tteffet sur la vitesse de rouiis (p), le
derapage restant nul dans les deux cas.
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On est donc limité dans les modiflcations
des qualités de vol par rapgort a l'avion
naturel par les carostéristiques des
gouvernes et servocommandes (braquages
maximaux, vitesses maximales de bragquages,
fatigue, etc...).

En plus des limites dQes aux gouvernes
proprement dites, {1 existe des contraintes

résultait de leur interaction avec la cellule

ae l'avicn, c'est-a-dire le confort des
passagers, le fliottement, ou les charges:
contrairement & un avion conventionnel, les
lecis de pilotage d'un avion muni de CDVE
peuvent modifier ces caracteristiques.

Pa: exemplie, une pulsation du rouills
hollandais trop augmentée par rapport a
Ltaviun naturel peut avoir tendance a
augmenter l'effet en lacet d'une rafale de
vent, Jatéral, donc nuire au confort (ou
l'améliorer) . en particulier au niveau des
passagers située & l'arriére de l'appareil.
Cette modification risque aussi de modifier
les calculs de charge sur la dérive, Les
figures 3 et 4 montrent l'effet d'une telle
medification du roulis hollandais sur la
réponse 4 une condition initiale en dérapage
(5°), représentant un créneau de vent
latéral. Cn velt sur la figure 3 que la
commande "accélérée" de la gouverne de
direction part dans le sens opposé a la
commande nominale, c'est-d-dire qu'eile a
tendance a4 amplifier le mouvement de lacet en
mettant de la gouverne vers la droit.: pour un
dérapage gu’ vient de la droite; par contre
le dérapage (figure 1) revient alors plus
vite & 0.

7

-7 4 — ’ reere]
MAASAASRARA AN anh ALkt a st Rt maAs ne aandd v
3

4 (3)
PSRN | T3 Vot TE 1Y)
e scceibré .
- - Q1 nemingl fig. 3

— Or acceleis

T T I T T T P YT T T YT

0 2 4 (8)
J—— nominal

[N accelévd .

e vemeon e OMARAL fig. 4
e s v s e ) ACCH1 AT

Nous avons aussi mentionnd des contraintes
huraines dans la conceptlon des lois de
pllotage: 11 s'agit essentiellement des
besoins des utilisateurs, c'est-a-dire des
pilotes, qui ont certaines habltudes de
sllotages bien ancrées, et adaptées au
pliotage de la plupart des avions, cer
fondées sur des sensations ou des visvalisa-
tions, 11 faut d'autre part que les qualités
de vol (temps de réponse,...) soient
compat ibles avec le comportement qu'attend le
pllote, afin d'eviter des phénomeénes de
pompage piloté (PIO) gu:. peuvent étre
dangereux a l'approche du sol; enfin, il faut
denner au pilote la possibilité de maitriser
les pannes de systémes amenant une
dégradation des qualités de vol.

Si de nombreuses études theoriques ont eté
menées sur les criteéeres de qualités de vol,
¢t sur la sensibilite d'un svion au PIO, il
convient de mentionner i{cl le rdle essentiel
joué par les essals au simulateur, puis en
vol, et la nécessiteée de disposer de moyens
pour adapter les lols de pilotage en fonction
des appréciations des pilotes,

Enfin, les autorités de certification
imposent certaines contraintes: leur
exigences vont en général dans le sens de la
sécurité et d'une bonpe maneuvrabilité; ainsi
en latéral, 11 faut essentielliement démontrer
des taeux de roulis minimaux, et une bonne
résistance aux pannes moteur (s).

7, Expérience Jde ['A32(C.
a) Architecture

L'architacture des comnandes de vo.u
é.ectriques d= 1'A3z0, schémat sée figure O,
est la sulvante: sur l'axe d= 1oulis, les
ELAC (Frevacore and Allerons Computer)
recolvent les informations anémométriques.
inertielles, etc, nécessalres & l'élaboration
des lois de pilotage, qui sont donc calculées
dans les ELAC (en tonctionnement normal;
Ceux-ci élaborent ainsi les ordres pour
toutes les gouvernes, et asservissent les
gouvernes d'ajilercns. Les SEC (Spoilers and
Elevators Computer) réalisent
‘tasservissement des spollers aux ordres
issus des ELAC.

sur l'axe de lacet, les FAC (Flight
Bugmentalt inn Caonputer), reqgoivent aussi
l'ordre des FLAC pour commander la
servocommanda de "Yaw Damper Actudlor", qui
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vient g'ajouter au braquage commande La visuallisation asscoldn an pllotage ot
méco niguanent par e palonnier, et élentri- aussentiol lemant constitude du PFD (Primary
quement. par le trim, {(L'ordra totael ast tHight Dlsplay), qui rassemble les paramétros
ersuite limité par une buteée mécanique primaires du vol, Jdont ceuwe qui nous
fonctlon de la vitesse de l'avion, ayin de Intdressent pour le pilntage latéral de
Limiter les chavges sur la dérive). Alnsi 1'A320: J'assiette laterale, le dérapage, o
toutes les gouvernes sont activables aussl le cap: fig., o,
électriquement par des calculateurs
numérlques (dont. le rile p'est pas limi.é& aux [architecture des CDVE des LY*A320 est dono
fonctions présentées {ci) ., prévue pour reallser aes lots de pllotage
latéral (et longlitudinal) "évoludesy, dont
'] nous allons détailler les oblectits, et la
T f manliére dont. ont &7 é trafltoes certalnes
‘_......,_:AE SPOLLERS contralntes.
{rervos)

h) Objectils et contraintes.

Au niveau stabilité, 1L s'agissait d'amortir
Je roulis hollandals (avec un facteur
_____t. AT LERONS dtamaritissenent §>0.6 alors que celui de

" (servos) 1tavion naturel est en général £<0.2) ea
conservant sonsiblement la mdme pulsatiorn, de
qarder le mode de roulls pir proche de celui
de l'avion naturel, et dfavamenter nettement
la stabilité spirale. On vreste ainsi
relat ivement proche des modes de 'avioa
naturel lorsga'ils sont compatibles avec nos
objectifs, afin d'éviter une activitée aes
gouveraes trop importante, ou un changoement
de pilotage trop radical ~n cas de panne.Coe
placement des modes de 1'avion avec CDVE on
assure la stabllité sur panne moteur ou aut.e

direction

lilalson _mécanigue O .
. lialson meeanlay dlissynétrie ralsonnaple.
fig. 5: schéma simplifié des CDVE lLes degres de liberte yestant ont ¢ue
latérales de 1'A320. utilisds pour découpier l-assiette laterate &

et le derapage B clest-a~dire faire er sorte
en particulier gqu'un derapage soudain, du &

Les organes de pilotage sont donc le minai- une ratale par exemple, arée peu de roulls

r ranche et le palonnier, munis de capteurs indu%t (pour aaéliorer le confort), et que le

électriques de position. le mini-xanche n'a roulis hollandals ne solt pas perceptible sur

- aucune liaison mécanique avec les gouverres, ltassiette laterale { pour éviler dépassement
contrairement a la gouverne de direction qui et flottement dans ia prise Jd'a.s.ette) .

rd reste disponible en dernier secours (perte ) o o ] )

Urne tois la stabilite specifiee, 11 reste a

totale de la génération électrique). : . ] .
fixer les oblectifs de pilotage: sur un avion

convent jonnel {(a “catles*™), le manche
- commande une mise an vitage, dont la
_Q coordinat ion ¢st assures par le pled, Pour

/ZE: . “\“\\h que 1'A320 reste cohérent avec ce

,//’ =" \\\\ comportement, tout en réduaisant la charge de
w 5 & ° travall du pilote, le braguage du manc 5
g P o transformé en une commande de vitesse de
g ol \ ; : . ) :

r 3 $ o roulis, mals a dérvapage nul, ¢'esv-a-dirve
+ S dre mise en virasge coordonned,
4 ; ; . .
IS ? Quantitativement, la réponse {(en p;) de

Ltavion doit étre semblable a4 un 190 ordre,

2
es

de constante de temps correspondant au mode
de roulis pur, pour wn pillotage précis et
disposant d'une bonne marge vis-a-vis du P10,
Alnsi on obtlent en falt une stabilite
splrale Importante sur pertirvation, et
parfaitement nulle au ragard du pilotaace
{assiette constante mancie au neutre) .

guant au palonnier, 1l commande du dérapage,
plus ure légere asslelte de roulis induit,
qui a &té demandée par les pilotes pour

T retrouver un comportemant plus conventionne)
i CAP ] gu'un dérapaqge obteny les alles parfaitement

a plat. La principals contrainte dans la

fig. &: schéna simplitié do FFL de commande e2n lacet était de permettre e
1'A320, contre de la panne moteour, en particulier a

basse vitesse, et lo decrabe par fort vent de
Lravers,
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Adngi en forctionnement normal, ile pllol.oge
est el fectud au manche seul, et par
impulsions pulsgque 'avion reste equll ibro
manche au neut. o

Las protections du domaine de vol Lataral
sur 1'A320 se limitent on fait A une
protectlion en asslette latdvate, qui wost
irtrodulte de la manléve sulivaata: pour
Iy 1€(33° 686°), une stabillté spirale esl
rétablie de manlére 4 ce que l'avion revienne
4 33° d'asslette manche au neutre, et jJue
flein manche 11 attelgne la limite firxde a
66%; ceci correspond, en virage stabiliseé, a
un facteur de charge de 2.5 ¢ cohéreat aveo
tes protections du domaine de vol longitudi=-
nal en facteur de charge, et permet de
procéger l'avion contre la vrille.

Cependant, du telt que la position des
gouvernes de rouils n'est pas proportionnelle
3 la position du manche, il a été¢ nécessalre
d'aider le pilote en cas de panne moteur au
décollage, ol l'oblectif de performance se
tradui* par des gouvernes alaires non
braguées (surtout les spolilers), Un disposi-
tif autematigque de remise a zéro de ces
surfaces par le trim de direction a cap
censtant a @té testé, mals peu apprécié des
pilotes, car il intertérait trop avec leur
propre reaction, Un objectif de dérapage a
donc été visualisé sur le PFD, le "B target”,
Gqul permet au pillota de rejoindre ces
performances optimales, paer vne action au
pied instinctive (le pied chasse la bille!}
annulant le derapage visualisé sur le PFD
{(dérapage décalé du § target).

c) Réalisation,

La realisation e ces objectifs , en
ttilisant les techniques maintenant
cliassiques de l'automatigue multiveriable
(techniques de placement ces modes pour I
contréle de la stabllité, =t des vecteurs
propres potr le découplage 6/B), nous dorne
une lol avec un interaction compléte entre
les deux axes de roulis et e lacet (fig. 7).

Les objectifs de stabilité sont réalisés par
les giins de retour Kret en B*, p, r, et b,
ol ﬁ* est une estimation du dérapage fondsa-
sur la mesure de ] 'accéleration latérale ny,
et la connelssance a prior: de l‘'éguation des
forces latérales. La matrice Xret est de
dimension 2x4 et se déduit entigérement et de
mantére unique des objectifs de placement des
péles et de découplage §/B, ce qui a facilire
les ajuste-ments rendus nécessaires apreés
essais pilotés au simulateur, ou
identification aprés essais en vol, Cette
matrice dépend du cas de vol, estimeé par la
vitesse conventionnelie (Vo) et la
conflguration des becs et volets {(conf).

Yuant aux objectifs de pilotage, la vitesse
de roulls commandée mar le manche est
transfowmée ep consigne d'assiztte apres
intégration (;) at. un gain direct d'avance de
phase (K}, dont le réle est d'accéleérer la
réponse de l'avion sur un ordre pilcote, en
particulier en compensant :e mode spiral. Le
palonnier commande du dérapage el une
assiette latérale (#.=-B.). La matrice de
précommande Kp permei e reller ces consignes
a4 l'avion stabilisé par les galns de retour:
elle est calculée pour obtenir, en régilme

stabilise ot hors perturiations, BB, e
G

iors proteccion, Ll n'y a pas d'iatsgrateur
de procision, pulisque les vartablos e et ¢,
ne sont vas accessible av pilote, VPar contrno,
or mode de protection, c'est-d-dlra pour
Iy 1e i27°,66%), 1'lntégrateur se trancforme
oo inte grateur de précision your assucer
¢y -23° manche neutre et 91=6." plein manche,
It terme de protection etant forzrlon du ¢
MmesSureG,

protection

Lialson I ’ ¢ i

meécanique !

fig. 7: structure de la loi latérale

Cette structure a permis de réaliser les
objectifs fixés, comme le montrent les
resultats d'essais en vol retranscris sur les
planches 1 & 4,

La premiére planche montre la réponse de
l'avion & des créneaux de manche latéral. Le
8o représente l'orcre glokal de roulis (avant
distribution aux gcuvernes alaires), qui suit
& peu orés l'cordre manche sans trop de
dépassament. La direction assure
automantiquement la coordination de virage et
ltamortissement du roulis hollandails, alors
que le palonnier n'est pas sollicité., La
vites~e de roulis réagit bien comme un 1€Y
ordre, e qul se traduit par une assiette
rejoignant la consigne sans dépassement (on
remarque l'avance de phase présente sur la
consigne Qo, assurant un bon temps de réponse
~n roulis), tandis que le dérapage reste trés
taible.

La deuxiéme planche mountre la réponse de
l'avion a une sollicitation au palonnier: la
gouverne de direction suit la commande avec
toutefois un ordre de stabilisation
superpose, tandis que la commande ¢n roulis
agit immédiatement pour contrer la majeure
partie du roulls induit par la direction;
ltavion se stabilise alors & un dérapage
d'environ 6° avec une assiette latérale
d'environ -3°, Sur un avion conventionnel,
cette maneuvre aménerait vite l'assiette a
diverger.

La troisiéme planche montre la limitation en
roulis, active a partir de 33°: le manche est
cont intment braqué a droite (d'environ 12%
et L'assiette se stabilise a 50° a derapage
toudours nul.
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La dernilére planche montre l'eftet d'une
panne motour: les vitesses de lacet et de
roulis commencent & dériver mals sont
contrées pav les braquages automatiques de la
dlrection et des surfaces de roulis, quli
aboutirait a4 un état stable si le piicte ne
réagissait pas au manche pour replacer
L'avion dans une trajectolre & cap constant,
t.oujours sans toucher au palonnier. Le
dispositif automatique (abandonné par la
suite), raméne ensulte l'ordre de roulis a
2éro en braquant progresslvement la direction
par le trim, tout en restant & cap constant.

Finalement, les objectifs fixés et leur
réalisation ont été valldés aprés de nombreux
essals ~u simulateur et en vol, et seront
reconduits sur les prochains Airbus (A330 et
A340). En effet, la stabjlité ainsi obtenue
23t bonne, le pilctage simple (pilotage
principalement au manche par impulsions), et
la protection en assiette latérale efficace.

III. Perspectives,

Sur 1'A320, les lois de pilotage implantees
dans les calculateurs de CDVE ont pleine
autorité sur les gouvernes, et peuvent donc
contreyr, par leurs protections en
particulier, un ordre du pilote qui amenerait
1'avion dans une situation potentie!lement
dangereuse. Ceci implique donc, en
particulier, d'élaborer ces lois a partir
d'informations sures, c'est-a-dire provenant
d'au moins deux sources concordantes. Avec
une redondance suffisante des calculateurs de
CDVE, la disponibilité des lois évoluées
repose donc surtout sur celle des capteurs:
les A320 disposent de trols centrales
ADC/IRS, mais si une ADC tombe en panrne, ou
était en panne en cas de départ sous MMEL
(Master Minimum Equipment List), ces lois
sont 4 la merci d'un désaccord entre ies deux
ADC restantes, auquel cas les lois dites
"normales" sont reconflgurées en lois
simplifiées, c'est-a-dire lol directe en
roulis (braquages des gcuvernes alaires
proportionnels au manche) et commande
mécanique de la direction, avec toutetols un
stabilisateur de lacet & autoriteée limitée si
une IRS est disponible.

Une meilleure disponibilité des lois
évoluées, nécessalire si l'on veut élaragir
leur pcssibilités dtaction, suppose donc une
meilleure disponibilité des systemes
embargués et surtout sur une redondance
élevée sur les mesures, redondance soit
matérielle (et onéreuses, surtout proportion-
nellement sur les petlts avions), soit
analytique., Par redondance analytique, on
entend en général reconstitution d'une
variable par un estimateur, fondé sur des
capteurs ne mesurant pas directement la
variable, et sur la prédiction du
comportement de l'avion. Ainsi un méme
capteur peut étre artificiellement
démultiplié pcur fournir plusieurs
informations, et, 4 nombre de capteurs
équivalent, améliorer la disponibilité de
lois évoludes,

Ceci est déja utilise sur 1'A320 sur l'axe
longitudinal: lorsqu'ii ne reste plus qu'une
IRS, la vitesse de tangage qui en est lssue
est utilisée pour estimer le tacteur de

charge normal & la trajectolre, estimat lon
comparée aux mesures accéléromdtriques
disponibres (capteurs spéclitiques peu
ondreux) afin de vallder cette 1RS,

De maniére geénérale, on tend & rendre les
lois de pillctage tolérantes aux pannes (voir
les nombreux articles sur le sujet dans les
publications), une methode étant de rendre
les surveillances des capteurs plus
intelligentes en tenant compte de la

connaissance de la dynamigue de l'avion, pour
é.iminer les sources incohérentes.
Cacl conduit donc a considérer les lois de

pllotage des CDVE de plus en plus tdt dans le
dimensionnement d'un avion. Il n'est qu'a
prendre l'exemple des avions militaires quil
sont naturellement instables (ce qul n'est
pas le cas des egvions de transport civil
actuels'!), et qui comptent sur les CDVE pour
étre pllotables, Plus raisonnablement, sur
les avions de transport civil., ‘1 est
possible de reldcher, par exemple, les
exlgences d'amortissement du roulis
hollandals naturel, pcur béneficiev de gains
de masse sur la dérive au prix de guelqgue(s)
gyrometre(s) de lacet suppl>mentaires pour
assurer la fonction de stabilisation de ce
mcde.,

De méme, les charges induites sur la
structure par les gouvernes sont dépendantes
des lois de pilotage, gul peuvent les
augmenter, mals aussi les diminuer: i1 existe
sur A320 une fonction LAF (Load Alleviation
Function} pour reéduire les charges sur la
voilure en rafale verticale par braquage
automat ique des spoilers; sur A340, un
dispositif MLA (Maneuvre Load Alleviation)
permettra de réduire le moment de flexion &
l'emplanture des alles par braquage des
ailerons et spollers externes lorsque le
facteur de charge mesuré dépasse 2 g,

Des études sont aussi en cours (sur les
A340/A330) pour évaluer un amortissement de
certains modes structuraux basse freéquence en
utilisant la gouverne de direction par
l'intermédiaire des CDVE, couplées 4 un
capteur accélércométrique situé a l'arriére de
l'appareil.

En outre, les protections du domaine de vol
devraient permettre de justifier une
réduction le domaine de dimensionnement de la
structure, ce gqui équivaut généralement a un
gain de masse... Pour le mouvement latéral
par exemple, on peut imaginer une protection
en dérapage afin de réduire les charges
maximales sur la dérive.

Inversement, si les objectifs de qualités de
vol améliorées sont prioritaires, je
dimensionnement de la cellule, des
servocommandes, etc... devra tenir compte des
lois de pilotage.

La ditficulté essentielle devient donc la
coordination, c'est-a-dire 1a détermination
de priorités entre tous les objectifs et
contraintes de domaines traditionnellement
relativement indépendants, au molns au stade
de la conception: les qualités de vol, les
pertormancaes, les systemes, et les
(sans oubllier les contraintes de coiit et de
maintenance) .

Struct ules
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ABSTRACT

At the 1989 AIAA Atmospheric Flight
Mechanics Conference, participants in
the Flying Qualities Workshop engaged in
a lively aiscussion regarding the
content and application of the military
flying qualities specification. As a
result of this and other discussions it
has become apparent that, desgpite many
years of experience, some confusion
still exists concerning the nature,
purpose, and appilication of the flying
qualities specification.

Much of this confusion stems from
the form of the requirements themselves.
A question frequently raised is whether
flying qualities i~e pilot-oriented
properties or whether they are the
parameters defined in the requirements
of the flying qualities specification
This question arigses from the fact that
most of the objective criteria in the
specification are noc closed-loop
(pilot-in-the-lcoop) performance criteria
or pilot acceptance criteria, kut rather

are criteria on open-loop
(pilot-out-of-the-locp) characteristics
of the augmented ajircraft. Ancther

source of confusion concerns the role of
the specification itself: is it only a
contractual document, or is it also a
design quide? If the latter, is it
equally effective in both rocles?
Consideration of the above questions
leads to yet another. If the
specification is intended as a design
cuide and the criteria are open-loop
properties instead of closed-loop

properties, which is more important:
pilot satisfaction with closed-loop
performance or <compliance with the
operni—loop requirements?

In this paper the authors will
address these questions by reviewing the
background of the United States military
flying qualities specifications. They
will discuss the advantages and
disadvantages of different types of
requirements. Finally they will
describe the way the specification is
used by the USAF Aeronautical Systems
pPivision program offices, for whom,
among others, the flying qualities
specification is intended.

BACKGROUND

The current version of the flying
qualities gpecification is
MIL-STD -1797A, "Flying Qualities of
Piloted Aircraft", published in January
1990 (Reference 1). This is the
tri-service version of MIL-STD-1797,
which was firet published in March 1887
as an Air Force specification (Reference
2). The MIL-STD-1797 series is the
successor to the MIL-F-8785 series, the
last revision of which was MIL-F-8785C
(Reference 3). Though there are a few
new requirements and some modifications
to old ones, MIL-STD-1797A is primarily
a remodelling of MIL-F--8785C into a
Mil-Prime standard and handbook format.
The standard is meant to be a framework
for a specification that a procuring
agency can tailor to each individual
procurement . The quantitative and




qualitative wvalues of most OF the
requirements contained in the standard
hav2 been left blank. These blanks are
to be filled in by the procuring agency
when writing a specification for a
particular program. The bandbook is
Appendix A of MIL-STD-1797 and arctually
comprises the greater part of the
document . The handbook provices the
procuring agency with guidance to fill

in the blanks in the standard with
appropriate criteria, and lessons
learned from previous experience.
TYPES OF REQUIREMENTS

A survey of the system
requirements of MIL-STD-1797 suggests
that they may be divided into four

The first type is a
Descriptive requirement. This type does
not rplace any requiremants on the
aircraft. It requires the contractor
(or sometimes the procurement agency) to
define or describe certain aspects of
the aircraft. Examples of this type of
requirement are 4.1.1 Loadings, which
requires the contractor to define the
c.g. envelopes and corresponding
weights, and 4.1.4.2 Service Flight
Envelopesg, which requires the contractor
to define the Service Flight Envelopes
for each Aircraft Normal State. Table I
shows those paragraphs of MIL-STD-1797
which consist predominately of
Descriptive requirements.

different types.

The second type of requirement are
upper-level requirements. We will call
these Primary requirements. This type
places requirements on the aircraft but
only through lower-level requireimnents.
For example, 4.1.6.1 Allowable Levels
for Aircraft Noimal States requires that
flying gualities for Aircraft Normal
States within the Operational Flight
Envelope be Level 1. Obviously this is
a requirement on the aircratt, but it
does not define the constraints of Level
1. That is left to lower-level
requirements. Table II 1lists those
paraqraphs of MIL-STD-1797 which consist
predominately of Primary requirements.

The lower-level requirements can

he divided into two more types. The
first type is a Subjective requirement.
This type of requirement is qualita%ive
in nature and thus open to different

semantic interpretations. A gond
example of this 13 4 .1.11.2 Releage of
stores which requires that the

"intenticnal release or ejection of any
storeg shall not result in objecticnable
£light characteristics oY impair
tactical effectiveness of Levels 1 and
2", Obviously the question of whether a

particular characteristic is
"objectionable® or not would be open to
interpretation.

The other type of lower-level

requirement is an Objective requirement.
This is a quantitative requirement and

thus less subject to different
interpretations. One example of this is
the first part of 4.2.1.1 Long-term

pitch responge which requires that any
ogcillation {(in the pitch response to a

step input) with a period of 15 seconds
or longer shall have an equivalent
damping ratio greater than 0.04 for
Level 1, a damping ratio greater than
0.0 for Level 2, and a time to double
amplitude greater than or equal to 55
seconds for Level 3.

Figure 1 shows the proportion of
each of these types of requirements in
MIL-STD-~1797. The Objective
requirements constitute about 85% of the
requirements in the standard. The
Subjzctive requirements constitute less

than 10% of the total number of
requirements. The Descriptive and
Primary requirements constitute

somewhere between 3% and 4% each.

Examination of the lower level
requirements reveals that they may be
divided in another way. This second
approach depends on whether the

requirement applies with the pilot in or
out. of the control loop. The first type
places requirements on rthe
characteristics of the aircraft without
the pilot. We will call these Open-Loop
requirements because the outer control
loop, the cne with the pilot acting to
control the aircraft, is open. An




sxample of thisg is 4.2.1.1 cited above.

Ancther type of requirement under
this approach is one that applies to the

behaviox of the pilot-aircraft
combination. We will call this a
Clozed-Loop requirement. This type

requires the pilot to perform some task
or maneuver in order to determine
compliance. However, for some
requirements, 4.1.8 Dpangercus _ filght
conditions, for example, the pilot does
not necessarily have to evaluate the
actual adrcraft. Sometimes a piloted
evalvation of an accurate simulation is
gsufficient to show compliance.

A third type of requirement under
this system of c¢lassification is one
that appiizs to the cicsed-loop response
with a pilot model closing the loop.
This .ype places requirements on either
the vperformance of the closed-loop
system with a given pilot model, or on
Ltlhe characteaxistica of the pilot model
in order fox the cloged-loop system to
achieve a given level of performance.
Only one paragraph in MIL-STD-1797
contains requirements ¢f this type:
Alternative E. of 4.2.1.2 Short-term
pitch responsge. Thig is a mogified
Neal-Smith criteria which places
requirements on the pitch tracking
performance of the closed-loop system
with a given form of pilot model.

Figure 2 shows the proportion of
lower level requirements that fail into
each cacegory of requirement type.
Almost T9% of the lower-level
requirenents are o¢f the CObjective,
Open-Loop type. About 12% are the
Objective, Closed-Loop type. The
Subjective, Closed-Loop and Subjective,
Open-Loop types constitute about 8% and
1%, respectively, o¢f the lower-level
requirements. Less than half a percent
are of the Objective, Pilot Model type.
Since a Primary requirement will apply
to several lower-level requirements, a
given Primary requirement may
simultaneously be: Open-loop,

Closed--Loop, and a Pilot 4odel) type.
The Descriptive requirements are not
requirements on the aircraft, sc¢ the

control loop approach to grouping these
requirements does not apply.

SUBJECTIVE REQUIREMENTS

The Subjective Cleosed-Loop
requirements are the oldest form of
fiyving qualities requirements. The wvery
first f£flying qualities specification in
the US was of this form. The
specification for the US Army’s first
heavier-than~air aircraft called for it
to "be steered in all directions without
difficulty and at all times under
perfect control and equilibrium"” during
the course of a one hour triali flight
(Reference 4). This requirement serves
as an excellent example of the general
advantages and disadvantages of this
form of requirement. Table III lists
those paragraphs of MIL--STD-1797 which
are predominately Subijective,
Cluced-Loop reguirements. There are no
paragraphs in which Subijective,
Open-Loop requirements predominate.

The mogst significant advantage of
subjective requirements i3 that they
tend to describe the behavior we want
{or do not want) from the aircraft in
the terms the pilots would describe it.
These requirements tend to be very
pilot-oriented. Usually the purpose and
value of these requirements are
self-evident by reading them. They do
not require a complex analytical
derivation to understand.

The Subjective regquirements also
tend to be very general. Jnlike
Objective criteria, they do not need to
be conditioned by Adircraft Class, or
speed, or other flight parameters. As
an exanple consider 4.1.12.1 Control
centering and breakout forces, part of
which requires that "the combined
effects of centering, breakout force,
stability and force gradient"™ of cockpit
controls *shall ot produce
obiectionable flight characteristics".
This one statement suffices for aill
classes of aircraft, all Aircraft
States, and all Flight Envelopes. The
reason this type of requirement is so
general 1is that the meaning of the




qualitative terms 12 interpreted by the
pilot in light of these other factors.
What a pilot would call "cbjectionable"
under one set of circumstances would

change when given another set. But the
qualitative term "objectionable" is a
valid descriptor in both sets of

circumstances.

The real attraction of this type
of requirement for the people who write
the flying qualities standard is that it
can be used in situvations where we do
not know how to quantify what we want or
perhaps even what we want to quantify.
But we can usually describe what we want
in gualitative terms. The best example
of this is that first US Signal Corps
gspecification cited above. If there was
ever a time when we did not know how to
quantify what we wanted in aircraft
characteristics that was it. But it was
possible to describe what was desired
qualitatively. It is s8till a wvalid
qualitative description of what we want
in an aircraft today.

Degspite the advantages we have
listed for this type of requirement. the
authors of this paper subscribe to the
guidance given in MIL-STD-~1797A under
4.1.9 Interpretacion of subiective
requirements. In genéral, "the focus in
the flying qualities gapecifications has
been, and will continue to be, on
quantifying all requirements for which
sufficient data exists." The desire
for Objactive specifications stems from
the inherent disadvantages of Subjective
requirements.

From a legal or contractual
standpoint, the biggest problem with
Subjective specifications is disparate

interpretation of the gualitative terms.
Obviously the test of compliance with
this type of specification is a piloted
evaluation of the aircraft or of a

simulation of the aircraft. Different
pilots will have different
interpretations of the meaning of the
qualitative terms, and if the

two pilots is big
will come to
compiiance

differences between
enough, the twc pilots
differeat conclusicns about

In that case,

with a given requirement.
whose judgement do you use? The
contractor and the procuring agency will
probably disaqgree. The first recourse
is to get some more pilots. Hopefully
enough of them will agree that a
consensus can be reached one way or the

other - but what if opinion renains
evenly divided? This is not an ideal
way to run a sgpecification.

There are a <couple of other
problems from the <design engineer’sg
standpoint. First of all, Subjective
requirements give the designer

apsolutely no guidance on how to design
an aircraft to comply. (This is called
"design freedom"). The designer must
rely on his experience, knowledge, and
judgement to determine what design
parameters to play with tco achieve
compliance. Even after he decides what
parameters will affect the behavior of
interest, such quantities as "not
objectionable", “realistic", ‘"normal",
or "not excessive" are extremely
nebulous objectives to try to achieve.

The second problem for the design
engineer is that he does not really know
if his design has complied with a
Subjective requirement until the
development has reached a stage where a
pilot can fly a simulation of it. At
this point in the development it may ke
too late to rmake changes to key aspects
of the design which affect tbe behavior
in question.

An analogy to Subjective
requirements in a cookbook (an idea
suggested by the title of this paper)
would be an instruction in a scup recipe
to "make the soup taste good". The
requirement is obviously 