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The Mission of AGARD
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— Improving the co-operation among member nations in aerospace research and development;
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— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in connection
with research and development problems in the aerospace field.
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Theme

Stability in guidance and control can be illustrated by the following examples:

— Air vehicles subjected to atmospheric instabilities (particularly downbursts and windshears), including flight control in
downbursts, detection of downbursts from the ground or by airborne systems, and aircraft guidance to avoid them.

— Control of fighters at high angles of attack which may become unstable due to a bifurcation point beyond which their
behaviour becomes unpredictable, though belonging to the deterministic domain.

— Control of laminar-turbulent transition for high performance aircraft (subsonic and supersonic), including improvement of
stability by control of transition, and the impact of fully laminar flow on aircraft control.

The concept of stability also needs to be looked at from a theoretical point of view — for example, the impact of uncertainties in
initial conditions on system behaviour. This has links with the concept of model robustness.

The programme was as follows:

Ist Session. Fundamental aspects of stability with examples:
The dilemma of stability vs. manoeuvrability and its consequences on military and civilian aircraft; stability and controllability of
non-linear systems; various types of stability of an equilibrium state.

2nd Session. Basic theoretical aspects and chaos:
Newtonian mechanics and thermodynamics; transition from stability to chaos; boundary layer control on a wing or fuselage,
stabilisation of an unstable aircraft (decoupling of the controls of aircraft, helicopters, or convertibles).

3rd Session. Applications of aerospace techniques:

a) External parameters: the atmosphere, turbulence, windshears and downbursts; their detection and modelling (methods of
detection — whether ground or air based — the information processing of the data collected); control laws when flying
through atmospheric disturbances; criteria.

b) Control of the flow around wings and fuselage. C, and C,, variations with boundary layer effects. Stability of a spin.
Prediction of the instability and consequences for vehicle guidance.

il
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Theme

Les probléemes de stabilité dans 'optique du guidage et du pilotage peuvent étre illustrés par les exemples suivants:

— Véhicules aériens soumis aux instabilités atmosphériques (particulierement les cisaillements de vents) incluant le contréle du
vol dans un “downburst” ainsi que la détection de ceux-ci, soit du sol, soit a bord de I’avion, et le guidage de 'avion pour éviter
ces phénomenes.

— Controle des chasseurs a des trés grandes incidences qui peuvent devenir instables a cause de “bifurcations” derriere
lesquelles le comportement des véhicules devient imprévisible, bien qu’appartenant au domaine “déterminé”.

— Controle de 1a transition laminaire-turbulent pour les avions a hautes performances (subsoniques ou supersoniques),
incluant I'amélioration de la stabilité grice au controle de la transition et 'impact d’un écoulement totalement laminaire sur le
comportement de I'avion.

Le concept de stabilité doit étre également considéré d’un point de vue théorique, par exemple, en examinant les conséquences
des incertitudes sur les conditions initiales sur le comportement du systeéme. Ce probléme est lié, d’ailleurs, au concept plus
général de la “robustesse” d’'un modele.

Le programme de Vatelier a été le suivant:

Lére Session. “Aspects fondamentaux de la stabilité et exemples”
Le dilemme stabilité/manoeuvrabilité et ses conséquences sur la stabilité des aéronefs civils et militaires; la stabilité et la
pilotabilit€ des systemes non-linéaires; différents types de stabilité d’un “point” d’équilibre (état).

2éme Session. “Aspects théoriques fondamentaux et chaos”
Mécanique newtonienne et thermodynamique; transition stabilité/chaos; contrdle de la couche limite sur une aile ou un
fuselage, stabilisation d’un avion instable (découplage des commandes dans un avion, un hélicoptére ou un convertible).

3éme Session. “Applications aux techniques aérospatiales”

a) Les parametres externes: 'atmosphere, la turbulence, les cisaillements de vents et les “downbursts”; leurs détecteurs et leur
modélisation (méthode de détection — sol ou aéroportée — et traitement de I'information collectée); lois de contréle en vol
en atmospheres trés turbulentes; criteres.

b) Contrdle de I'écoulement autour des ailes et du fuselage; C, et Cx lorsqu’on prend en compte la couche limite; stabilité d’'un
avion en vrille; prédiction de I'instabilité et conséquences pour le guidage du véhicule.
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INTRODUCTION

by Dr M.J. PELEGRIN, Programme Committee Chairman

Is stability a measurable quantity - like mass or an
identifiable quantity - like temperature? There are many
definitions of stability, sometimes contradictory: in fact,
it is a subjective quantity which should be defined in the
context of the theme considered. The reference system in
which the system evolves should be defined: stability
may exist in a given reference system, but no longer
exists in other reference systems. Stability seems to be a
dominant factor for aircraft or missile control - or any
type of vehicle. However, stability and manoeuvrability
are two opposing factors which intervene in aircraft
control: for civilian aircraft stability is the dominant
factor; for military aircraft or missiles manoeuvrability is
the dominant factor. The above are some of the reasons
which led to the organization of a Workshop on
"Stability" for the AGARD community.

Basically, stability is related to irreversibility which
means energy dissipation for linear systems, but linear
systems are very rare though they also often represent a
suitable approximation of non linear systems. Stability is
also a matter of accuracy. Let’s take the earth’s rotation:
is it stable or unstable? This question has no meaning
until the range of accuracy we are looking for, and in
fact, the whole context is specified. Due to the accuracy
of existing atomic clocks, it is demonstrated that daily
variations are of the order of 1ms yearly or pluri-annual
variations of the order of tens of ms, occur in a pseudo
periodic manner. However, the angular velocity is
necessarily decreasing on a long-range basis: this is
mainly due to the water/earth friction of tides. In the pre-
Cambrian period (400 M years) the day was 15 hours!
What has been said about the angular velocity of the
earth could also be said about the direction of the earth’s
momentum. At the pole the trace of the rotational vector
moves continuously in a circle of about 2m in diameter.
However, for all human activities the earth’s rotation is
considered (except by some astronomers) as stable.

Poincaré in the 1870s studied stability for non-
autonomous and autonomous problems. Ljapounov in the
1900s introduced a way of proving whether or not
stability was sufficient, but not the necessary conditions.
Thereafter the behaviour of a system in the vicinity of an
“"equilibrium point” was studied in detail (Poincaré) and
equilibrium points or "singularities” were classified as
nodes-summits-focus-saddle.

A variety of possible behaviour in the vicinity of a point,
the limit cycles, which can be stable or unstable, were
introduced; they generalized the stability point by letting
a periodic motion, normally of a small amplitude, around
the stability point (in the phase plane or space).

viii

Recently, new vocabulary has been introduced: strange
attractor instead of equilibrium point or limit cycle.

All chapters of physics are affected by the concepts of
stability. Mechanical systems were the first to be affected
by Poincaré’s approach. Theories and studies concern
non linear systems. All that can be said about linear
systems has been said at the present time. No global
solution is expected. The robustness concept of a control
system is an extension of linear systems studies. This
concept is important for applications in industry or
vehicle control. Robustness can be defined as the
capacity (capability) of coping with the specified
performances in spite of some unknown concerning the
parameters which define the system to be controlled - or
sometimes, the controller parameters themselves.
Obviously, a linear differential equation with such
uncertainties on coefficients is no longer a linear
equation. In fact, even in the beginning of linear system
studies "phase margin" and "gain margin" were used to
compensate for some errors in the system description.
Nowadays more elaborate techniques such as H_
optimization enables us to deal with multi-input, multi-
output systems.

The stability concept is widely used in thermodynamics,
at least before statistical thermodynamics came into
being. Irreversibility - at least from a practical point of
view - leads to the entropy concept, which simply says
that "in an autonomous system entropy can only
increase”. Irreversibility is no longer accepted as a
universal law in statistical thermodynamics, namely those
who study "chaos”. Maxwell’s devil could operate ... if
we wait an appropriate very long time.

We can probably say that the dilemma "stability-
instability” has mainly progressed in fluid mechanics,
aero and hydro dynamics and spectacular (in both
meanings of the word) results arose from the Bernard’s
curls; they directly derive from a non-organized
structure; order came up from disorder! If the heating of
the fluid is adjusted, it can be stable as long as we do
not modify the heat transfer (it is a non-autonomous
system).

Nonetheless, in this domain, the aerodynamic flow
around a wing can be stable though instability may
locally appear in the boundary layer: during a "normal
flight” the boundary layer becomes turbulent (i.e., locally
unstable) somewhere between one-half or two-thirds of
the wing chord. Buffet phenomena is due to the escape
of curls from the boundary layer, a phenomena which
should be avoided for aircraft performance and passenger
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comfort. Flutter phenomena which is very dangerous, is
due to aero-elastic coupling between air-flow and wing
elasticity: it appears when the frequencies of 2 modes
converge to a unique frequency (normally the 1st
bending and 1st torsion modes). This is typically a case
of instability which can gradually arise from stability
when some flight parameters vary (velocity and/or load
factor).

Stability - or instability - has also a meaning in static
structures (bridges =, buildings, dams, earth
embankments, ship or aircraft structures, etc.) when loads
reach a given value: this is the buckling. Even in the
earth’s crust, instability appears (earthquakes). Roughly
speaking, it can be said that due to the tectonic plate
motions, when, in a given location, the friction constraint
is surpassed, the sliding effect or the elastic deformation
of a part of ground is suddenly transformed into a jump.

Many other subjects could be mentioned. To conclude, I
would like to briefly mention atmospheric conditions.
Has stability a meaning? Probably not, though in many
countries, like those in the temperate zone, weather has a
certain degree of stability: if you say "Tomorrow the

*/ The Tacoma suspension bridge which collapsed on
7 Nov 1940 was subjected to a relatively low wind
(18.7 m/s). It was a typical phenomena similar to
flutter (conjecture of 2 vibrating modes).

weather will be be like today’s" you are not making a
bad forecast! (The probability of success is well above
50% since in these countries weather does not change
every day - a certain degree of stability exists.) Weather
is a consequence of air movement over the world: it
should be predictable as for any system for which the
equations are known. Unfortunately, air movement is
governed by partial derivative equations - they are known
with a reasonable certainty -but a set of homogeneous
initial conditions (3-D) is___ to be acquired even by
meteorological satellites. Meteorologists proceed by
region (they use some grids, ranging in size from a few
kilometers to hundreds or thousands of kilometers) and
try to start with coherent sets of initial conditions on the
boundaries of these grids. The computer then solves the
equations and they arrive at a correct(?) prevision for 24
or now 48 hours. Their goal is to achieve predictions
with the same degree of accuracy for a 72-hour period
before the end of the century.

This Workshop will consider these questions in depth
during 3 days. The programme of the Workshop is given
in the Table of Contents.
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EXPOSE D'OUVERTURE

par

Marcel Bénichou
Président de 1'Office National
d'Etudes et de Recherches Aérospatiales
BP 72 - 92322 Chatillon Cedex
France

Mesdames, Messieurs,

Deés la fin du 19&¢me siécle, le probléme de la
stabilité des aéroplanes a été au centre des
préoccupations des concepteurs de machines et des
scientifiques qui se penchaient sur leurs projets.

Cet intérét ne s'est pas démenti au cours du siécle
écoulé depuis, passant de la recherche de la stabilité
"naturelle” des aéronefs, a la recherche du contréle de
machines instables, en d'autres termes a4 la recherche de
la stabilité artificielle ; passant de la nécessité de réunir
les conditions d'un pilotage praticable, puis siir, & des
ambitions plus diverses.

En fonction des missions des aéronefs, des critéres
empiriques de stabilité ont dii étre définis, différents
pour les avions de transport et pour les aéronefs de
combat, du fait d’exigences contradictoires en termes de
maniabilité et de stabilité. On se contentera de citer la
recherche relativement récente du meilleur compromis
maniabilité-stabilité aux trés hautes incidences -
dépassant 50° — pour accroitre les possibilités du combat
aérien,

D'autre part, les véhicules réels étant flexibles et
non rigides, la maitrise de 1'aéroélasticité est vite
devenue un défi majeur, avec des aspects statiques, et
dynamiques tels que le flottement, défi d'autant plus
grand que le domaine de vol s'élargissait sans cesse.

Enfin, les phénoménes de buzz d'entrée d'air ont
limité les excursions 2 Mach élevé ou obligé 4 mettre en
place des dispositifs permettant de les éviter.

On voit qu'a beaucoup d'égards, et bien plus que
d'autres secteurs d'activité, 'aéronautique a di et doit
prendre en compte la notion d'instabilité.

J'ai dit "l'aéronautique”, je devrais dire bien sir
"l'aéronautique et l'espace” puisque les instabilités de
combustion des propergols dans les propulseurs des
lanceurs spatiaux ont causé bien des soucis, et puisque
dans la conquéte. de l'espace, en raison des délais de
transmission qui peuvent atteindre plusieurs minutes,
les systémes spatiaux doivent étre dotés d'une large
autonomie et donc avoir recours 2 des architectures de
contrdle boucle fermée dont la stabilité doit étre
assurée.

Pour surmonter les difficultés, et parallélement &
la recherche de palliatifs empiriques, les tentatives de
modélisation des phénoménes, pour mieux les maitriser,
se sont développées, en prenant appui sur la théorie et
les simulations, ce qui est une démarche classique. Mais
au fur et & mesure que les difficultés étaient
surmontées, l'accroissement recherché du domaine de
vol, en vitesse, altitude et incidence, nécessitait de
nouveaux efforts.

Les prouesses du calcul numérique, la
minijaturisation des organes de puissance et
I'augmentation de leur bande passante sont venues 2
point nommé pour permettre effectivement de contréler
I'instabilité dans ces domaines élargis.

Un vaste champ d'analyse reste néanmoins a
défricher en grande partie ; celui du comportement
humain et de l'interface homme-machine. La tache de
pilotage la plus fréquente est une tache de poursuite de
cible : au sens propre lorsqu'il s'agit de combat aérien,
au sens figuré lorsqu'il s'agit par exemple de rejoindre
une plate-forme d'atterrissage mobile telle que le pont
d'un porte-avions par mer forte. Les limitations
naturelles de I'homme et la variabilité de ses
caractéristiques (fatigue, sommeil, distraction, etc.) font
qu'on n'a pas fini de parler de pompage pilote.

De grands progrés ont donc été accomplis selon un
processus faisant de plus en plus appel a la recherche
appliquée.

Néanmoins, et en paralléle, on a assisté et on
continue 2 assister 2 un effort soutenu dans le domaine
de la recherche fondamentale et en particulier dans la
recherche des régles du "chaos déterministe”,
auxquelles peuvent obéir les systémes non linéaires,
avec en particulier 'ambition de mieux comprendre au
niveau le plus fin les phénoménes de turbulence et les
écoulements instationnaires, sans se limiter 2 les
modéliser au niveau macroscopique, ou & repousser
I'apparition de la turbulence de couche limite par
recours a des moyens empiriques.

Votre ordre du jour refléte les deux tendances:
recherche fondamentale et recherche appliquée, de
facon assez équilibrée d'ailleurs ; le chaos tient une
place trés importante dans les deux premiéres sessions.
La troisiéme session, consacrée aux applications, se
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préoccupe essentiellement des problémes de contréle du
vol et de turbulence avec un fort accent sur le vol A trés
haute incidence, domaine ot les ex-soviétiques peuvent
apporter demain le fruit de leur expérience, et qui
répond & un besoin explicite des utilisateurs militaires.

k%

Cependant, deux questions surgissent, 4 I'examen
de cet ordre du jour.

La premiére concerne le passage au stade
applicatif dans l'aéronautique et l'espace, des
recherches concernant les phénoménes chaotiques :
cette échéance est-elle proche ou lointaine ?

Si l'on considére par exemple la transition
laminaire-turbulent, I'amélioration des connaissances,
par la voie expérimentale, ne s'est pas accompagnée
d'une amélioration des méthodes pratiques de prévision,
qu'il s'agisse des transitions par by-pass, ou pour les
transitions naturelles, de méthodes innovatrices par
rapport a celles basées sur la loi dite "en en”.

Pour ce probléme et, plus généralement, pour une
meilleure compréhension des phénoménes de
turbulence, faudra-t-il attendre les progrés futurs de
I'informatique pour en donner une représentation de
plus en plus fine afin d'appréhender des tourbillons de
plus en plus fins ? Ou une autre approche est-elle
envisageable dés aujourd'hui ?

*%k

La seconde interrogation se situe sur un autre
plan. Elle est liée & ce que j'appellerai l'intrusion de
I'informatique dans le traitement en temps réel, sur les
aéronefs, des problémes de stabilité et, plus
généralement, de commandes de vol.

Le progrés apparemment sans limite de la
puissance des calculateurs conduit a faire prendre en

LIBRARY

charge par les dispositifs automatiques, amortisseurs ou
amplificateurs, un nombre croissant de variables (non
seulement position des gouvernes classiques, mais
nombre de gouvernes, régime moteur, configurations,
etc.) dans des domaines de vol de plus en plus grands,
pour optimiser la manceuvrabilité ou les
consommations. '

Les risques augmentent alors : risque d'erreurs
dans l'analyse des cas susceptibles d'étre rencontrés et
des phénoménes susceptibles d'intervenir ; risque
d'erreurs dans la réalisation des logiciels ; A ces risques
d'erreurs ou d'omissions s'ajoute le risque d'introduction
de fausses solutions : la simulation numérique de
phénomenes physiques régis par des équations aux
dérivées partielles comportant des termes non linéaires,
peut entrainer, du fait de la discrétisation, des
comportement parasites, ¢c'est-a-dire d'origine purement
numérique. Certains centres de recherches tentent de
progresser dans ce domaine. De fagon plus banale il y a
le risque de converger vers une solution qui n'est pas la
bonne du fait de la non-unicité de solution méme si les
calculs sont parfaits. Ces risques ne sont pas seulement
théoriques : des accidents et incidents récents, qui sont
de nature & faire mettre en cause les logiciels, ont
sensibilisé les bureaux d'étude des constructeurs.

Un grand hebdomadaire de la presse spécialisée,
amplifiant le mouvement d'inquiétude, titrait
récemment, sans ambages : "La complexité des logiciels
embarqués menace la sécurité des avions".

On peut surtout se demander s'il suffira de faire
des progrés dans la validation des programmes
informatiques des calculateurs de bord, suivant les
procédés actuellement éprouvés, ou si des réflexions
plus profondes ne s'imposent pas.

Je vous remercie de votre attention.
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STABILITE HYDRODYNAMIQUE DES ECOULEMENTS CISAILLES
(HYDRODYNAMIC STABILITY OF FREE SHEAR FLOWS)

par
P. Heurre L.G. Redekopp
Laboratoire d'Hydrodynamique uUsC
Ecole Polytechnique Los Angeles
91128 Palaiseau Cedex California
France United States
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(Ho & Huang 1982); @ R = 1 (Drubka 1981).



1-7

TECHNICAL LIBRARY

: o | A<¥
nv
! (y)
. 0 ly=24<y
ny
! (2)
x " ly<y
nvy

(2)

0

> y>7y

no

(3)

> >y

na

(q)

b ¢

"|qeisun A2Injosqe
(y) *sjqeisun £[2an9au0d (6) ‘dqers (f) :saaem guipsaen Sunededoididiuno) "dqeisun
K2njosqe (2) diqeis (p) :opow Lreuonei§ ‘d[qeisun A|21njosqe (2) ‘d|qeisun AJ9A1d9AUO0D
(@) ‘s|qeis (p) :9aem Suipaen 33ulg -sasuodsa1 asindwy [edidfy Jo saycIN§

o

€ aunbL4

W> N

\
\

4> ¥

(r)

2u> ¥

(v)




TECHNICAL LIBRAR

1-8

ImFu.Qse response of o flat PPa.Ee

bouncf.a.rcé ﬂmjer' .
Togfmi.en.- Scﬂﬁcchl:m% Cns[’,'a.chc‘:\é,

Figure 4



TECHNICAL LIBRARY

Absolute Growkth Rate

wo)‘: > 0 ai[asoguféeg uns(’.'a.BQe

Wy £ O con.vecf:cvegmé unstable

Figure

5

1-9



TECHNICAL LIBRARY

CLASSES OF

SPATIALLY -DEVELOP (NG FLOWS

wL’,max (X) ) wo,e(x>

wf wl"
(a) (b) ®; o (X)
S".'a.[:?e ¥ e
| e
“’i.maxm 0,ilmax
— " RN
@Dy 5 0,1
{0 %) odlmax TN
ax @]
@; (X) dafﬂﬂulx{z:’

) @ | o1 N
| cu \X oL D, ilmax cu

Figure 6



TECHNICAL LIBRARY

F(r)

0

1 | 1

0 1 . 2

Fig. 7 The normalized velocity profile F(r), defined by Eq. (1), for
N-1=1,0.5, 0.3, 0.1, and 0.

Fig. s Example of the jet velocity vs rand x for R, =1, §,=0.5, and
M,=0.
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CHAOTIC TIME SERIES ANALYSIS

Jaroslav Stark
Long Range Research Laboratory,
Hirst Research Centre,
East Lane, Wembley,
Middlesex, HA9 7PP, UK.

SUMMARY

Perhaps the single most important lesson to be drawn from the
study of non-linear dynamical systems over the last few
decades is that even extremely simple deterministic dynamical
systems can give rise to complex behaviour which from a sta-
tistical point of view can appear completely random. This phe-
nomenon is frequently referred to as chaos. One of its obvious
consequences is that it is possible to describe certain apparently
complex signals using relatively simple non-linear models. This
has led to the development of a variety of novel techniques for
the manipulation of such “chaotic” time series. Initially, these
methods concentrated on the characterization of chaotic signals
using invariants such as fractal dimensions or Liapunov expo-
nents. Later, attention focused on the possibility of predicting
their future short term behaviour and this in turn has led to
algorithms for noise reduction in time series having a chaotic
component.

This paper begins with a brief description of the basic theoreti-
cal framework for analysing chaotic time series and then goes
on to discuss recent work in this area in the Long Range Re-
search Laboratory. As a particular example we shall show how
the ability to make short term predictions of chaotic time series
can be used to extract small signals from a complex determin-
istic background. Experiments with simulated data have shown
that it is possible to recover signals to a reasonable accuracy in
situations where the ratio of amplitudes of signal to chaotic
background is as low as 10-5:1.

1. INTRODUCTION

Until recently, the subject of time series analysis has been
largely dominated by linear mathematics and the behaviour of
time series has been modelled by linear equations. Unfortunate-
ly, many natural phenomena are governed by fundamentally
non-linear laws and hence such linear models are often unable
to describe or predict their behaviour adequately. As a result,
conventional signal processing has for many years been ham-
pered by its underlying assumption of linearity.

The main reason for the prevalence of linear approaches to time

0.5
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series has been that, in common with many other branches of
mathematics, the passage from linear to non-linear is a difficult
one. Nevertheless, the last few years have seen rapid progress
in non-linear time series techniques. One of the main reasons
for this has been the enormous advances made in the field of
non-linear dynamical systems. Perhaps the most important of
these has been the realization that even simple deterministic
non-linear dynamical systems can give rise to complex be-
haviour. Such behaviour is often statistically indistinguishable
from that produced by a completely random process and as a
consequence has come to be referred to as chaotic. A simple
example is given in Figure 1, which shows a time series {Xn}
obtained from the so called Hénon map

1 - 1.4(xn)2 + yn (1a)
0.3xn (1b)

Xn+l =

¥n+l =

Deterministic chaos of this kind occurs naturally in many
different non-linear mechanical, electrical, and electronic sys-
tems. Its existence forces us to drastically rethink our notions of
stability and predictability. As regards the former, within the
traditional linear context stability implies bounded behaviour
and vice versa. In particular, if we do not wish our system to
diverge to infinity (which id likely to have unpleasant conse-
quences), we are forced to design a linear system to be stable.
By contrast, the behaviour shown in Fig. 1 is unstable (see be-
low) but still bounded. Hence non-linearity may allow future
system designers the freedom to drop the requirement of stabil-
ity if all they are interested in is a bounded operating regime.
Potentially, there could be substantial advantages in using the
inherent instability of chaotic systems to obtain faster response
to control parameters. We shall discuss this briefly in §7 below.
Turning now to the issue of prediction, chaotic time series such
as Fig. 1 typically have continuous broadband power spectra.
Classically, they would thus be modelled by a linear stochastic
process, such as, for example, an autoregressive moving aver-
age (ARMA) model:

0 200 400

T T

600 800 1000

Figure 1. Sample chaotic time series {xn} derived from the Hénon map in equation 1.
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k 1
Xa = a0+ Z aj¥n-j + z bjen-j )
=1

Here &, is a sequence of uncorrelated random variables and the
aj and b; are the parameters of the model. Such a model as-
sumes that the complexity seen in Fig. 1 is due to the random-
ness represented by the e, and hence leads to rather poor esti-
mates of the future behaviour of xn. By contrast, as we shall see
below, considerable progress has been made in the last few
years in developing non-linear prediction schemes which are
able to make extremely good short term forecasts of chaotic
times series, even when the underlying dynamical equations
(such as Eq. 1) are not known. Such prediction algorithms in
turn can be used as the basis of novel techniques for signal pro-
cessing including filtering, noise reduction and signal separa-
tion.

2. CHAOS AND INSTABILITY

Before we describe some of these algorithms, we wish to exam-
ine what exactly we mean when we call a system chaotic and
what this implies about its stability. At first sight it might seem
strange that a simple deterministic system, such as that given by

15
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Eq. 1, should lead to such apparently complex behaviour as that
shown in Fig. 1. The principal mechanism behind this phe-
nomenon is the extreme sensitivity of such systems to their ini-
tial conditions. To illustrate this we slightly perturbed the initial
condmons (x0,y0) use.d to generate Fig. 1 to give (x0,y’0) where
x'0=x0+ 10-8 and y’p = yo + 10-8. Figure 2 shows the resulting
time series. Although the gross features of Fig. 1 and Flg 2 are
very similar, careful inspection will show that x, and x", rapidly
diverge. This is much more apparent in Figure 3 where we plot
log Xn - X ,.f We see that for about the initial 50 iterations log

Xn - X'n | increases more or less lmearly until there is essen-
tially no correlation left between x, and x'y,.

It turns out that for sufficiently small perturbations the distance
between (Xn,yn) and (x'n,y’n) always grows exponentially with
n. This effect is known as exponential divergence of trajecto-
ries and is characteristic of chaotic systems. Indeed, it can be
used to define chaos. In systems which exhibit such sensitive
dependence on initial conditions any small perturbation to the
state of the system is rapidly amplified and leads to a complete-
ly different future evolution of the system. Such systems are
thus highly unstable.

This phenomenon also places strong limits on the long term
predictability of such systems. This is because in practice we

0 200 400

600 800 1000

Figure 2. Time series derived from Eq. 1 and modified initial conditions (x’0,y o).

log |, - X', |

o

800 1000

Figure 3. Behaviour of log | xn - x'n | where xn and X' are as in Figures 1 and 2 respectively.
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Figure 4. Plot of yn against xn for the Hénon map.

never know the initial state of the system to infinite precision.
Any errors, no matter how small, in the determination of this
state will grow as above and rapidly render our long term fore-
casts meaningless. We thus have the dichotomy that chaotic
systems are highly predictable in the short term (due to their
deterministic time evolution) but completely unpredictable in
the long term (due to their sensitive dependence on initial
conditions).

Finally, we mention that although locally highly unstable,
chaotic systems often posses a large degree of global stability,
as for instance illustrated by the overall similarity between
Fig.1 and Fig. 2. Indeed, any quantity calculated by averaging
over the whole time series will be identical for these two figures
and for a wide range of other perturbations to (xo,yo). Further-
more the points (Xn,yn) are severely constrained in where they
may lie in the plane. A plot of xx against y, reveals the peculiar
object, called a strange attractor, shown in Figure 4. All orbits
in its neighbourhood rapidly converge to it, implying a global
stability to the dynamics. A perturbation such as from (xo,y0) to
(x’0,y’0) initially knocks a trajectory off the attractor, but it
rapidly returns to it, albeit at a different point. Within the attrac-
tor itself orbits diverge as described above, leading to the sepa-
ration of (Xa,yn) and (x'n,y’n). To conclude, we thus see that
chaotic systems exhibit an intriguing mixture of both stable and
unstable behaviour.

3. EMBEDDING CHAOTIC TIME SERIES

For the Hénon map of Eq. 1 the time evolution of x» depends
on both x and y. Thus to generate Fig. 1, we had to compute
both xn and y, for n =1 ... 1000. Similarly, the behaviour of
most practical systems will depend on more than one state vari-
able. Thus, typically, the state of a dynamical system at time t
will be described by a vector uie IR™ whose time evolution will
be given by a law such as u; = fi(ug), where ug is the initial state
of the system. Here ft may be the solution of a differential
equation in which case time evolves continuously, or as in the
case of the Hénon map may be obtained by the iteration of
some single map f from IR™ to IR™, In the latter case, time will
advance in discrete steps n = 0,1,2,... and we have up. = f(up).
Thus f* is just f composed with itself n times, 5o that f1*! = fof?
with f1 = f. For the Hénon map, f is given by f(uj,uz) = ((1-
1.4(u1)2+u3), 0.3u1). For simplicity, we shall restrict ourselves
for the remainder of this paper to discrete time systems. This
will, in fact, be the relevant case in most practical applications,
since one generally makes observations of the system’s be-
haviour at regular time steps. Should one begin with a continu-
ous time system, one can always reduce to the discrete time
case by defining f to be f* for some sampling interval t and re-
stricting time to t = 01,21, ... .

In most practical situations we will have no direct knowledge of
the state up, or of the map f. Instead, we are confined to making
measurements of one or more observables of the system such as
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velocity or temperature. Mathematically, such observables will
just be given by a function ¢(u) of the state u. We shall only
treat the case of a single observable, so that ¢ is real valued, but
most of what follows is equally true for vector valued observa-
tions with only minor modifications. The sequence of repeated
observations @(u,) that we make as the system evolves in time
will then gives us a time series Xy = ®(Uy). Thus, in the example
above the time series of Fig. 1 is obtained from the Hénon map
using the rather simple observable @(u1,u2) = uj.

Given that we can neither observe un nor have any direct
knowledge of f, it would appear at first sight that the fact that
{xn) is generated by a deterministic system is of little use to us.
In particular, it would seem that x,, being one dimensional, can-
not contain much information about the higher dimensional
variable u,. Remarkably, this intuition turns out to be false due
to a powerful result known as the Takens Embedding Theorem.
This shows that for most systems f and most measurement
functions o, it is possible to reconstruct u and f, up to some nice
co-ordinate change, just from knowledge of the time series
{xn}. More precisely, fix some integer d (called the embedding
dimension) and consider the map @ from IR™ to IRd given by

o) = ((pu), o(f(u}), ..., p(fd-1(u))) ©)]

Then the Takens theorem [1,2] states that generically if d > 2m
+ 1, then @ is an embedding. This means that is it is invertible
on its image and both ® and d-1 are smooth (continuously dif-
ferentiable). The word “generically” here is a precise math-
ematical term which means “for all typical systems” somewhat
in the same way that one might say that the roots of a typical
polynomial are simple. From now on we shall always assume
that we are in the typical case.

The embedding @ can be thought of as a smooth change of co-
ordinates between the dynamics given by f and the time evolu-
tion of the series {xn}. To see this, define the map F on IRd by

F = Oofod1 O]
Thus F is just f under the co-ordinate change given by @. All of

the co-ordinate independent properties of F and f will thus be
identical. Then

F(®(up))

= Dofed1od(uy)

= ®of(un)

= ®(Uns1)

= (Xn.dsl, Xn-d42, .- Xn)  (5)

F(Xn-ds Xn-d+1s -.-2Xn-1)

Thus F just advances a block of elements of the time series
{xn} forward by one time step. The importance of this is that
whilst f, u and even ® are inaccessible to us, the map F oper-
ates purely in terms of the time series {Xa} and is thus in prin-
ciple completely observable. In other words, despite the fact
that x, is one dimensional whilst un is m-dimensional, all of the
important information about the behaviour of un is actually
contained in Xp. It is this fundamental fact which lies behind all
practical schemes for processing chaotic time series.

The first d-1 co-ordinates of F are trivial, since they just consist
of copying the last d-1 co-ordinates of its argument. All the
work is done by the last coordinate, which we shall denote by
G. Thus

F(y1,y2 ...y = 2% .--¥a0y1y2 -..¥d)  (6)

In terms of the time series {xn} we have

G(Xn-dv Xn-d+1, ... » Xn-1) = Xn N

G thus predicts X, in terms of the previous d values of the time
series. We can think of this equation as a non-linear autore-
gressive (AR) model for {x,}. It is thus similar to Eq. 2, except
that we have removed the stochastic terms due to the g, and
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replaced the linear combination agXn.d + ad-1Xn-d+1 + ... + a@1Xn-1
by the non-linear function G.

In general, it is not possible to give an explicit expression for G.
However, due to the particular structure of the Hénon map, we
can in fact write down G for the time series in Fig. 1 in closed
form. Thus, from Eq. 1b, we have that yq = 0.3xn.1 and substi-
tuting this into Eq. 1a we get

Xn+1 = 1 - 1.4(Xn)2 + 0.3x"-] (8)
In this special case it is thus sufficient to take d = 2, so that we
have d = m rather than d = 2m + 1 required in the general case.

The most serious difficulty in applying Takens's theorem is that
although it gives an upper bound on the value of d required, this
bound is in terms of m which will usually be unknown. In prac-
tice d therefore has to be determined essentially by trial and er-
ror. One possibility is to compute a trial G for each value of d
and then use the smallest d which gives a good fit to Eq. 7. A
better method is to look at some simple invariants of a dynami-
cal system which characterize its complexity and also give a
good estimate of the size of d required as a by-product

4. CHARACTERIZING CHAOS

Given an apparently complex time series {x,} such as Fig. 1,
how do we tell whether it has come from a deterministic chaotic
system or from some kind of stochastic process such as the
ARMA model of Eq. 2? A variety of techniques for answering
this question exist, all based upon the Takens embedding de-
scribed above. Thus, from the scalar series {xn} we form the d-
dimensional orbit {v,} of F, where vn = (Xp-d, Xn-d+1, «-«+Xn-1)s
so that F(vp) = vaa1. This process is called embedding {x,} and
is similar to the classical time series method of delays. As men-
tioned above, the co-ordinate independent properties of {vn}
are the same as those of the original (unknown) state space orbit
Uy. As described in §2, the chaotic behaviour of such an orbit
can be characterized by the exponential divergence of nearby
trajectories. Thus if u’y is a small perturbation of u, we expect
1o see that

Iun - “;1" ~ ehn ®

for some constant A. In fact, there will be m different values of

A, depending on the direction of the initial perturbation. These .

m values are known as the Liapunov exponents of f [3,4] and it
is usual to describe f as chaotic if at least one is positive. It can
be shown that the Liapunov exponents of F are the same as
those of f and at least in principle an estimate of the exponents
of F can be made from a sufficiently large sample of {v,}.

In practice, however, the Liapunov exponents are rather diffi-
cult to compute and cannot always distinguish between a de-
terministic time series and a stochastic one. It is thus preferable
to measure a quantity called the correlation dimension Dc (3,
4]. This attempts to measure the dimension of the set in IR™ on
which the points {u,} lie. In some sense it is thus a measure of
the complexity or number of variables required to describe this
set. If all the u, are identical (so that all the x, are constant)
then D¢ will be zero. If they lie on some curve then D¢ will
equal 1 and if they fill a plane it will equal 2. At the other ex-
treme, if the un completely fill IR™ then we will have D¢ = m.
Intriguingly, Dc need not be an integer (it is about 1.21... for
the Hénon map) and is thus an example of a fractal dimension
[3.4]. As with the Liapunov exponents, the correlation dimen-
sion is co-ordinate independent and hence is the same for f and
F. It can be estimated from a finite sample {vi, ... ,vN} as fol-
lows. First form all the N2 possible pairs (v;,v;) of such points.
Calculate the Euclidean distance rjj = | v; - vj | between each
pair. Note that this can be defined in terms of the original time
series {xn} by

d-1 2 %
N = [Z(xi—k - i) ] (10)

k=0

Now, for a given g, let N(g) be number of pairs such that rj; < €.
Then C(g) = N(e)/N2 is the proportion of pairs of points within a
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distance of ¢ of each other. A simple calculation shows that if
all the points v, lie randomly on some curve we have roughly
C(e) ~ ¢ for large N and small £. Similarly if the v, lie on a sur-
face we get C(e) ~ €2. This suggests that C(€) behaves exponen-
tially for small € with the exponent giving the dimension of the
set on which the vy lie. This motivates the definition of the cor-
relation dimension

lim 28C(E) a1

Dc =
e-0 loge

The quantity C(g) is called a correlation integral and several
efficient numerical methods exist for calculating it, even for
moderately large data sets (e.g. N = 106) [3,4]. To evaluate D¢
we then plot log C(e) against log € and estimate the resulting

slope.

So far, we have assumed that we know the size of d required to
embed the time series {Xn}. When this is not the case, we pro-
ceed by trial and error. Thus, we calculate a correlation dimen-
sion Dc(d) for each trial choice of d. When d is too small the
set {vn} will completely fill IR9 and we will get Dc(d) = d (we
must of course always have 0 < Dc(d) < d). Conversely once d
is sufficiently large the computed value Dc(d) should stabilize
at approximately the correct correlation dimension of f. As an
example, for the Hénon map we get Dc(1) = 1 and Dc(2) =
Dc(3) =Dc(4)=1.21.

When Dc is not an integer, as in this case, we say that the sys-
tem contains a strange attractor. This is usually a sign of chaos
(as indicated by a positive Liapunov exponent), although
strange non-chaotic systems do exist (but are currently believed
to be pathological).

It may of course happen that Dc(d) continues to grow with d.
This usually suggests that the time series {x,} was generated by
a stochastic process rather than by a chaotic dynamical system.
Thus, for example, a random process such as white noise will
have D¢ = o, Of course, we would also get this result if the
original dynamical system f was genuinely infinite dimensional,
but from many points of view such a system is indistinguish-
able from a random one.

In the above procedure, the smallest value of d at which Dc(d)
begins to stabilize yields the minimal embedding dimension re-
quired to adequately represent the dynamics of the system.
Computing the correlation dimension in this way thus yields
both a measure of a time series’s complexity, and an estimate of
the embedding dimension required for any further processing. It
is thus usually the first step in analysing time series which we
suspect might have been generated by a chaotic system. In
practice, lack of data and numerical precision limit calculations
to about d < 10 (and hence D¢ < 10). From the point of view of
this paper, therefore, any time series with D¢ appreciably larger
than 10 can be treated more or less as a truly random one.

5. PREDICTION OF CHAOTIC TIME SERIES

Having identified a particular time series {xn} as possibly aris-
ing from a deterministic system and obtained an estimate of d,
the next step will usually be to construct an approximation of
the function G. This in turn will enable us to predict the future
behaviour of {xg), or perform more complex processing such as
noise reduction. This is essentially a problem in multi-dimen-
sional non-linear function fitting and any number of different
techniques can be used, ranging from piecewise linear interpo-
lation to neural networks (e.g. [5-9]). We shall describe one
particular method, based upon radial basis function interpola-
tion (e.g. [10]) which seems to work particularly well [8].

We are thus seeking to calculate an estimate G of G, based
upon a finite sample {x,, ..., xN} of the time series. The basic
idea behind the radial basis function approach is to choose a
finite number of points y(1), ..., y(M) IR called radial basis
centres and look for an approximation G of the form of

M .
> nellv-5°) a2

i=1
where p is the so called basis function, ||} is some norm on IRd

(typically the Euclidean norm) and the A; are parameters which
determine the function G. :

Gw) =
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In Powell’s original approach the y(i) are chosen from amongst
the data points vy, so that y(i) = vy (where vy = (Xa-d Xn-d+1,
... , Xn-1) as before). Then the value G takes at the points y() is
known, and it is reasonable to require that G(y®) = G(y®).
Substituting this into Eq. 12 we get the matrix equation

g = WA (13)
where g = (g, ... , gm) With gi = G(y®) = G(Vn(i)) = Xn(i)s A=
(A, ..., App) and ¥ is the MxM matrix with entries

¥ = oy

Note that, using Eq. 10, this is just p(rac).a()). Thus both g and
¥ can be readily computed in terms of Exnsl. Remarkably, for a
wide choice of basis functions p, the matrix ‘¥ is invertible if
the y( are disjoint. This immediately leads to the solution A =
Y-1g,

Figure 5 gives an example of the application of this algorithm
to the Hénon time series from Fig. 1. The basis function used
here was p(r) = V(r2 + 10), but similar results are obtained with
a wide choice of other functions. We took M = 70, with n(i) =1
fori=1, ..., M. Note the artificially good predictions for the

(14)
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first 70 points. These are due to the fact that the A; are chosen to
make G agree with G exactly for these points. The observed

error is thus simply due to the numerical errors arising from the
numerical inversion of ¥. The average of the prediction error
An = | xn - G(%Xn-2.%Xn-1) | (ignoring these initial points) is about
1.2x10-5. This appears to be largely due to a small number of
very poor predictions so that the average of log Ay is in fact

Of course, the prediction error shown in Fig. 5 is the result of
only predicting forward one time step. Thus for each n, we try
to predict xn from Xp-2 and Xn-1. As we shall below, this is pre-
cisely what we need as the basis for noise reduction and signal
extraction schemes. In other cases, however, we might wish to
forecast {xp) further forward in time. As we have already re-
marked in §2, there are fundamental limits on how far forward
one can do this, due to the exponential separation of trajectories
in a chaotic system. This is illustrated in Figure 6, where we
plot the prediction error 2, = [ Ze= % ffor multi-step predic-
tions, always predicting from the same point (x79,x7;). Here Xn
is defined by iterating G forward from this point. Thus %, =
G(Xn-2,Xpn-1) with initial conditions (%79, X7;) = (x70.X71). Other
details are as for Fig. 5. We see that the error rapidly rises so
that it is impossible to make any kind of prediction beyond

0 200 400

600 800 1000

Figure 5. Logarithmic prediction error log An for Hénon time series using simple radial basis function scheme.
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Figure 6. Multi-step logarithmic prediction error log Qn for Hénon time series.
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about 30 time steps ahead. Notice the obvious similarity to Fig.
3,

The disadvantage of the above approach is that the number of
centres M is always equal to the number of data points and the
computation of G requires the inversion of an MxM matrix.
This severely limits the number of data points that we can use
in the estimation of G. Although in the case of the Hénon time
series it was sufficient to use M = 70, for which the inversion
can be done reasonably rapidly, for more complex systems
(particularly with larger embedding dimensions d) it is neces-
sary to use much larger samples of data to obtain a sufficiently
accurate estimate of G. Larger data sets are also required when
{xa} is contaminated by noise or other error and we wish to av-
erage this out.

This can be achieved through a generalization due to
Broomhead and Lowe [11]. Although they formulated it in
terms of a particular neural network architecture, it is equally
applicable to our case. Their idea is to take the sample of data
pomts vj for j=1, ..., N, with N 2 M and seek to minimize the
difference between G and G over these points. A natural choice
is to minimize the least squares error

N
E = Z[G(vj)—G(vj)]2
=1

This is equivalent to finding a A such that the vector g - WA has
minimum Euclidean norm, where ‘¥ is now given by

o) 0o

and gj = G(v;). This is a standard linear least squares problem
[12] and a variety of practical algorithms exist for computing A.
Broomhead and Lowe [11] chose to use the singular value de-
composition (SVD) of W (e.g. see [13]) to obtain A. Recall that
the SVD of a matrix is a decomposition of the form ¥ = UZVT
where U is an NxM matrix whose columns are orthonormal, V
is an MxM orthogonal matrix and Z is an MxM diagonal
matrix. Then the required A is given by A = VE'UTg where £’ =
diag(ay*, ... , op’), withoi* =oi' ifoj# 0and oi* =0 if 5i = 0
where o}, ... , Oy are the diagonal elements of Z. The matrix
VI'UT is the so called Moore-Penrose pseudoinverse of ¥ (e.g.
see [14]).

Figure 7 shows the results of this approach, using the same data
as for Fig. 5. We again have M = 70 with N = 500 (so that the
data points vj were the first 500 pairs of the time series). As one
might expect we get much more uniform errors than in Figure
4. Thus the mean error has dropped to 3.0x10-7 whilst the mean
log error has slightly risen to -6.7. Note that the error for the

(15)

¥y =

-6 4

10 -
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first 500 points (which were used in the fitting procedure) is not
markedly different from that for the second half of the time se-
ries. This suggests that a good overall fit to G has been obtained

The above approach works extremely well in many situations.
Its one disadvantage is that it is very much a “batch” algorithm.
It thus calculates an estimate G of G once and for all using a
predetermined block of observations, say Xy, ..., xN. There is
then no way of updating G from further observations Xy, 1,
XN+2» ... as they are made. Should one decide to use a larger
data sample to estimate G one has to discard the previous esti-
mate and recalculate a new estimate from the beginning. This
leads to several disadvantages

a) it limits the number of data points xy, ..., X)y that can be
used in the estimation process. This is because for a given
value of N, we have to form and manipulate the N ma-
trix ¥ and hence the above algorithm has a memory re-
quirement of at least MN. When M is of the order of 102 as
above, or even larger, this rapidly becomes a serious re-
striction on the size of N.

b) no useful predictions can be made until all the observations
Xy, ..., XN have been made and processed. In many applica-
tions it would be preferable to start making predictions (al-
beit rather bad ones) right from the start and have their qual-

ity improve as more and more data is assimilated.

¢) in many situations the function G maynot be stationary but
will vary slowly with time, or occasionally change sudden-
ly. In such an environment a batch estimation scheme will
be very unsatisfactory since it will repeatedly have to dis-
card its previous estimate of G and compute a new one
starting from scratch. Furthermore, as mentioned in b) dur-
ing each such recalculation there will be a delay before the

estimate based on new data becomes available.

It would thus be useful, particularly for real time signal process-
ing applications to develop prediction algorithms which contin-
uously update the estimate G using new observations Xpu1,
XN42, --- s they are made. It turns out that this can be done us-
ing the framework of recursive least squares estimation [15].
Recursive least squares techniques are of course well known in
linear signal processing and form the basis of most adaptive
filter architectures [16]. Unfortunately the standard least
squares algorithms used in such linear schemes are not suffi-
ciently stable or accurate for application to chaotic time series
and in proves necessary to use more sophisticated recursive ap-
proaches such as the Recursive Modified Gram-Schmidt
(RMGS) algorithm of Ling et. al. [17]. This yields results
comparable to those obtained from the SVD approach outlined
above [18].

-12 T r
0 200 400

n

600 800 1000

Figure 7. Logarithmic prediction error log An using SVD solution to least squares problem.
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6. SIGNAL SEPARATION

So far we have considered the time series {xn} in isolation. In
many applications, however, we are unlikely to be given such a
pure chaotic signal. Instead, we will be asked to manipulate a
mixture zp = X, + Sy of a chaotic time series [X,} and some
other signal {sp}. The latter may represent noise, in which case
we want to remove it from {z,}, or it may be a signal that we
wish to detect, in which case we want to extract it from {zg)
and discard {x}. An example of the latter might be a faint
speech signal {sn} masked by deterministic “noise” {X,) com-
ing from some kind of vibrating machinery, such as an air
conditioner [19]. In both cases, the mathematical problem that
we face amounts to separating {z,]) into its two components
[xn} and {sn}. Several schemes have been developed in the last
few years for performing this task [19-22]. Here, we shall out-
line the overall framework behind all these approaches and de-
scribe a simple method recently developed in the Long Range
Research Laboratory which is particularly appropriate when
{sn} is a relatively slowly varying signal [22].

First observe that the decomposition of {z,} into {xn} and {sa)
is not unique. In fact, we can choose x’, ... , x'¢ arbitrarily, de-
fine the sequence {x’n) recursively by x’n = G(X"n-d, X'n-d+1, ... ,

05 1

s, x10%
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x'n-1) and obtain the trivial decomposition zn = x'n + (zn - X'n).
It is thus necessary to impose some additional constraints on
{sn}. The most common is to minimize the size of {sy) with re-
spect to some appropriate norm [20]. In many cases, just requir-
ing {sn) to be “small” for all n is sufficient to establish unique-
ness. To see this, note that if {x,} is chaotic, then for most
choices of x'1, ... , X4, the distance | xn - x'n | will grow rapidly
(if it is not large already). Hence if (s} is small, s’y = 2y - X' =
Xn - X'n + sn Will be large for at least some values of n.

From now on we shall therefore restrict ourselves to the situa-
tion where {sq} is small in comparison to {xa}. The problem of
separating {z,) into its components then naturally falls into two
parts:

a) Performing the decomposition when the function G is
known.

b) Estimating the function G from the combined time series
{Zn) (rather than from (xa}).

We already have all the tools required to solve the second
problem. The basic idea is to apply the techniques of the last
section to a large sample of {z,}, in which case, with some
luck, most of the effects of {s,} will average out and a reason-
able estimate of G can be made. We can then proceed itera-

-0.5 -

0 200 400

600 800 1000

Figure 8. Sample signal sn used for signal separation experiments.

ExF0®

0 200 400

600 800 1000

Figure 9. Prediction discrepancy ¢n for signal from Fig. 8.
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tively, using this estimate of G to obtain an estimate (35} of
(sn). Then X, = Zy - §, should be much more deterministic than
{zn) and hence we should be able to obtain a better estimate of
G from it. This procedure can then be repeated as often as nec-

essary.

Let us thus turn our attention to the first problem, namely that
of performing the decomposition when G is known. The basic
approach is to look for discrepancies between the observed
value of z, and that which is predicted by the deterministic dy-
namics G(zn-d, Zn-d+1, --. » Zn-1). If Sn-d = Sp-de1 = ... =sp =0
then this discrepancy will be zero. A non-zero value of §, = z, -
G(zn-d, Zn-d+1, ... , Zn-1) will therefore indicate the presence of
some non-trivial signal. This is illustrated by Figures 8 and 9.
The signal from Fig. 8 was added to the Hénon time series from
Fig. 1 and the resulting {{,) is shown in Fig. 9. It is clear that
the discrepancy {{ns) is able to detect the presence of the pulse
{sn} and even to some extent extract its qualitative features, but
does not yield much in the way of quantitative information.

To proceed further we expand &, assuming that (s,} is small:

Cn = zn- G(Zn-d, Zn-d+1, .-+ , Zn-1)
=  Xn+8n-G(Xn-d+Sndy eee s ¥n-1+58a-1) (17)

d
. by Z y 0G(zy_gy--02Zn 1) (18)

azn—i

i=1

Allowing n to vary, Eq. 18 gives a set of simultaneous linear
equations for (ss}. These lie at the heart of most approaches to
signal separation. Although several different techniques can be
used to solve these equations, great care has to be taken when
the dynamics of {xn) is chaotic, since in that case this set of
equations becomes very badly conditioned. One possibility is to
use the Singular Value Decomposition (see above), which is
able to cope with very badly conditioned linear problems. This
is essentially the technique used by Farmer and Sidorowich
[20]. They, in fact, solve Eq. 18 repeatedly, regarding it as a
Newton step in solving the full non-linear problem given by Eq.
17. They also impose additional equations designed to ensure
that the final {snYohas minimal norm. A simpler alternative,
which works well in practice [23] is to simply solve Eq. 18 us-
ing SVD.

Here we describe an alternative approach aimed at the situation
where {sn) is slowly varying. This for instance is the case for
the signal in Fig. 8, except in a small neighbourhood of the

15 -
1 4
wn
o
% 05
201‘:
o
0.5 ; ‘ . ' ;
0 200 400 600 800 1000
Figure 10. Extracted signal §n using Eq. 21, with same data as Fig. 9.
15 -

Sminx10°
(=]
[54]
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Figure 11. Effect of improved estimate using 3m(n) instead of 3n.
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transient (and as we shall see our scheme works reasonably
well even there). We thus assume that rn - Sp- j is small in
comparison to | s, |. It is then reasonable to set sp.d = Sn-ds1 = ...
= sy in Eq. 18, which gives

&n = sn(1-Ta) (19)
where
LS
Jn _ Z (Zn_d ,....Zn_l) (20)
This gives
- - _&n
Sn = -] (21 )

n

as an estimate for s,. Figure 10 shows the results of using Eq.
21 with the same data as Fig. 9. We get extremely good recov-
ery of {sn) for almost all n, except for occasional values which
can be quite wildly wrong. These are largely due to J, coming

05 1

s,x104
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close to 1, indeed the error in Eq. 21 is inversely proportional to

1 - J, |. This can be overcome to a large extent by making the
observation that under the assumption that sp-g = $n-d+1 = ... =
sn, Eq. 21 is an equally valid estimate for any of sn.d, sn.d+1. i
sn. Thus, it is reasonable to use any of &y, Sn+l, - , Sn+d as an
estimate for s,. The best estunate wnl] be given by I.hat §m for
which the corresponding | 1 - Jm | is axumlzed Let m(nr
this value, so that n < m(n) < n+d and | 1 - Jpneny | 2] 1 - Ji [ for
all n < k< n+d. Figure 11 plots S$m(n) for the same data as Fig.
10, and we see that the occasional spurious values in Fig. 10 are
removed without any adverse effects on the remainder of the
signal.

This example shows that, at least in certain cases, it is possible
to recover {sp) extremely accurately when G is known exactly.
To demonstrate that this scheme is still useful when G has to be
approximated from the combined signal {z,}, we present the
results of one last experiment. This time we take the random
two-level signal of Figure 12 as {sn}. This is added to Fig. 1 to
give {zn} which is used to estimate G using the SVD as above.
The same parameters were used as for Fig. 7, except that N was
increased to 1000, so that the whole data sample was used in
the computation of G. The above extraction algorithm was then
applied using this G. The results are shown in Figure 13. We

0 200 400

600 800 1000

Figure 12. Sample signal sn used for signal separation with unknown G.
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Figure 13. Extracted estimate of signal in Fig. 12.
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can see that using an estimate of G, rather than G itself, leads to
some loss of accuracy in recovering (s,}, but nevertheless a
useful signal can still be extracted.

Observe that in traditional signal processing terms, if we iden-
tify {xn) as the “noise” contaminating the signal (s}, we are
able to recover the signal at a signal to noise ratio of -80dB.
This is of course far in excess of what could be done using con-
ventional linear filtering. In this context it should be pointed out
that, in common with most such schemes, the above algorithm's
performance increases as the amplitude of {s,) decreases, down
to some lower limit set by numerical inaccuracy. This is in
complete contrast to conventional signal processing techniques
where signal extraction performance deteriorates with decreas-
ing signal amplitude.

7. CONTROLING CHAOTIC SYSTEMS

So far, we have considered the presence or absence of chaos in
a given system as something beyond our control. In many cases
however, we would like to avoid chaotic behaviour, or at least
modify it in such a way as to perform a useful function. One
approach would be to make large and possibly costly alterations
to the system to completely change its dynamics and ensure that
the modified system is not capable of chaotic behaviour. This
may, however, not be feasible for many practical reasons. An
alternative, due to Ott et. al. [24] is to attempt to control the
system using only small time dependent perturbations of an ac-
cessible system parameter. The key fact behind their idea is that
a typical chaotic system, such as the Hénon map, will contain
an infinite number of unstable periodic orbits. Normally, these
will not be observed, precisely because they are unstable, but
any typical trajectory of the system will come arbitrarily close
to them infinitely often. This can be see in Fig. 1, where {xn}
comes close to an unstable fixed point near to x = 0.6, at about
n = 150 and again at n = 640 and n = 690.

The effects of the unstable periodic orbits can thus be seen in an
observed time series {Xn}. Several groups have shown that an
accurate estimate of their position and eigenvalues can be de-
rived from the time series (e.g. [25,26]). Such estimates make
use of many of the techniques for analysing chaotic time series
that we have described in the previous sections. As usual,
Takens’s theorem is used to reconstruct the original dynamical
system, whilst a local estimate to the function G around a peri-
odic orbit can be used to calculate the orbit’s eigenvalues.

The basic idea behind controlling a chaotic system is to choose
one of these periodic orbits and attempt to stabilize it by small
perturbations of a parameter. This is possible precisely because
chaotic systems are so sensitive to small changes. Normally,
such sensitivity simply leads to instability and complex be-
haviour of the kind seen in Fig. 1. However, if the perturbations
are carefully chosen, they can push the system into the desired
periodic regime and then keep it there. Ott et. al. first demon-
strated the feasibility of their algorithm using numerical sim-
ulations [24], but since then it has been applied successfully to
the control of a variety of real systems [27-29]. Once again, this
algorithm relies on a local approximation of the function G
around the periodic orbit.

One of the great advantages of this approach is that there is po-
tentially a large number of different periodic orbits which we
can stabilize. We can thus choose precisely that orbit which
gives the best system performance in a given application.
Furthermore, we can easily switch amongst the different orbits
available, again using only small changes in the control param-
eter. In principle, it should thus be possible to obtain many
substantially different classes of behaviour from the same
chaotic system. This is in complete contrast to systems which
lack a chaotic attractor and operate at a stable equilibrium or
periodic orbit. For such systems, small parameter perturbations
can only move the orbit by a small amount, but cannot gener-
ally lead to dramatically different behaviour. One is thus essen-
tially restricted to whatever behaviour is given by the stable
orbit and it is difficult to make substantial improvements in per-
formance without major changes to the system.

A further extension to this idea is described in [30]. Here, rather
than aiming to operate the system in a given periodic steady
state, one is trying to direct the state of the system to a desired

OYTAEROSPACE.CC

target state in as short a time as possible using only small per-
turbations of the control parameter. It turns out that essentially
the same framework as above can be used to achieve this, and
once again a chaolic system’s extreme sensitivity to small per-
turbations can be used to our advantage.
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Exploring chaos:
A toolkit and some ways to
exploit it.

Manuel SAMUELIDES* **
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First characteristics of Chaos
Attractors (Delay reconstruction, Poincare map)
Weak chaos and Smale's horsehoe

Strong chaos and Liapounov exponents

Controlling chaos
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Turbulent flows (Experimental datas)
(FFrom Brown & Roshko , Cal Tech)

duration of stay in A

lim

T—eo T

Inadequacy of deterministic modelisation/
Relevance of stochastic one modelisation
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Unpredictibility:

Sensitivity to Initial Conditions

Vanishing of correlation function with time

T

C(u):%ojx(t) x(t+u) dt
Lim
e C@) =0

Continuity of Power Fourier Spectrum

How 1is it possible for deterministic PDE to
produce stationary solutions that
behave like stochastic processes ?
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The concept of ATTRACTOR

Attracting set: A closed invariant set which
attracts any point in an open neighbourhhod

Examples:
o Asymptotically stable equilibrium
o Stable limit cycle: Van Der Pole Equation
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Periodic orbit: te[0, 15] ; x(t) = Exp[Cos(2nt)] ,

= GZiK[ m— e Cosw

Periodic correlation function
Discrete spectrum: Dirac comb

(Multiple of the fundamental frequency)

3-5
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Almost-periodic orbit:
ergodic orbit on a n-dimensional torus

te(0, 15] ; x(t) = Exp[Cos(2nt)+Cos(\2xt)]

t— (e2int ,e\ffint) (w1,m7) — € Cos(w;)+Cos(w,)

Lol - S % - ) I - AU |

Almost-periodic correlation function

Point dense spectrum:
(Multiple of n fundamental frequencies:

High multiple are generally weak)



Rossler Band:

X'=-y-2
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Landau interpretation of turbulence:

Attractor in the infinite dimensional phase space of
fluid mechanics is a n-d torus with n big

(A likely explanation for continuous spectrum)

Lorenz discovery (1963)
Chaotic dynamics may occur 1in

low dimensional manifolds

Lorenz system:
X'=-3(x-y)
y'=26,5 X-y-Xz

z'=Xy-zZ

y'=x+ay
z'=2+z(x-4)

Figure 12.1 A post-transicnt trajectory of Réssler's equations (12.1) for
the simply folded band attractor. Paramcters are @ = 0.398, b=2,c=4

From 'T'C\omr.sonl ST—QUJQr{" (Wf-eh{j)
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Reconstruction of the attractor

When an experimental signal is studied,
identify a low-dimensional attractor

into a high-dimensional phase space

The Delay method:
Take an observable y(t)=f[x(t)]

Study trajectory of delay-coordinate map

{Y(t)ay(t'At)a-"aY(t‘nAt)}

d dimension of the attractor & n>2d

4

Embedding of the attractor into R"
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Poincare section and strange attractors

Continuous Flow = Transformation of the
section

Limit-cycle = Fixed point

Doubling of period = Periodic point

ergodic orbit — Irrational translation

on 2d torus on the circle
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Weak chaos: Spreading and folding

(fractal dimension)

Smale's horsehoe

Figure 12.6 The horseshoe mapping of Smale, taking points in a square
onto a U-shaped region overlapping the square

(Column ..010
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Row 100...
@0.
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EE Bn
4 03

Blop Bla

BE BEs HE B4
B LIl)e

N T IS E—"

Figure 12.8 An approximate picture of the invariant set
of the horseshoe mapping
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Symbolic modelization of the Horsehoe:

Chaotic dynamics of the shift

Q=1{0,1}% ;dxy)= 22 M (xi-yi)
1€ Z

Topological structure of Cantor set
T(...0,1,0,0,1,1,0...)=(...1,0,1,0,0,1,1...)
2 fixed points: (...0,0,0...) &(...1,1,1...)
Hyperbolic fixed point: a=(...0,0,0...)

Stable manifold: {x /T"(x)—a} = {(...00...,0§§§...)}

Unstable manifold: {x /T™(x)—a} = {(...,§§§0,...,0,0...) }

The stable and the unstable manifolds are intersecting
transversally in an infinite number of points

W
a W
Infinite number of unstable periodic orbits
A weak chaotic dynamical system

contains a Smale's horseoe



TECHNICAL LIBRARY

Strong chaos:

Exponential divergence of trajectories

Liapounov exponents

Ergodic theorem of Ossedelets

el Fx = DxT 5
Fx(M= Dy(T") = Froi(x)e....Fx
Then limp_se[Fx™ FxM]20 =5,

exists and doesn't depend on x (a.e.)

Liapounov exponents are Log of the eigenvalues

Strong chaos: positive Liapounov exponent
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Computation of Liapounov exponents is based
on triangularization of Fx for each step:

« Fyx is known then do Fx = Qx Rx

Let ux(i) be the i-th eigenvalue of Rx

n

: 1 i
Aji = lim e ZLog uTk(x)(l)
k=0
« Fx 1s not known
(experimental signal and/or reconstruction using delays)
Find other points y in the vicinity of x
such that the orbit of y stays in the

vicinity of the orbit of x for some iterations

Liapounov exponents are not smooth functions

af

Mo 4.0

[F1G. 12. (a) Topological entropy uoper curve! and characterts-
tic exponent (lower curvei as 2 funcuion of u for the family
x—pux(l=x). (Graph by J. Cruichfield.) Note the discon-
tnuity of the lower curve.
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Controlling chaos

(from Ott,Grebogi,Yorke , Phys.Rev.Letters [1990] )

Principle:

Stabilize an unstable periodic orbit by slight
perturbation of the parameter.

Close from linearization of controlled
dynamical systems

unstable
manifold

A

nominal

4

stable
manifold

spot of fixed points
with varying p Y

Hypothesis:

Predetermination of the nominal orbit
Knolwedge of the characteristic exponents
Structural stability of the nominal orbit
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Iterative adaptation of the parameter

new fixed point
for adapted parameter

nominal

Beware the effects of non-linearity and noise

Trajectory may escape out of controlled zone

Experimental realization
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Cancellation of chaos with weak periodic
perturbations

(from Braiman,Goldhirsch , Phys.Rev.Letters [1991] )

Model: The parametric oscillator

0"+GO'+sin 6 = [+A sin ot + a sin Pwt

2-periodic perturbation
widely studied for B=0

Model of shunted Josephson junction

004}

Q00

- " ] 1 1 1 1
00800 040 B 080 1.20

FIG. 1. Lecading Liapunov cxponent X as a function of the
paramcter f (sec text) with G=0.7, A=~0.4, [=0.905,
w—2x/25.12. and @ =0.0125. The points represént actual re-
" sults and they are connected by lines to guide the cye.

000 L 1 1
060 070 080 030

1

FIG 3. I-V characteristics corresponding to the parameters
G=07, A=04, w=2x/25.12, a=0.0125, and B~—1.11803.
The smooth curve corresponds to a =0, i.c., no external pertur-
bation. The dotted curve corresponds to a=—0.0125 and
B~1.11803.
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Conclusions:

Chaotic dynamics is encountered in various
situations (physics, biology, ...)

To controll it one can use some good properties:

Structural stability — Robustness

Exploration of a large zone of the state space

An important drawback

Unstability — difficult computation of
characteristics

A research track:

Adaptive control and learning:

Let the system find its representation of the
target by an unstable orbit

Favour this learning process
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Stability Analysis and Aerospace Vehicle Dynamics

Pierre Y. Willems*
Université Catholique de Louvain
AUTO/CESAME
Place du Levant,2
B-1348 Louvain-la-Neuve
Belgium

1. SUMMARY

This paper presents, stability analysis results which
can be useful to analyse the behaviour of aerospace
vehicles.

A certain number of definitions are recalled. Liapunov
stability criteria are given for autonomous systems de-
scribed by ordinary differential equations and discrete-
time equations.

A particular attention is paid to the stability of me-
chanical systems around equilibrium configurations.
It is shown that the hamitonian function is a good Li-
apunov function for a rather large class of mechanical
systems. When constraints are present and for partic-
ular dissipation interactions depending linearly on the
variables, modified Liapunov functions are presented.

For general linear systems, stability criteria based on
the characteristic polynomial are recalled. Extension
permits to consider stability robustness and the intro-
duction of isolated nonlinearities. Finally, some re-
sults on exact feedback linearization are presented.

Attitude stability analysis of orbiting satellites (and
gyrostats) are presented as particular applications.

2. INTRODUCTION

The investigation of the stability is an important prob-
lem in dynamics and in particular for aerospace vehi-
cle. When, the stability cannot be obtained passively,
the possibility of an active stabilization by feedback
can be considered. In both cases, the robustness of the
stability (with respect to parameter changes and/or
perturbations) should be guaranteed. The above de-
fined problems have satisfactory solution for linear
systems and some progresses have been made for non-
linear systems. Nonlinear considerations are clearly
necessary when large motions or perturbations are in-
volved, for instance during large manoeuvres or orien-
tations changes in particular for helicopters or orbiting
systems.

*The research reported in this paper was partially supported
by the Belgian Programme on Interuniversity Attraction Poles
initiated by the Belgian State Science Policy Programming Of-
fice (Prime Minister’s Office). The scientific responsibility is
assumed by the author.

We will not provide a complete discussion of the sta-
bility problem but concentrate on the results which
directly apply the aerospace vehicle dynamics.

The stability method considered here have also di-
rect applications in other problems such in robotics
or ground vehicle dynamics.

3. CONCEPT OF STABILITY
3.1 Continuous systems

These systems can be described by a set of n first-
order differential equations written in vector form as :

x = f£(x,t), (1)

where x is the n state-vector and the components of
the function-vector f are such that the solution of the
differential equations exist and is unique - i.e. fis as-
sumed to be Lipschitz or of class C! which is (almost)
always the case in mechanical applications. The solu-
tion of these equations then only depends on the ini-
tial condition xy and the imitial time tg and is written
x (t;Xo,to) or more simply x ().

Various stability considerations are given by the fol-
lowing definitions [1].

Definition 3.1 — Without lost of generality, the point
x = 0is said to be an equilibrium point of (1) if :

f(0,t) = 0 Vi

Definition 3.2 — The equilibrium point x = 0 of (1)
is said to be Lagrange stable or bounded if for all ¢,
and some é > 0, the condition :

IXO| <6

implies the existence a finite scalar M such that :
x| < M.

Definition 3.3 - The equilibrium point x = 0 is
said to be Liapunov stable if for all initial time and all

positive parameter ¢ there exist a positive parameter
8 (€,tp) such that :

|xol <6 = |x(t)]<e for t>to;



[ECHNICAL

4-2

this point is said to uniformly stable if § does not
depend on the initial time.

Definition 3.4 - The equilibrium point x = 0 is
said to be attractive if for all initial time there exist a
positive parameter § (o) such that :

ol <6 = lim |x ()] = 0;

this point is said to uniformly convergent if § does
not depend on the initial time.

Definition 3.5 — The equilibrium point x = 0 is said
to be (uniformly) asymptotically stable if it is (uni-
formly) stable and convergent.

Remark — These notion of stability can be extended
to globalstability considerations which are valid for all
initial conditions (see [1]); further, for linear systems,
these notions are equivalent.

In mechanical problems, there are generally various
possible equilibrium states. Further one can be more
interested in evaluating of the domain of attraction of
these equilibria than in global stability considerations.

3.2 Discrete systems

These systems can be described by a set of n first-
order difference equations written in vector form as :

Xk41 = f(xk,lc)

where x; is the n state-vector at instant #;.

The point x = 0 is said to be an equilibrium point if :
f(0,k) =0 Vk

and all the stability definitions for continuous systems
can be adapted to these discrete systems by substitut-
ing the index sequence for the time variable.

4. LIAPUNOV METHOD
4.1 Stability theorems for autonomous systems

Definitions 4.1 — A scalar function V(x) is said to be
a positive definite function — or a Liapunov function
- in some neighbourhood U of an equilibrium point
x = 0,if

« it is defined and differentiable on U
V(0) = O;
V(x) >0 Vx)e U\0).

This function is said to be a negative definite func-
lion when < is substitute for > in the last item; this
function is said to be positive (respectively negative)
semi-definite when > (respectively <) is substitute for
>.

Definition 4.2 — The time derivative the function
V(x) along a solution of the equations x = f(x) (or
Lie derivative) is defined as :

V(x) = LgV = [grad V]T£(x),

LIBRARY

Liapunov stability theorem - The equilibrium
state x = 0 of the equation (1) is stable if ~ in some
neighbourhood Q of the origin - there exists a Lia-
punov function, V(x), whose Lie derivative, V(x) is
a negative semi-define function (in Q) - or identically
equal to zero.

Liapunov asymptotic stability theorem — The
equilibrium state considered in the previous theorem
is asymptotically stable if V(x) is a negative definite
function in Q.

Lasalle asymptotic stability theorem — The equi-
librium state considered in the Liapunov stability
theorem is asymptotically stable if V(x) is a semi-
negative definite function which does not vanish iden-
tically along any solution different from x = 0.

Remark These theorems can be extended in order to
investigate the stability of non autonomous systems —
and in particular of time periodic systems.

4.2 Instability theorem for autonomous sys-
tems

Chetayev theorem - If there exist a function V(x)
defined in some neighbourhood Q of the origin and a
sub-domain ©; such that :

o V is differentiable in €2,

« V and V are positive in Q;,

e V=0forxedQ,

¢« 0€0%y,

then the origin is unstable.

4.3 Liapunov linearization principle

Asymptotic stability theorem - If the solution
x = 0 of the linear system

x = Ax (2)

is asymptotically stable and if x = 0 is also a solution
of the system :

% = Ax + N(x) 3)

with
IN|

m -— =
Ixi—o |x| ’

then the zero solution of (3) is asymptotically stable.

Instability theorem — If the solution x = 0 of (2)
is unstable and the other conditions of the previous
theorem are holding, the corresponding solution of (3)
is also unstable.

4.4 Non autonomous systems

The theorems presented here for autonomous systems
can be extended to non automonous systems.

5 LINEAR TIME INVARIANT SYSTEMS

Let us consider linear system of the form (2) where
the matrix A is constant.
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This system is asymptotically stable if all the eigen-
values of the matrix A — the roots of the characteristic
polynomial :

|A—sE| = f(s) = 0

have negative real part.

The system is unstable if some eigenvalues have posi-
tive real parts.

When there are purely imaginary eigenvalues, the sys-
tem is stable or unstable according to the form of the
corresponding Jordan blocks. This case will not be
considered here and we will only present some criteria
which permit to guarantee asymptotic stability. Fur-
ther reference for these problems can be found in [2],[3]
and [4].

5.1 Real coeflicient systems

First, let us note that if the order of the system is n,
the characteristic polynomial is of degree n with real
coeflicients written :

f(s) = aos™ + a1s" ' + axs" 2 + ...+ an. (4)
If all the roots have negative real parts, f(s) is clearly
a product of term of the form :

s+a or (s+a+jb)(s+a—jb) = (s+a)>+b (5)

and consequently all the coefficients, a;, have the sign
of ag. Without lost of generality, ag will be assumed
to be positive and a necessary condition for stability
is then :

a; >0 for 1 =0,1,...,n.

§.1.1 Argument criterion
Writing n
f(s) = ao H(s — i)
i=1

where from (5)

s; =—a or s =—azkxjb

it is easily seen that the argument of f(s) for s = jw
increases monotically from 0 to n§ when w increases
from 0 to oo, i.e. :

0 . 7I’
Af=arg{f(jw} = nz;

this condition is also sufficient and is sometimes re-
ferred to as the Mikhailov or the Leonhard criterion.

Considering the symmetry of f(s)with respect to the
real axis, this last relation can also be written :

AtZarg{f(jw} = 2AF®arg{f(jwinr  (6)
Further f(s) and can be written as :

f(s) = h(s?) + s9(s)

4-3

or f(jw) = h(—w?) + jug(-w?) for s = jw.

This implies the so called Hermite-Biehler result
which states that the system is asymptotically stable
if (and only if) the roots of h(—A) and g(—A) — where
X = w? - are distinct negative real and alternate, i.e. :

MaM <M <M<,
and if and only if a; > 0 — has the sign of ag.

5.1.2 Sturm’s criterion

If the characteristic polynomial (4) has real coeffi-
cients, the relation (6) can be estimated from these
coeflicients of by

1 nl_ g8 4.
LAt®arg{f(jw) = el —o %
vig

Apw™ — awn—2 4 ...

of 1 00 . ) fz(w)
;Atooarg{f(Jw} = Ii-oom

where I3 f(w) is called the Cauchy indez of the real
rational function f(w) between a and b and is equal
to the number of jumps of f(w) from —oo to +o0o as
w increases from a to b.

This Cauchy index can be evaluated by constructing a
Sturm sequence, i.e. defining a sequence of polynomi-

als f1(w), fa(w), fa(w), ..., fm(w), with decreasing or-
der and here m = n+1 (as the roots of the numerator
and the denominator are distinct), by the relations :

filw) = q1(w)fa(w) — f3(w)
fic1(w) = gic1(w)filw) — fis1(w)
fm(w) = gm(w)fo(w)

It can be checked (Sturm’s theorem) that :

+oo F2(w)

% hiw)

where V(a) is the number of sign variations in the
Sturm sequence (when the polynomials are evaluated
for the fixed value a).

= V(-—-OO) - V(+OO) (7)

Consequently the Hurwitz (asymptotic) stability is
guaranteed if :

V(—o0) = V(+00) = n

5.1.8 Routh’ criterion

Further V(Zoo) is evaluated from the coefficient of
the higher order terms of the various polynomials of
the sequence and it can be concluded that the Cauchy
index is equal to n and consequently the system is
(asymptotically) stable when all these coefficients, say
¢; with 2 = 1,...,m, have the same sign (i.e. the sign
of ap), i.e. are positive.
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5.1.4 Hurwilz’s criterion

The computation of the Routhian coefficients, ¢;, is
rather cumbersome, but it can be checked — by rather
simple algebraic manipulations — that they are ob-
tained from the principal minors, A;, of the n x n
Hurwitz matrix,

[ a; az as i
ag a Qg
0 ay ag
H = 0 a az ... ...
. 0 0 a ... .. ’
0 0 e 1))
A
as ¢ = .
AL
The stability criterion then simply reads :
A; >0 for 2 =1,...n.

5.2 Complex coefficient systems

The results obtained for real coefficients systems can
be extended to systems with complex coefficient in
a rather straightforward manner. Indeed, after hav-
ing divided the characteristic polynomial by the (com-
plex) coefficient ag, we obtained the equivalent poly-
nomial :

F(&)=[s" +a1s" T+ ... tan] +ji[bis" " +. . 4 ba)

In this case the argument variation has to be taken
from —oo to 400 has the symmetry with respect to
the real axis is not anymore guaranteed. The following
stability condition can then be verified :

1 ) fa(w)
—AT%qr w} = I1t® =n
where
fi = Wt =bw ! —agwt 2 b3 4.,

fo = a1w™ !l —baw™ % — aaw™ 3 4 byt 4.
These function permits to construct a Sturm sequence
and the Sturm’s theorem (7) can then be applied.

In thus case the Hurwitz matrix has to be modified as
follows :

ay —by —az by as
1 —=b —ay b a4
0 al —bz —Qas b4
. _ 0 1 —bl —day b3
=10 0 a -b -a :
0

0 1 —bl —Qas

L =

5.3 Discrete systems

A linear discrete system is written under the form :

Xp+1 = Axp

and its characteristic polynomial is given by :
f(z) = |A=2E| = ap2" +a}" '+ ... +a,

In order to have stability, all the roots should have a
norm smaller than one — should be located in the unit
circle centered at the origin of the complex plane. A
necessary condition is then that the product of all the
roots has a norm smaller than one; this implies that :

|512 <1
Qo

The principle of the argument is also valid here and it
is seen that for stable systems f(e’?) increases mono-
tonically from 0 to nm when € increases from 0 to ;
here too this condition is also sufficient.

Writing f(2) under the form of a sum of a symmetrical
and. an antisymmetrical part as :

1) = 3 [+ 1) +5 [0 - 250

or f(s) = h(z) +4(2)

it is seen that h(z) and g(z) have alternating roots on
the unit circle. This permits to obtain results equiva-
lent to the Routh-Hurwitz criteria for continuous sys-
tems [2].

5.4 Feedback Stabilization

If the open loop transfer function (of a single input
single output system) is given by :

= G(s)e(s) wi .s:M
z(s) = G(s)e(s) with G(s) )

with a constant feedback gain, &, i.e. with
e=u+y with y=kz,
the closed loop transfer function is written :

G(s)

_ _ q(s)
x(s) = mu(s) e (%)

ORI ON

The stability of closed loop system can be investigated
by using the closed loop characteristic polynomial :

f(s)+kq(s)
The Popov’s analysis permit to extent these results to
particular nonlinearities described by :

y = ¢(z) with ﬂ?(k Ve

Some extension exist for multivariable systems.

5.5 Stability robustness

Stability robustness and simultaneous stability analy-
sis are current research topics of real practical impor-
tance.

Let us just mention the Kharitonov results concerning
the stability of systems described by the characteristic
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polynomial (4) for which the various parameters can
vary between independent limits or :

a; < a; <.

The system will be stable for all these parameters, if
the four following polynomial guarantee the stability.

— 2, = 3 | = 4
fl(s):a"+g_n—ls+ﬂn—23 +qn-38" +an_gs +...,

f2(8) = Tn+ 815+ 8,_ 35" +8,4_38° +Tnas+...,
f3(5) = @+ Tno15+Tn_28” +8n_35° +aq_gs' + ..,

fa(s) = ap +an_15+Tn28” +Tno3s® +a,_45* +....

Such results have extension for system for which in-
dependent physical parameters are varying between

bound. Results and references for these topics can
also be found in [2].

6 EXACT LINEARIZATION BY FEEDBACK

The system of equation :

x = f(x) + Y _giw = f(x) + gu (8)

i=1

is said to be feedback linearizable if there exist a dif-
feomorphism from a neighbourhood of the origin to
R™ and controls given by :
«®:U;,, > R" z — z=¢(x)
*u = a(x)+B(x)v
such that the system is transformed by ® into the lin-
ear system

z=Az + Bv.

6.1 Distributions

Let us consider d smooth vector fields, f;
1,...,d, defined in an open set U. For each point
x the corresponding vectors f;(x) span a vector space,
A(x) given by :

1 =

A(x) = span{f;(x)} orsimply A = span{f;}.

The assignment to each point of U of the correspond-
ing linear subspace A(x) is called a (smooth) distri-
bution.

For any vector fields f; and f5, the Lie bracket, [f1,f5],
of these vector fields is a new vector field defined as :

det Of3 of,

[fl,fz] = -é;fl - ax f2.

Further, a distribution D = span{f;} is said to be
involutive if [f;,f;] € D.

6.2 Conditions for exact linearization

The vectors fields f and g = {g; }, defined in (8),
permits to construct a sequence of distributions :

D1 = span{g} = span{ adg-g}

D; = span{g, [f,g]} = span{sg, adgg}

D, = span{g, adi-g, e adi‘._1 g}
or

D; = span{adf-g ck=1,...,i—1};
this sequence is said to be nested as clearly : D; C
D,C...CD,

The exact linearization of the system (8) is possible,
see [5)], if :

edim{g} =m

«dimD; i=1,...,n constant in U,
edimD, = n

«Dj involutive j =1,...,n -1

It should be noted that in the previous conditions D,
should be replaced by Dy if dimD; = n.

The above mentioned conditions also implies the fol-
lowing properties :

3{r1,...,rm}(ri <n)and {\i(z), i=1,...,m}
such that :
«Lg;LgAj(z) =0 Vi,jandk=0,1,...,r;_;

e the matrix :

M(x) = [ng L;."IA;] is nonsingular;

. ir,— = n;
eu = a(x)+ B(x)v with :
B=M1'(x) a=M"! [L;-‘/\,-] ;

oz=coI{Lf."'1/\,- i=1,....m ki=1,...,r}

z=Az+ Bv with A = diag{A,,,..., A, }

and B = diag{B,,,...,B._}
where
010 0 0
0 01 0 0
AT.‘ = B,.‘. =

oo
oo
oo
O -
—_— O

6.3 Construction of the new variables

The functions A; which permits to define the change of
variables can be constructed from the following con-
siderations :

Lg,-Lf-/\j(:c) =0 Vi,jandk=0,1,...,1j_2
=: (d/\;,adi‘.g,-) =0 Vijandk=0,1,...,75_2
=:d)\ € D,J.‘i_l

and also that span{d);,dLgk;} C D;_,, as solution
of system of (partial) differential equations.
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7 MECHANICAL SYSTEMS

The n variables q1,...,¢n are called generalized coor-
dinates if the configuration of a material system — i.e.
all the position vectors of the material elements with
respect to inertial space — can be described by purely
algebraic functions of these variables and the time.
The n generalized coordinates vector is then given by :

T
q=Iqn ... g

The position of a material element X € M, where M
is the considered material system, is then written as :

X = E(‘Il,---,(bnt) = ?S(qa;t)

and the configuration is :

The velocities are then linear functions of the gener-
alized velocities, ¢q, i.€.:

" 9x ox
< — .._~'a _— = 3 s 'a’t .
X aE—I: o + = X(4asdart)

The kinetic energy is then quadratic in the generalized
velocities and can be written as :

. 1. par. .
T = / Xekdm = 5q"Mq+I'Tq+ T,
M 2

where the matrix M, the vector I' and the scalar Tg
are functions of the generalized coordinates and time.

7.1 Potential Power Principle

The local equation for any material system (without
internal momentum distribution) are given, for any
material element (x), by :

x=1f (9)

where f is the local force density.

The scalar product of (9) by any vector field a inte-
grated on the considered material system provides the
relation :

/ (% —f)adm = 0. (10)
M

It should be noted that if a is the (actual) velocity
field (a = x) the previous relation is equivalent to

the mechanical energy relation :

T:/ g.§dm=/ foxdm = P,
M M

where P is the power of all the interactions acting onto
the considered system.

One can also define a potential velocity field compat-
ible with a choice of independent generalized coordi-
nates as :

n
. def . . . . . ox . .
Ax = ).S(Qa)‘Ia +A4a;t) - ~(‘10u‘1aat) :Z b“q:‘Ach
a=1 «

LIBRARY

where Aq, are arbitrary, independent, finite changes
of the generalized velocities. It should be noted that
the potential velocity field is linear in these potential
changes.

For such a velocity field, the relation (10) becomes :

/ g-él'cdm:/ £ Ak dm. (1)
M M

The left hand side of (11)can be expressed as :

. . “.(d aT aT) ,
XeAx dm = —_—— = — ] Aqq,
/M i ;(dt 9da  04a) "

even in practise, this expression can be computed in
a much more efficient way. This form is given here in
order to show the structure of the obtained equation
of motion.

7.2 Lagrangian mechanics
7.2.1 Conservative systems

A mechanical system is said to be lagrangian — or con-
servalive from an hamillonian point of vue — if the
potential power of all the interactions acting onto the
system can be expressed as :

AP :/ f__-éi{dm: —Ea—UAq.a
M a=1 I

where U = U({a,t) is a function of the generalized
coordinates and time an is called the potential energy
of the system.

The Lagrangian of the system is then defined as: L =
T-U.

Further, the A, having been assumed to be indepen-
dent, the equations of motion have the form :

doT T  8U _

E%_Bq-*-aq 0
or d oL
TCE(Mq-*-F)—Ei =0

The Hamiltonian function is then defined as :

. def . .
H = H(P,(Lt) é qu_L(q)q)t)

where q is expressed as a function of the generalized
momemium vector, p defined as :

It can be easily checked that for conservative systems,
the time derivative of the Hamiltonian along a trajec-
tory is given by :

OH
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7.2.2 Dissipative systems

A mechanical system is said to be dissipative from
a Rayleigh point of vue if the potential power of the
interactions which do not ”derive” from a potential
can be expressed as :

Asz/ fieAx dm = — gAY
, 2. g, e

where R is a quadratic positive (semi) definite function
of the generalized velocities.

For such systems the equations of motion have the

form :
ig B_T ?Z + 6_13 =90
dtdq 0q 08q  8q
Further the Lie derivative of the Hamiltonian is here :
. 0H R
H=——-q7T=.
ot~ 1 3q

7.2.3 Autonomous systems

A system is said to be autonomous if the correspond-
ing Lagrangian does not explicitly depend on time, i.e.
if the matrix M, the vector I and the scalar Ty — U
are not explicit functions of time.

It should be noted that for an autonomous system, the
position vector of the various point can be described
by explicit functions of time. This is a classical situa-
tion in rotational dynamics.

For such systems, the equilibrium configurations are
given by the following system of algebraic equations :

0
qU—To) =0 (12)

Further, in this case, the time derivative of the Hamil-
tonian along a trajectory is given for conservative and
dissipative systems respectively by :
: ' .pOR
H=0 and H=-qT=—<0.
9q

Consequently, the hamiltonian is a ”good” candidate
as a Liapunov function for such systems.

The dissipation is said to be pervasive along a trajec-
tory if it is never identically equal to zero along this
trajectory (except at the equilibrium).

7.2.4 Linearized autonomous system

Around a given equilibrium - given by (12) — the
quadratic forms (obtained by appropriate series ex-
pansions) of L and R are given respectively by :

1o . 1
L= quMq+ q"NTq+ §qTKq

and R = %QTCQ

where M,N K and C are constant matrices. With

GE¥ N_NT = GT, the corresponding equations of
motion are given by :

Mg+ Gq+ Kq = -Cqg.
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The corresponding hamiltonian and its time derivative
(expressed in terms of the generalized coordinates are
the respectively given by :

1 1 .
H = EqTMq+§qTKq and H = —qTCq.

The hamiltonian is an appropriate Liapunov function.

If the damping is pervasive, using the above-
mentioned theorems (Lasalle and Chetaev), the cor-
responding equilibrium is asymtotically stable or un-
stable when the Hamiltonian is, respectively, positive
definite or sign undefinite [8].

Systems with integrals of motion or consiraints

When the constraints are independent algebraic func-
tions of the generalized coordinates, some of these
variables can be eliminated and a reduced order sys-
temn is obtained, the corresponding Hamiltonian can
then be used as a Liapunov function.

More interesting are (independent) non holonomous
constraints and integrals of motion which are linear in
the velocities. They both can be written as m linear
relations between the generalized velocities, under the
form of the system :

Agq+b =0,

If Ay is a regular m X m submatrix of A (possibly
obtained after having reordered the variables), this
system can be rewritten as :

Aoqo+A19;+b =0 (13)
if the generalized coordinate vector has been parti-
tioned as : T

a =laf af]".

One can use the Lagrange multiplier technique to find
the equations of motion.

On the other hand, the stability can be directly anal-
ysed by eliminating ¢o — using (13) from the hamil-
tonian or by using of a modified Hamiltonian of the
form :

V = H+(Aq+b)TQ(Aq +b)

whose time derivative is clearly equal to H and where
Q can be selected in order to eliminate generalized
velocities which do not appear in H. The stability
with respect to the remaining variables can then be
analysed in a straightforward manner.

Constraint damping

In many aerospace applications (such as rotating sys-
tems) the dissipative interactions (in particular the
aerodynamical interactions or the interactions in bear-
ings) do not derive from a Rayleigh function. In fact,
the corresponding generalized forces are then func-
tions of the generalized velocities and of the gener-
alized variables and can be written in linear approxi-
mation as :

Qs = —(Cq+Fq)
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and the equations of motion are then given by :
Mq+(G+C)q+ (K—-F)q = 0.

It is still possible to obtain a simple Liapunov func-
tion, when one can write F = CS and if S, MS, KS
are skew symmetric matrices and GS is a symmetric
matrix [9).

In this case, a modified Hamiltonian is given by :
1, . !
V = 34"M4-q"SAq+ 5q97(K - GS)q, (14)

the time derivative of this function along a trajectory
being given by the negative (semi) definite function :

V = —(a+Sq9)"C(q + Sq).

In other case, the search for an appropriate Liapunov
function is more difficult and it is generally easier to
use the techniques presented in section 5.

8. APPLICATION TO GYROSTATS

We will show now, as an example, how the above pre-
sented method can be used and we will consider a de-
formable orbiting satellite with internal rotating parts.
This can be a dual spin system or a system which can
be controlled by flywheels. -~

Orbiting Gyrostat

The orbit will be assumed to be circular and the cor-
responding angular velocity vector is :

0
wo = woeX3 = [X]T 0
wWo

where wg is constant. The orbital base is the base
{Xa}, with X, aligned with the ascendent local ver-
tical, X o tangent to the orbit and X3 aligned with the
normal to the orbit.

The body frame, {X4}, has a relative orientation with
respect to the orbital base which is described by the
orientation matrix (4], i.e. :

[&] = [4[X]

and its rotational velocity with respect to inertial
space is the vector w with components w;, ws, w3 in
the body frame or

w = {"W
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where {w] is the corresponding component matrix.

The relative internal momentum of the rotors — as-
sumed to be symmetrical with respect to the rotation
axis - is represented by the vector h. Each rotor can
possibly be controlled by torques (along there rotation
axis); the corresponding control vector normalized by
the respective moments of inertia is the vector u.

Deformation will be considered in order to be able to
introduce internal damping. These deformations will
be described by deformation variables, represented by
the vector 8; the corresponding displacements will be
assumed to be algebraic function of these variables;
the inertia tensor and the internal angular momentum
are clearly functions of these deformation variables.

For low altitude orbits, the gravity-gradient torque
has to be considered. This torque can be expressed
in terms or the actual inertia tensor of the system J
(expressed as a function of the deformation variables)
as :

L= wiX1xJ-X1

8.1 Equations of motion

The general equations of rotation can be written :

H=1L

with H=Jew+h L=3cwiX;xL-Xy,

where ¢ = 1 if the gravity torque has to considered
and ¢ = 0 otherwise.

The rotors equations around their axis of rotation will
be written :

pi = M, i=123
where p; are the moment of momentum of the rotors

about their axes and M; are the corresponding applied
torques.

We also have to consider the kinematical relation
which relate the matrix [A] to the rotational veloci-
ties of the orbital and body bases, 1.e. :

(4] = —[w]"[4] + [Allwel”

where tilde matrices are are expressed in terms of the
corresponding vector by the relation :

(75} - 0 —Ww3 Wo
[w = [ w2 L' =] ws 0 -uw
w3 —W9 Wi 0

and the equations of deformation.

8.2 Equilibrium configuration

At equilibrium, the matrices [A] and [h] are constant.
Further, the rotational velocity is given by :

P

w 0 = WoAs

ll
€

s
L=t

€

0o+ ho = Hp
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with
def T i
b, = wolX] J2
J3

This permits to write the following equilibrium condi-
tions

woXs x Ho = 3wiX; x L X1. (15)

which implies that at equilibrium the inertia matrix
has the form :

Il 0 —OtJl
[I] = 0 IZ —J2 )
—OtJl —Jz I3

where a = ‘11— if the gravitational torque is considered

and o = 1 in free space. Additional conditions con-
cerning the deformation variables have to be satisfied.
We will assume ‘that they correspond (possibly after
an appropriate change of definition) to 8 = 0.

8.3 Dual spin satellite

Such systems are designed to have J; = Jo = 0.
At equilibrium, the inertia matrix is thus a diagonal
matrix. In other words the principal axes are aligned
with the orbital axes or with a nominal rotating frame.

=

Dual spin satellite

For small angular deviation around this equilibrium,
we will describe the matrix [A] by a sequence of rota-
tions around successive 1-, 2- and 3 axis respectively;
the corresponding rotation angles 61, 62 and 63 are
called Tait-Bryan angles.

The linearized kinematical relation provide the follow-
ing relations between these angles and the components
of the rotational velocity vector :

W] = 0'1 —woly, wa= @2 +wefy and w3z = WQ+é3.
The rotors will be suppose to have constant relative
angular velocities. In order to obtain exact linearized
equations in the deformation variables, it is necessary
to used a second order description of the displacement
field with respect to the deformation variables. Failure
to do so eliminates the so-called stiffening terms due
to the rotation [10].
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Further, we will, a priori, assume that damping terms

are linear in the deformation velocities.

The corresponding linearized equations (around the
nominal equilibrium) have the expected form :

Mg+ Gq+Kq = —-Cq,

where here
q = [6; 6, 05 BT]T
and the matrices M, G, K and C are given by the

relations :
I 0 0 o0
M=o w] c=[0 &)
0 -G, 0 A,
_ Gy 0 0 A,
G=uw| 0 0 As
AT AT AT o

with G, = (Il + I, —I3— J3) and

K, 0 0
0 K, 0 A
— 2
K=w| o 0 Kz Ag
AT AT AT @I
where

Ki=I3—14+J3 Ky = a(Is—Il)+J3 K3 = b(Iz—Il)

and the matrices A; and IT are functions of the defor-
mation shapes associated with the deformation vari-
ables. In these expressions, for freely spinning systems
a =1 and b = 0 and for gravity stabilized systems
a = 4 and b = 3. Further the expression of IT differs
in these two cases.

8.3.1 Gravity stabilized satellite

For gravity stabilized gyrostats, the hamiltonian can
be taken as Liapunov function and further it can be
checked that the damping is pervasive. The corre-
sponding asymptotic stability conditions can be writ-
ten :

Is— I+ J3 >0,

4(13—[1)+J3>0, -1, >0

together with conditions on the generalized stiffnesses.
In the above-mentioned conditions Js can be ex-
pressed as

s = 12
Wo

where Q) is the relative angular velocity of the rotor
and I’ is the corresponding moment of inertia.

8.3.2 Spin stabilized free system

For spin stabilized systems, the damping is clearly not
complete as the system can be in equilibrium when

B=0 and w; =wy; =0,
i.e., when 8; and 8, are solution of the system

él —wely =0 éz +weby = 0.
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For such a system, there is no external torques. This
means that the total angular momentum is a constant
vector. In particular the components of this vector
along the axes X; and X, are identically equal to
Z€T0, OT ~ .

H-X; = H-X; = 0.

Theses relations are linear in ¢, and 92 and these vari-
ables can be eliminated from the Hamiltonian which
will give stability conditions for the system without
external perturbations.

8.8.3 Shaft constraint damping

A simple example of constraint damping is provide
by the damping in the shaft assembly connecting the
rotor to the main body.

The deformation of the shaft can be described by to
rotation angles say 8, and B5. In first approximation
the dissipation in the body part of the bearing-shaft
assembly can be described by the following Rayleigh
function :

Re = ge(8+5),

where c¢ is the corresponding linear damping coeffi-
cient.

Energy dissipation takes place in the rotor part of
this assembly (in particular in the rotating shaft) even
when the deformation angles remain constant; the cor-
responding deformation rates being then equal to 23,
and —Qf; respectively. The corresponding Rayleigh
function will be written under the form

R = 3¢ (B +98)" + (B — 041

where ¢ is the corresponding linear damping coeffi-
cient.

In general, one cannot find a simple modified hamil-
tonian for this system and classical method should be
used.

Nevertheless, when both bodies (i.e. the platform and
the rotor are symmetrical, the conditions for taking
the modified hamiltonian (14) are satisfied. In partic-
ular, if the platform has no nominal angular velocity,
the "main” stability condition is given by the relation :

cl

c+c

I -

I1>0,

where I is the global transverse moment of inertia
(I = I = I). 1t should be noted that this condition
is then always satisfied when there is no dissipation
associated with the rotor.

For this symmetrical system, one can also define the
following complex variables :

and B* = 1+ B

and obtain a complex system of equations (whose
characteristic polynomial has complex coeflicients)
and use the corresponding modified Hurwitz stability
criterion. The results — obviously —~ are equivalent but

6% = 0, + j0,

can be extended to more complicated systems such as
multi-rotor systems.

8.4 Rigid gyrostat

For gravity stabilized rigid gyrostats, the variables of
the non linear system are the components of the rota-
tional velocity, the rotor momenta, and the elements of
the orientation matrix [A], together with the orthog-
onality constraints associated with this matrix. It is
interesting to mention that the corresponding system
of equations is quadratic in the corresponding vari-
ables — what somewhat simplifies the analysis.

It can then be shown, [11], that the exact linearization
conditions are satisfied — except for isolated configu-
rations which are known to be non controllable. This
conclusion can be extended for freely spinning systems
without external perturbations.

The variables of the corresponding linear system in-
clude the three projections of the total moment of mo-
memtum on the orbital axes, HeX; ¢=1,2,3, the
three deviations from the equilibrium conditions (15),
the various constraints — further, the constraints de-
fine slices in the state manifold and consequently are
decreasing the dimension requirements for the corre-
sponding distributions — of as well as some combina-
tion of the orientation parameters.

This linearization permits to define optimal proce-
dures for large manoeuvres such as detumbling, cap-
ture and seasonal reversals.
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ON NON-LINEAR LONGITUDINAL STABILITY OF AN
AIRCRAFT IN A DIVE IN THE PRESENCE OF
ATMOSPHERIC DISTURBANCES
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SUMMARY

We consider the non-linear longitudinal stability problem (§1) of
aircraft starting a dive from an initial velocity far removed from
the steady dive speeds: the aim is to find a pitch control law, which
will keep the aircraft in a constant glide slope, compensating for
the phugoid mode (§2). The problem is extended to account for
the presence of arbitrary atmospheric winds, e.g. windshears (§3).
The theoretical stability curves are compared with flight test data
(§4), obtained using the BAFR (Basic aircraft for flight research)
in portugal (§5). The model includes a number of effects, and has
also some restrictons, which do not affect its suitability for the
present application: (i) it includes compensation of the phugoid,
but not short-period, mode i.e. neglects rotational inertia; (ii) it
accounts for boundary-layer and induced drag, but not wave drag,
i.e. applies at low Mach numbers, typical of approach to land; (iii)
it neglects lateral motion, but allows for non-linear effects on lon-
gitudinal motion; (iv) it leads to a free-flying control law, in stall
free conditions, and in the absence of autopilot or active control.
These additional effects would be relevant to other applications,
and would require extension or modification of the present model.
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Index
List of sympols
§1 Introduction
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84 Comparison with flight test results
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LIST OF SYMBOLS

a,b,d parameters of non-linear mathematical model of

longitudinal stability (9a, b,c)
ay,ay,a, longitudinal, lateral and vertical acceleration
c airfoil chord or mean wing chord
f longitudinal stability coefficient (30)
fo, f1v f2  parameters of engine thrust versus velocity

refation (7)
g acceleration of gravity
h error in airspeed measurement
k coefficient of induced drag in (5)
1 lengthscale of windshear
m aircraft mass
n parameter in normalization of dive velocity (42b)
P fluid pressure
t time
U longitudinal wind velocity
v perturbation of groundspeed due to wind
w vertical wind velocity
T distance along flight path
z altitude
A magnitude of longitudinal windshear (37)
Cp total drag coefficient
Cpy boundary layer drag coefficient in (5)
Cp lift coefficient at arbitrary angle-of-attack
Do lift coefficient at zero angle-of-attack
Cla lift slope Cro = 0CL /8
D drag force
F total dimensionless force along flight path (8)
J groundspeed U normalized to minimum drag speed Upq
Ju normalized groundspeed at time ¢ = 0 or start of test

run & = ¢,

Ji normalized steady dive speed
Ji normalized ground at end of test runt = ¢,
M Mach number
r perturbation of groundspeed divided by groundspeed (38a)
Q perturbation of airspeed divided by groundspeed (38¢c)
S reference surface area for aerodynamic forces
T thrust
Tmin  thrust for flight at minimum drag speed
T thrust corrected for weight along flight path
U groundspeed along flight path
U, initial groundspeed along flight path
Uy stable steady dive groundspeed
U_ unstable steady dive groundspeed
Unae  minimum drag speed
1% true air speed
Vs stalling speed
X distance x along flight path normalized to lengthscale
Y function in stability response (35b)
o angle-of-attack
v glide slope angle
€ angle of thrust-line with flight path
€ angle of thrust-line with aircraft longitudinal datum
€ average value of ¢
A coefficient in non-parabolic lift-drag polar (5)

M aircraft parameter for longitudinal response (38b)

Vo,v1 thresholds for glide slope at start and end of dive
p mass density of atmospheric air

7 aerodynamic time scale of longitudinal response (30)
6 pitch angle

6 average pitch angle

¢ elevator deflection angle

LIBRARY

§1- INTRODUCTION

The type of stability analysis most often performed concerns small
perturbations from a constant or slowly evolving mean state; it
leads to systems of linear ordinary differential equations with con-
stant coefficients, which can be analysed using Laplace transforms
3-5 or the usual methods of control theory 8~7. When the deviati-
ons from the reference state are large, one is lead to non-linear dif-
ferential equations ®; the non-linear problems have received much
recent attention, e.g. in connection with flight at high-angles of
attack and spins®. A distinct, but also non-elementary, stability
problem arises for small perturbations, when the reference state
is itself varying rapidly, i.e. on time scales comparable to those of
the perturbations'®; an example is the excitation of the phugoid
or short period mode, by atmospheric disturbances of compara-
ble time scale. This kind of problem leads to linear differential
equation, with coefficients varying with time !1; it was a topic of
considerable research in the past, and although it has gone a bit
out of fashion, it has not lost its relevance. We address both ty-
pes of non-elementary stability problem !271%, viz. non-linear and
unsteady, in connection with aircraft longitudinal response in a
dive.

§2 NON-LINEAR LONGITUDINAL STABILITY IN
A DIVE

For the present section (§2) we consider flight in still air, so that we
need not distinguish true airspeed V from groundspeed U, and will
reason in terms of the latter. We consider and aircraft which starts
a dive at an arbitrary initial groundspeed U, = U(0), which may
be far removed from any of the two steady dive speeds Ug. It will
be shown later that U, > U_, and the upper steady dive speed U+
is stable, and the lower U_ unstable; thus (i) after a long time ¢ —
oo, the aircraft Either tends to the stable dive speed U(t) — Uy, or
(it) it diverges from the unstable dive speed (U. — U(t) increases,
towards a stall U(t,) — U, at a finite time ¢ = t,). Either in
the stable (i) or unstable (ii) case, the problem is non-linear if
the groundspeed U(t) at some time differs considerably from both
steady dive speeds, i.e. neither of the conditions | U2 — U2 |« U2
or | U? — u? [€ U? is met. From example, the problem would
be non-linear from time ¢ = 0, if the aircraft started the dive at
a ground far removed from both steady dive speeds, i.e. none of
two conditions | U, — Uy |« U} is met.

In operations, there could be several reasons why an aircraft might
start a dive from a cruise or loiter speed far removed from the
steady dive speeds, e.g.: (&) it could start an emergency approach
to a landing strip seen late due to poor visibility; (b) it could start
tracking a target of opportunity spotted at the last moment. In
such cases the pilot would try to keep on a constant gilde slope,
either by adjusting incidence, or by throttling the engine, or both,
so that the trajectory lies on an inclined plane; the lateral control
inputs, e.g. yaw or roll, if they remain small, i.e. linear, do not
couple to the longitudinal motion, which may be non-linear. In
this case, of small heading changes, the trajectory is approxima-
tely a straight line, and our non-linear stability problem has two-
degrees-of-freedom, associated with the phugoid and short-period
mode. Since we are concerned with longer time scales, we may
omit the short-period mode, by neglecting the rotational intertie
of the aircraft, i.e. assuming that a desired value of the angle-of-
attack can be obtained almost instantaneously, i.e. on a time short
compared with the period of the phugoid. Thus we are left with a
one-dimensional non-linear stability problem, in a sense inverse to
Lanchester’s '® phugoid, and which may be stated as follows: if an
aircraft starts a dive from an arbitrary initial ground U, = U(0),
how should the groundspeed U(t) (or angle-of-attack (a(t)) vary
with time ¢, so that it keeps on a constant slide slope?; an alter-
native, and equivalent, statement is: what is the pitch control law
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(), to be flown by the pilot, or programmed into an automatic
control system, which will exactly compensate the phugoid, and
deep the aircraft on a constant slide slope angle y? This problem
is almost as old 16 as Lanchester’s phugoid 7, and could be called
the “inverse phugoid problem ” 18 it was not settled as definitively
19-21 45 the phugoid problem, for the inverse problem has been
the subject of later research 22-23,

Our one-dimensional non-linear longitudinal stability problem is
represented in Figure 1: the aircraft flies along a constant glide
slope 4 with groundspeed U = dz/dt, where z is the distance
along the flight path; it is acted upon by four forces, namely, the
weight W along the vertical downwards, the lift L transverse to
the flight path upwards in a vertical plane, the drag D opposite to
the motion, and the thrust 7" along the motion (in some cases the
thrust may make an angle ¢ with the flight path, viz. € = 6 + ¢,
where 8 is the pitch angle and ¢, is the angle of the thrust line
with the aircraft’s longitudinal datum). The mathematical model
is specified by the balance of transverse and longitudinal forces.
The former, transverse force balance, is static, and states that the
lift:

%CL(a)pSUz=L=Wcosy—Tsine, 1)

is balanced by the component of weight transverse to the flight
path (minus the traverse component of thrust, if latter does not lie
along the flight path); the latter, longitudinal force balance, states
that the inertial force, equal to mass m = W/g times acceleration:

(W/g)dU/dt = Tcose — D — Wsinvy, (2)

balance the (longitudinal component of ) thrust T, minus drag D
and longitudinal component of weight. The drag is specified by a
formula similar to the lift (1):

D = 2Cp(a)pSU?, (3)

replacing lift Cp by drag Cp coefficient. We can make (2) di-
mensionless by dividing by the weight, and using (1) and (3), we
conclude that the longitudinal acceleration, made dimensionless
by dividing by the acceleration of gravity:

g 'dU/dt = — siny—(T/W) cos e+cos y(Cp/CL)/{1+(T/L}sin e},

(4)
is determined by the longitudinal component of weight, the thrust-
to-weight ratio T/W projected on the flight path, and the drag-
to-lift ratio Cp/Cy, modified by glide slope cos~. The last term in
(4) can be omitted (T'//L)sine < 1, if either thrust makes a small
angle with path sine « 1, or lift-to-drag ratio is high T/L ~
D/L < 1, or product of these two is negligible compared to unity.

Since our problem is one-dimensional, the r.h.s. or (4) should be
expressible in terms of groundspeed alone. To do this, we note
that for low Mach number flight, i.e. incompressible flow M R
0.3, we can neglect wave drag, and the drag coefficient consists
of three other terms:(i) boundary layer drag, which is due to skin
friction, and thus independent of lift 24; (ii) induced drag, which
is proportional to the square of the lift coefficient 25; (lii) the
parabolic lift-drag polar resulting from (i) and (ii), may have a
non-parabolic correction, proportional to lift:

CD((,Y) = CDf + k{cha)}2 + )\C[,(a). (5)

Thust last term in (4) can be written, after omission of the factor
in curly brackets:
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cos7{Cp(a)/Cr{a)} = cos yCps/Cr(a) + kcosyCL(a) + Acosy =
= (pS/2W)Cp;U? + (2W/pS kU % cos? y + Acosy

(6)

where in the last formula we substituted Cr,(a) from (1), ommiting
the term - T'sine/W

cosy = (D/L)sin < 1, as assumed before. We assume that the
thrust-to-weight ratio has a dependence on groundspeed similar
to (6), viz.:

T/W = f, - AU - RJU?, (M

where f,, f1, f2 are constants for a given engine type.

Substituting (6) and (7) into (4) we obtain a single equation for
the groundspeed:

g~ ldU/dt = a — bU? - dJU* = F(U), (8)

where the total force per unit mass along the flight path, involves
three coefficients:

a= f,cos€—siny — Acosy (92)
b= ficosé+ Cps(pS/2W), (9b)
d = fco8€ + kcos? y(2W/pS); (9¢)

with two exceptions, these coefficients are constant, since they de-
pend on aircraft parameters W, §, aerodynamic coefficients Cpy, k, A,
flight parameters v, and propulsion characteristics f,, f1, f2 which
are all constant. The first exception is the angle of the thrust-
line with the aircrafté flight path ¢, for which we take an average
value € = ¢, + § involving the constant angle to the aircrafts lon-
gitudinal datum ¢,, and an average pitch value 6: small deviati-
ons from the latter § — 8, would introduce a negligible correction
flcos8 — cosf) ~ f(8% - 8%)/2 < f with f = fo,f1,f2. The
second variable parameter is the air density, which would not be
constant in a long dive, involving significant altitude change, Since
in the following integration we treak the parameters (9a,b,c) as
constant, our model applies to the followings parctical situation,
corresponding to test flights detailed later (§4). A low-speed air-
craft (U < 200kt, M < 0.3), performing a not very long dive
(altidude loss Az < 700m) along a constant glide slope. Another
application, to which the present model would not apply, is the
case of a modern high-speed airliner, with cruise speed optimized
by supercritical airfoil design, starting a long dive from an altitude
around the tropopause; in such a case wave drag would be import-
ant, and furthermore, density change with altitude could not be
neglected.

Our mathematical model of longitudinal stability is specified by
equation (7), which may be written:

g~YdU/dt = —b(U? - UR)(U? - U%)/U?, (10)
where Uy denote the two steady dive speeds:
Uz = {a £ Va? — 4bd}/2b, (11)

for which the total force along the flight path F(Ut) = 0 is zero,
and hence there is no longitudinal acceleration dU/dt = 0 for
U = Uy or U = U.. The existence of two steady dive speeds
can be inferred from Figure 2, where we plot versus groundspeed
U, the drag-to-weight ratio D/W (thick line) and the thrust-to-
weight ratio T'/W shifted by T = T cos¢— W siny (two thin lines).



[ECHNICAL LIBRARY

6-4

The intersection of the lines specifies the two steady dive speeas
Uy, for which the inertia force vanishes. The steady dive speeds
would coincide if the thrust was the minimum for steady flight,
i.e. at the minimum drag speed:

Umd = af2b = (f,c08€ —siny — Acos?y)/ ficos&+ CpspS/2W);
(12

steady flight is possible only above this velocity U > Up,g ie. if
the condition a? > 4bd in (11) is satisfied by (9a,b,c), so that the
minimum thrust for steady dive is given by:

(focos&~siny — Acosy)? >
> 4(ficosE+ CpspS/2W ) facos€ + kcos® v2W/pS). (13 )

The simplest particular case of (12,13} is level flight ¥ = 0, of
an aircraft with symmetrical lift-drag polar A = 0, with constant
thrust f; = 0 = f, along the flight path € = 0, for which we
obtain well-known results 26~?7for the minimum drag speed U,,q =
2W fo/CpspS = 2T [CpspS and minimum thrust for steady flight
TIW = fo > Cpplk = Tnin/W.

For any groundspeed distinct from the steady dive speeds U # Uy,
there is an acceleration dU/dt # 0 along the flight path, whose
sign can be deduced either from equation (10) or figure 2, viz.: (i)
between the steady dive speeds U~ < U < U, there is an excess
of thrust (the (T/W)cose¢ + siny lies above D/W in Figure 2),
and thus acceleration dU/dt > 0 in (10); (ii) otherwise U > U,
or U < U_, there is an excess of drag (the thick line lies above
the thin lines in Figure 2) , and thus decceleration dU/dt < 0 in
(10). Tt follows that: (a) the upper steady dive speed Uy is stable,,
because acceleration in its vicinity points towards it; (b) the lower
steady dive speed U_ is unstable, because the acceleration in its
vicinity points away from it. The evolution of the groundspeed
as a function of time U(t) is specified by integrating (10) from an
initial velocity U, = U(0) at time ¢t = 0, leading to:

e = {(U(R) - U YU+ Uy)/
[(U = U-)U = U@}/ a-0-0) x
x{(U = U-)(U@) + U-)/

JU@E) = U-)(U + U=} /0-=D), (19)

where 7 is an aerodynamic time scale, determined by the charac-
teristics of the aircraft:

1/ = 2bg(Us + U-). (20)

It is clear that as the elapsed time significantly exceeds the aero-
dynamic time scale ¢ 3> 7 then /7 — 0, and the groundspeed
either approaches the upper steady dive speed U(t > 1) —» Uy, or
it diverges from the lower steady dive speed, i.e. U(t > 1) — U_
becomes large. This confirms that the former U, is stable and the
latter U_ unstable.

For short time compared to the aerodynamic time scale t < 7,
such- that the groundspeed has not deviated much from the initial
value:

{UR < 7)= U} < (Us — Ub)?, (21)

the equation (19) may be linearized with respect to groundspeed;

U(t) = Uo +{(U}/U - 1)1 - UZ/U7)
(Us +U-)/2H1 = e7t17), (22)

leading to an exponential dependence on time, with time scale 7

. Tor t = 0 it follows from (22) that U(0) = U,, but for T > 7
we do not have U(t > ) = Uy because (22) is not valid for long
times. For long times we have to use the non-linear relation(19),
which expresses time t(U) as function of groundspeed, and cannot
be readily inverted for U(t). Thus we plot the stability curves in
Figure 3, in dimensionless form, with time divided by aerodynamic
time scale ¢/7 as abscissa and groundspeed divided by minimum
drag speed J(t) = U/Unq as ordinate. We have one curve for each
initial velocity J, = Uy/Upq. The two steady dive speeds Uy (11)
are related to the minimum drag speed Un,q (12) by:

U2 + U2 =a/b=2U%,, JE+JE =2, (23a,b)

so that of the two parameters J4 = Uy /U,,q4 only one is indepen-
dent.

Thus, if we choose an aircraft for which the stable steady dive
speed is 1.2 times the minimum drag speed J4 = U4 /Upq = 1.2,
it follows that the unstable steady dive speed is J_ = U_[Upa =
0.748 times the minimum drag speed. This is the case illustrated
in Figure 3, where we see that: (i) for initial groundspeed below
the unstable dive speed J, < J_ = 0.748, the drag is too high,
and speed drops rapidly towards a stall; (ii) for initial groundspeed
between the unstable and stable steady dive speeds 0.748 = J_ <
Jo < J4 = 1.2, there is excess thrust, and the aircraft accelerates
gradually to the upper, stable dive speed ; (iii) if J, > J4 = 1.2,
there is excess drag, and the aircraft decelerates gradually to the
stable upper steady dive speed.

§ 3 - RESPONSE TO ATMOSPHERIC WIND DI-
STURBANCES

In the preceding account (§2) we have assumed flight in still air,
but the stability theory could be extended to include the effect
of atmospheric disturbances 28, of which the windshear ?° has re-
ceived greatest attention. The atmospheric wind conditions can
be measured using meterological methods 30-3!, Doppler radars
32-33 airborne lasers 3, or comparison of INS with non-inertial
velocity measurements 32-3¢ | A windshear (Figure 4) is a toroi-
dal vortex near the groundspeed, causing a downflow through its
core, which is deftected by the groundspeed into a radial outflow.
The effects of the downflow combined with headwind changes on
flight 35-36 are of particular concern during approach to land
37-40_ The safety aspect ! is related to aircraft response and
control in such conditions 42-%, which, as the analysis of specific
events 45746 shows, can be quite hazardous. Since there are many
possible combinations of aircraft characteristics and windshear lo-
cations relative to the flight path, the flight simulators, though
useful, can hardly train the pilot for all possible events. We ex-
tend the preceding non-linear longitudinal stability problem, to
the case of flight path directly through a windshear,or any other
condition with wind in a vertical plane through the constant glide
slope of the aircraft; this is equivalent to determining the air or
groundspeed {or angle-of-attack or pitch) as a function of time, so
that the aircraft keeps on a constant glide slope, compensating for
the phugoid mode induced by the wind 47,

In the presence of wind we should distinguish between the groundspeed

and true air speed, e.g. for the non-linear longitudinal stability
model (8), the total force depends on the true air speed V, and
the acceleration in an inertial frame is the time derivative of the
groundspeed:

g ld(U + v)/dt = F(V); (24)

we denote the groundspeed in the presence of wind by U + v, to
distinguish from the groundspeed U in the absence of wind (8),
i.e. v is the perturbation in groundspeed due to the wind:
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g~ 'dv/dt = F(V) = F(U). (25)

We allow (Figure 1) for the presence of an horizontal v and vertical
w wind, which are given functions of distance = along the flight
path, and hence, alternatively, a function of time. Bearing in mind
that the angle of the flight path with the horizontal is the glide
slope, the true air speed V is related to groundspeed U + v and
wind components u,w, by:

V%= (U +v+ucosy — wsiny)? + (usiny + cosy)?. (26 )

We know the groundspeed U in the absence of wind from the
previous (§2) solution of (8), and calculate the airspeed by (26),
and then integration of (25) gives us the groundspeed perturbation
v, or groundspeed in the presence of wind U + v.

For arbitrary strong winds (25) is a non-linear differential equation
with variable coefficients, namely, the groundspeed in the absence
of wind U and the wind components u, w,; since the latter are most
conveniently given as functions of position u(z), w(z), we replace
time by space derivatives:

dv/dt = (dv/dz)dz/dt = (U + v)dv/dz, (27)

in (25), which specifies, in general, a non-linear wind perturbation
of a non-linear background state:

g U ~ v)dv/dz = F(V) - F(U); (28)

thus (28) will apply even if the wind components u, w were compa-
rable to the groundspeed U. The latter can be written as function
of position, if we re-write the mean state equation (10) as:

(U/g)dU/dz = —b(U? - U2)(U? - U2)/U%,  (29)

and integrate it from an initial groundspeed U, = U(0) at position
z =0, viz.:

exp(—2bge) = (U(e)® - UL)/(U? - U_f_)l/(l—Ul/UI) x
X(UZ = U)/(U(z)? - U2)MWWIUZ-1 - (30)

In conclusion, for the general problem: (i) the groundspeed for
the non-linear mean state is given as a function along flight path
z by (30) (or as a function of time ¢ by (19,20)); (ii) the hori-
zontal u(z) and vertical w(z) wind components, which could be
comparable to the grondspeed for non-linear wind perturbations,
lead (26) to the airspeed V/; (iii) the difference of the respective to-
tal forces (8;9a,b,c) then leads to a non-linear differential equation
(28) with variable coefficients, for the perturbation in groundspeed
v; in general, this will have to be integrated numericaly, given the
complex dependence of the total force (8) on v through (26).

We can use analytical integration in the case, which is almost
always true in real flight conditions, of wind speed small relative
to groundspeed u?,w? « U?; for example, if the windspeed does
not exceed u,w < 20m/s, and the groundspeed exceeds U > 60
m/s, we have (u/U)?,(w/U)? < 0.3 = 0.09 < 1. It will be shown
subsequently that the perturbation in groundspeed is of the same
order of magnitude as the wind v ~ u, w, so that the linearization
with regard to the wind is consistent with the linearization with
regard to the perturbation in groundspeed v? <« U?2. Thus the
problem of most practical interest is of a linear wind perturbation,
with variable coefficients, from a non-linear mean state, which may
be varying on comparable time or lenghthscales. We apply the
linearization first to the airspeed (26), by noting that since the
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glide slope v is small 9% « 1, we have cosy = 1 — 92/2 ~ 1,
and since u/U,w/U are also small, we can neglect (v, w)siny ~
(u,w)y € U, so that:

Vi (U+v+u)?+w?=U%+2u+ o), (31a)

V=U+u+tv, (31b)

where we have used u?,2%,w? « U?. The equation (28) for the
wind perturbation may also be linearized:

(U/g)dv/dz = F(U +u+v) - F(U) = (u + v)(dF/dU), (32)

so that all effects of the non-linear mean state appear in the coef-
ficient:

f(U) = (g/U)(dF/dU) = 29(d/U* - b). (33)

where (8) was used, and the coefficients b, d are given by (9b,c).
The groundspeed perturbation (32) satisfies:

dv/dz — f(U(2))v = f(U(2))u(z), (34)

which may be integrated for any given mean state U(z}), e.g. (30)
and wind u(z), viz.:

oz = w¥ () + ¥ () [OROIY O, (35)
1]

where

Y(2) = expd [ £(0)dc). (36b)
0

In conclusion, we start from the non-linear mean state (30) in
the absence of wind, and calculate the force influence factor (33),
which appears in (35b); this together with the horizontal wind
u(z), specifies the linear groundspeed perturbation (35a). Note
that the linearization procedure has implied (27a) that we may
take the horizontal wind along the glide slope, and the vertical
wind across it; also, the vertical wind w does not affect the airspeed
(27b), although it introduces a small, but non-negligible change
w/U in the angle of attack. A further simplification occurs if
the non-linear mean state varies on lengthscales much longer than
those £ of wind, i.e. dU/dz < U/¢; in this case we can calculate
(37) for a constant background velocity fo = f(Us), so that (35a,b)
lead to a groundspeed perturbation:

v(z) = v,efo® 4 elor f, /e'f°(u(g’)d(, (36)
0

due to a wind u(().

As an example, we consider a typical windshear profile (Figure 5),
with a headwind followed by a tailwind, on a lengthscale £:

u(z) = AU, sin(2rz/¢), (37)

with maximum magnitude +AU,, such that (v/U,) < A? < 1.
Substituting (37) into (35) and assuming that there is no initial

groundspeed perturbation v, = 0, we conclude that the wind (34)
induces a groundspeed perturbation:
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P =o(z)/U, = (A/(1 + 2 {p(1 - cos(2rz/8)) — sin(2xz/¢)},
(38a)
where the characteristics of the aircraft appear only through the
parameter:

w= 2w/ fol = m/{gt(d/ U2 - b)), (38b)

The perturbation of airspeed (27b) is given by:

Q=V(2)/U,- 1= {u(z) +v(z)}/U, =
= (A/1 + p)){u(l = cos(2rz/0)) + p¥sin(2nz/E)}.  (38c)

The groundspeed and airspeed perturbations vanish both at the
start of the headwind u(0) = 0 = v(0) and at the end of the
tailwind u(€) = 0 = v(¢), and they coincide, but are non-zero, at
the change from head to tailwind u(£/2) = 0,v(€/2) = 2Au/(1 +
£?). The perturbation of the groundspeed has a maximum:

Umaz = v((£/27) arccot p) = AU(p + /1 + p2)/(1 + 4?), (39a)

whereas the perturbation of the airspeed has maxima and minima:

(u + v)mur,"ﬁﬂ = (u’ + v)z:l/z:i:(l/?) arctanpy =
= UoAQ2p + 4° £ 0)/(1 4+ 47, (39b)

both dependent on the aircraft parameter.

We plot in Figure 6 the groundspeed (top) and airspeed (bottom)
perturbation, normalized to the groundspeed, versus X = z/¢
distance z divided by windscale £. We give curves for five values
of the aircraft parameter y = 1,2,4,7,10 whose mining we discuss
next. This parameter is given by (38b), where for flight at constant
thrust fi = 0 = fp, (9b,c) reduce to the second terms; here,
for reference conditions Wecosy = L = %CLopSUZ , we have
2W/pS = CroUZ/ cosv, so:

= (wU%/glcosy)/{CLok — Cps/CLo} (40)

vanishes at the minimum drag speed, and changes of sign across
it. We consider as reference condition an approach to land at
U, = 30 — 60m/s, with the lower speed corresponding to a light
general aviation aircraft'and the higher value to a heavy jet airliner
or high-performance fighter; a glide slope v ~ 3° for convention,
or v ~ 6° for STOL, has little effect on the acceleratio of gravity
projected along the flight path § = gcos+y, which retains the va-
lue ¢ = 9.8 m/s. Thus for a wind lengthscale £ = 1000 — 2000m,
the factor in curved brackets in (40) is wU2/gf = 0.14 — 1.54.
For an aircraft in the landing configuration, the induced drag is
much larger than the boundary layer drag kC?, > Cpy, so that
the term in curly brackets reduces to kCpg; the lift coefficient is
about unity at landing Cro ~ 1 — 2, and the induced drag factor
is given 24=2% by k = (1 4 6)/mA where A is the aspect ratio and §
measures the deviation from elliptic loading or uniform downwash.
Taking § = 0.25, we have k = 0.40/A, and for an aspect ration
A = 2 — 8 ranging from a high-performance fighter to a subsonic
transport, it follows that Crok = 0.1 — 0.2. Thus the aircraft
parameter is lowest for a lightplane p ~ 0.14/0.2 ~ 1, interme-
diate for a heavy jet transport u ~ 1.54/0.2 ~ 7, and highest for
a fighter 4 ~ 1.54/0.1 ~ 15. We see from Figure 6 that as u in-
creases, the groundspeed perturbation is smaller, and the airspeed
perturbation becomes similar to the longitudinal wind; for small
i, the glide slope will be maintained, if the groundspeed increases
in the tailwind phase, so that the airspeed increases significantly
in the headwind phase, but does not fall much below the initial
value during the tailwind phase.

LIBRARY

§4 - COMPARISON WITH FLIGHT TEST RESULTS

The predictions of the non-linear theory of longitudinal stability
(§2), can be checked by performing flight tests. One can take as the
reference, for the theory, figure 3, showing how the groundspeed
U (normalized to the minimum drag speed) evolves with time, for
different values of the initial groundspeed U,. For the purpose of
flight testing, the region U, < U_ below the unstable steady dive
speed U_ is unsafe, due to rapid divergence towards the stall. The
region U, > Uy above the stable steady dive speed U4 is not very
interesting, since an aircraft would seldom be flying horizontally
at a speed higher than is sought at the end of the dive. Thus the
region of greater interest is that between the steady dive speeds
Uy > U, > U_, which is represented in Figure 9, in terms of
J = U/Unq groundspeed U normalized to minimum drag speed
Upa: several initial normalized velocities J, = Uy /U4 should be
tried an flight, for comparison with the curves in Figure 9. In
order for the comparison with flight test data to be significant,
we should check compliance with the main assumptions of the
theory, namely: (i) that the effects of the short period mode can
be neglected; (ii) that there is no coupling of longitudinal to lateral
motion; (iii) that the atmospheric wind do not cause significant
deviations from still air results.

In order to comply with these conditions, the pilot was instructed
to start the dive from steady, straight and level flight, and then
to keep as closely as possible a constant glide slope, using ILS for
glide slope indication, if it could be received in the altitude range
of the test; horizontal flight was recovered only after the dive speed
has stabilized, to make sure the steady dive speed was attained.
We can use the flight data records to check whether these objec-
tives were met, e.g. we show in Figure 7 the following data for
Flight 1: (top left) the altitude z plot shows that an approximately
constant glide slope was maintained, between entry into, and reco-
very from, the dive; (top right) the tas V, which apart from wind
effects, should coincide with groundspeed U, increased steadily,
but non-linearly, with time, between constant values before and
after; (bottom left) the maintenance of an approximate constant
glide slope at rapidly varying tas, implied significant excursions of
angle-of-attack «, obtained through pitch control; (bottom right)
this control activity is testified by the vertical acceleration, which,
as expected, was mostly negative during entry, and positive during
exit from the dive, with smaller variation in between.

The theory (§2) is non-linear but concerns only longitudinal mo-
tion, i.e. no lateral coupling. Thus the pilot was instructed to fly
on a constant glide slope, using pitch control alone, and was gi-
ven no other task, such as heading or localizer catch, which might
induce activity in the heading or roll axis. Since it is import-
ant to check this assumption (ii) of the theory, that the lateral
control activity is minimal, we reproduce, in Figure 8, additional
data records for Flight 1, showing that: (top left) the transverse
acceleration ay, in the range -0.03 g to +0.015¢ was small compa-
red with the normal acceleration, in the range —0.45¢g to +0.52¢;
(top left) the longitudinal acceleration ag, in the range —0.17g to
—0.01g, was not so small, but reflected groundspeed changes along
the flight path a; = dU/dz; (center left) the heading x changed
rather little, by 1° between 312.9° and 311.9%; (center right) the
roll angle ¢ remained small, i.e. between +1.5° and —0.5°, du-
ring most of the test run ¢t < 19s; (bottom left) the pitch angle
varied significantly, between +5.5° and —3.7°, demonstrating the
control activity required to maintain a constant glide slope; (bot-
tom right) this control activity was exercised through the elevator,
whose deflection angle { took values between —16.2° and —21.2°,
The only indication of significant lateral control activity, was the
roll angle exceeding ¢ > 1.5° for time t > 19s (center right of
figure 9); however, by this time the airspeed has already stabilized
(top right of figure 7), so that this does not change the conclusion
that assumption (ii) of the theory was met.

It is clear that it is possible to check automatically compliance
with the theory, as regards assumption (ii), by putting bounds on
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certain parameters (lateral acceleration ay, heading x change, roll
angle ¢), whileleaving others (longitudinal acceleration a. pitch
angle 6 and elevator deflection ¢ ) unrestricted. We proceed to
show that it is also possible to check automatically compliance
with assumption (i) of the theory, which concerns neglect of the
effects of the short period mode. The latter would appear as an
oscillation in pitch, and although there is some evidence of this
(at bottom left of Figure 8), it is not significant compared with
the overall pitch excursion. Another way to assess compliance
with assumption (i), is to note that it is associated with neglect
of the rotational inertia of the aircraft; the latter implies that the
angle-of-attack o (or pitch angle 6 ) required to keep a constant
gilde slope cannot be achieved instantaneously. The associated
excursions of the aircraft velocity vector, would cause deviations
from a constant glide slope; although glide slope deviations can
be seen (at top left of Figure 7), they are clearly small compared
with the altitude change. Thus compliance with assumption (i)
can also be checked automatically, by putting bounds on short
period oscillations of the pitch angle 8, or on deviations of the
glide slope from the mean.

The measurement of glide slope ¥ = dz/dz as a function of time
7(t), allows automation of another significant task: finding where,
in the recorded signal, is the time series with the phenomenon of
interest. This is usually done by the flight test engineer, using his
knowledge and experience to interpret the data. We have already
given one example, viz. the larger roll angle values ¢ > 1.5° (in
center right of Figure 8), are no concern to lateral-conditional
coupling, because they occur outside the time range of interest
t, = 5s € t € 198 = t; for our study of longitudinal stability. We
could determine this time range (?,,¢2), by measuring the glide
slope () as a function of time, and averaging it over the data
record 7. The start of the dive is then taken as the time ¢, a
fraction v, of the mean slope is first attained y(t > t,) > 1,7,
i.e. the aircraft is already accelerating in the dive condition; the
end of the dive corresponds to the glide slope be coming small
again y(t > t;) € 1179, L.e. acceleration is small and as close to
steady dive speed. The values chosen for v,,v; < 1, determine
the precise start and end of the test run; we can take “reasonable”
initial values, e.g. v, = 0.1 = 1 and subject them to adjustment
or learning process, as for the bounds used to check for compliance
with assumptions (i) and (ii) of the theory.

In order to be able to compare flight test data with the mathe-
matical model, it is necessary to use the same scaling, to for inde-
pendent (time or distance) and dependent (speed, altitude, ect.)
variables. In the case of Figure 3, the time ¢ is normalized to the
aerodynamic time scale 7 which is specified (20) by the accele-
ration of gravity, steady dive speeds Uy and parameter b of the
mathematical model (9b); the latter involves further data, such as
the form drag coefficient Cpy and thrust coefficient f; and wing
loading W/S . If not all this data is known accurately , then in-
stead of calculating 7 from (20), we may infer it from the flight test
records. The mathematical model in Figure 3 shows that the di-
mensionless time for stabilization when speed is close to the steady
value is t/7 = 8; thus we choose as time scale 7 = m(t, — ¢,)/8,
where ¢, is the time at the start and t; the time at the end of
the dive, and this is equivalent to using a dimentionaless time
(t = t,)/7 = 8(t - t,)/(t1 — to). The dependent variable is also
re-scaled linearly, i.e. we change from the groundspeed U in k¢, to
the dimensionless velocity J = U/U,4 normalized to the minimum
drag speed Upyg, viz.:

J = Jo+ (U - Ur); (41)

we need not know the aerodynamic and propulsion data which
goes into the minimum drag speed (12). It is sufficient to know
that the ratio J4. = U4 /Upq from the stable steady dive speed J4,
since this is only parameter in our non-linear longitudinal stability
model. The tas at the start U, = U(¢,) and end Uy = U(t1) of the
dive then specify the parameters:

Jo = J+UO/U1, n= (J+ - Jo)/(Ul - Uo), (42a.,b)
in the linear relation (41), with initial value (J,,U,) in (42a) and

slope n between (J,U,) and (J1,U1) = (J4, Uy ) given by (42b).

We can now calculate any number of experimental points from
the fight data records, e.g. every 2s, and mark them in Figure 9,
in comparison with the theoretical stability curves. Each est of
points, corresponds to one flight, starting at a different initial nor-
malized velocity Jo = U,/Uma. An exact fit of the measurement to
the theory would correspond to the successive test points, for the
same flight, all lying on the theoretical curve passing through the
initial point J,. Such an exact fit should not occur due to measu-
rement errors, and the theory is deemed to be stratified to, within

experimental accuracy h, if the deviation between the theoretical’

curve passing through J,, and the remaining flight data points,
never exceeds h. This can be checked by applying the bar shown
in Figure 9, to every flight data point, of the 6 flights conside-
red; alternatively as shown for Flight F5, two lines +h apart from
the theoretical curve can be drawn, and the flight data points
should lie between them. The accuracy of measurement of air-
speed depends on the location and calibration of the Pilot tube;
for the flight test aircraft used (see §5) the error does not exceed
hy = 4kt. It should be borne in mind that the Pilot tube measu-
res airspeed and for the theory we need groundspeed, and these
coincide only under the assumption (iii) of absence of wind. The
presence of a longitudinal wind (§3) of amplitude up,, = UA,
causes deviation between ground and airspeed which is given, at
most, by (39b) e.g. (2u + p® 4+ p?)/(1 + p?)? = 328/289 = 1.14
times the wind, for a light transport g ~ 4. Thus the strongest
wind found 8 kt would cause a 9kt error, which is larger than
the calibration hy = 4kt. It is therefore essential to subtract the
wind from the airspeed, to obtain the ground speed. The wind
speed can he obtained comparing airspeed with the inertial refe-
rence, introducing an additional error hy = lkt. Thus the total
error in groundspeed is b = hy + hy = 5kt or a maximum 5%.
We could instead take groundspeed directly from the inertial re-
ference, for an error hy = 1kt; however, the groundspeed in the
absence and presence of wind upm,, = 8kt; differ at most (39a) by
(B4 V14 p2)/(1+p2) = 0.5Umqr ~ 4kt ~ hg, leading to an error
hy + h3 = 5kt, much as before h = 5kt. The flight test data points
are all within 4kt of the theoretical curves.

§5 - THE BASIC AIRCRAFT FOR FLIGHT RESE-
ARCH (BAFR)

It may be worthwhile at this stage to mention some features of the
aircraft used for the preceding test flights. This is 495! CASA
212 Aviocar twin turboprop, fitted with an instrumentation sy-
stem described below (§5), which we designate BAFR (Basic Air-
craft for Flight Research), and is the flying component of LNEV
(National Flight Test Laboratory). Most Aeronautical research

or development programmes start with the letter “A” for advan-’

ced ; we start the designation of our research aircraft with “B”
for basic. Our more modest aspiration are justified by the fact
that the BAFR was developed using equipment offered by foreign
aeronautical research institutions, which also provided technical
training and supervision of programme. The design of the flight
test instrumentation system and its installation, involving 7000
man-hours of work, 1000 pages of documentation and 4 km of
cabling, were entirely performed in Portugal. Also the aircraft is
not dedicated fulltime to flight testing. and must be converted
in one day to the operational configuration, All these constraints
make the BAFR perhaps worth describing as a concept of affor-
dable flight test aircraft. The ultimate aim of a flight test facility
is to be able develop instrumentation packages tailored for diffe-
rent applications in various types of aircraft. For example, the
test facility has developed instrumentation packages for applica-
tion as diverse testing helicopter hover performance over a rough
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sea (typical bad weather search and rescue mission), or measu-
ring loads on a wing due to an external store (typical new store -
existing aircraft integration task). In order to gain this flexible ca-
pability, an appropriate first step would be to develop a relatively
‘comprehensive’ flight test instrumentation system in a dedicated

aircraft. By “comprehensive” we do not mean a larger number
of identical sensors, but rather a wide variety of sensors, say for
performance, aerodynamics, control, propulsion, structural, navi-
gation and systems data. Such a “comprehensive” system gives the
breath of experience in types of sensors, signals and equipment,
upon which dedicated of “at hoc” applications can be bsed. This
approach rejects the attitude of starting flight testing on small
packages, dependent on piecemeal aquisition of further equipment
or knowledge, in a chicken feed situation. It aims instead at the
smallest self-consistent “quantum jump”, by independent, flight
test capability is dependent, on the availability of wide range of
instrumentation, in the present case offered by NLR. The list of
parameters selected for measurement on BAFR (figure 10) inclu-
des a variety of sensors and signals, besides a few related to the
aircraft configuration and test conduct. The air data sensors for
pressure, temperature and angle-of-attack and side-slip should be
mounted on a long boom (described later) if they are to achieve
a greater accuracy than aircraft instruments. Linear and angular
accelerations are measured by a platform under the floor, near the
c.g., which gives results which are independent from, and can be
compared with, those of the Inertial Navigation System. Other
navigation data, is extracted from the Dopplelr radar, radio al-
timeter, ILS, etc..., with special provisitions to avoid corrupting
the original signal. The positions of all control and lift surfaces are
measured, as well as essential propulsion parameters; strain gauges
on the engine mountings are used to give in-flight measurement of
thrust. Although the number of sensors is not large by modern
standards, their variety is such as to represent most of what will
be needed, perhaps in larger quantities, in other applications.

The aircraft allocated to the BAFR is not dedicated fulltime to
flight testing; in fact the latter occupies only up to 30 flight hours
per year, and the aircraft is mostly operated in aerial photogra-
phy, earth resources, search and rescue, and other miscellaneous
duties. Thus the flight test instrumentation system must interfere
as little as possible with the operational missions, or else be quic-
kly removable; the conversion between operational and flight test
configuration should not take more than one day. The concepts of
“quickchange” and “non-interference” with operations tend to be
antagonistic: (i) leaving most equipment permanently in the air-
craft would provide for quick-change, but would interfere with ope-
rations; (ii) conversely, removing most equipment to avoid inter-
ference with operations, but would imply tedious re-installation.
The key to a compromise solution lies in leaving permanently in-
stalled in the aircraft all that does not interfere with the opera-
tional mission. Also avoiding that the list of removable includes
too many sensors requiring calibration after re-installation; what
needs to be removed should be packages as much as possible in a
quick-change configuration.

The preceding considerations suggest that most sensors should be
left permanently installed in the aircraft to avoid lenghty calibra-
tions after each removal or re-installation, provided they can by
fitted in such a way as not to interfere with aircraft operations.
Such an installation is possible for many sensors, e.g. gyros, rate
gyros and accelerometers can be put in unobtrusive locations, and
synchros measuring the position of control and high-lift surfaces
have to be carefully placed to ensure non-interference with linka-
ges, and breakability in case of jamming as well as accurate data.
Some sensors like the flight data boom interfere with aircraft ope-
rations, and have to be removable; the same applies to the drum in
the roof of the fuselage from with is unrealed the cable to the trai-
ling cone, deployed from its tail housing. The cabling and connec-
tors, which involve many man-hours on installation work, should
be left in place, and additionally require a minimum amount of re-
wring should new sensors be added. This is best done (Figure 11)
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by having “regional” connector panels for sensors in each section
of the aircraft (nose, tail, centre fuselage, right and left wing), and
a “central” connector panel near the data aquisition system. The
later system which, due to weight and volume, must be removable,
should be easy to connect and disconnect.

The Data Aquisition System is housed in a single rack, which
can be installed and removed using the load rails in the cabin.
It contains the “central” connector panel, to which are connec-
ted the “regional” connector panels, e.g. the “nose” connector
panel takes signals from the strain bridge mounted on the con-
trol column which measures pilot stick forces, and from the strain
gauges measuring rudder pedal forces. The signal from “regional”
connector panels e.g., the under-deck connector panel (UDCP) in
Figure 12 are collected at the main rack connector panel (MRCP),
and routed to the appropriate signal conditioning unit (SCU) or
synchro-to-digital conversion unit (SDCU) and digital conditio-
ning unit (DCU); the signals are pulse code modulated (PCM)
prior to on-board tape recording or telemetry transmission to the
ground. The main rack also includes the power distribution unit
(PDU). The choice of the CASA 212 Aviocar twin-turboprop air-
craft as the basic of BAFR was dictated by several considerations
including: (i) relatively low operating costs per flight hour, a de-
sirable feature for a basic test aircraft; (i) large cabin volume,
allowing easy installation and removal of the main rack, and work
around it; (iii} relative insensivity to external modifications, the
most significant of which is the removable air data boom.

The design of the air data boom (Figure 13) is a good example
of the compromise between measurement accuracy and structural
ridigity, and the constraints on location and removability. The
location above the fuselage was decided by exclusion of other pos-
sibilities: (i) on the nose, the boom support structure would inter-
fere with the weather or Doppler radar radiation pattern; (iii) on
the fuselage side, interference with the propeller slipstream would
be excessive; (iv) on the wing outboard of the propeller disc, misal-
lignement due to wing bending would be excessive. The air data
boom over the fuselage needs to be relatively long to avoid exces-
sive aerodynamic interference from the nose; a long boom would
have its resonances excited by atmospheric turbulence, needing an
inverted-V support on the fuselage nose.

This support has little effect on aircraft aerodynamics or crew
visibility . It is removed together with the boom, using three
attachment points, two on the sides of the nose and one on the
top -of the fuselage. The air boom has pressure and temperature
sensors and wind vanes for angle of attack and sideslip.

§6 - CONCLUSIONS

The analysis of stability of an aircraft must be based ¥4 on a
mathematic model (§2). Its verification by flight test (§4) requires
the measurement of two kinds of parameters: (i) those whose tem-
poral (or spatial) evolution is to be compared with prediction; (ii)
those which should remain within certain bounds, to ensure that
effects omitted in the theory are indeed negligible. Both process
can be readily automated, and, of course, the highest achievable
accuracy is important for (i); this depends on the quality of the
instrumentation (§5) and the way tests are conducted. The oc-
curence of atmospheric disturbances during the tests, may effect
the accuracy, unless these effects are corrected for, which requires
further modification of the theory. This may also be automated,
leaving one more task: the identification of where the event of in-
terest lies, in the recorded time series. We have given a particular,
glide slope criterion, for the specific case of longitudinal stability
in a dive. In general, for other kinds of flight testes, the automated
location of an “atmospheric event”, or an “aircraft manouever”, in
a data record, can be made by using a disturbance intensity indi-

cator. This is the topic to which we turn our attention elsewhere
5254
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Figure 1 - Aircraft flying on a constant glide slope v, with weight
W vertically downwards, lift L perpendicular to flight path, drag
D opposite to motion and thrust T at an angle € to it. The airspeed
V coincides with groundspeed U, only in the absence of horizontal
u and vertical w wind.
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Figure 2 - Plot of forces F versus airspeed V. The dimensionless
forces are the ratios to weight W, of drag D, thrust T and thrust
plus weight projected along flight path T'. In the absence of wind
the airspeed V coincides with groundspeed U, and we indicate the
minimum drag speed Uy corresponding to the minimum thrust
Tmin for steady dive. Below T < Tin steady dive is not possible,
and above T > Tin, there are two steady dive speeds Us; the
lower U_ is unstable, in the sense that acceleration is away from
it, and the upper U, is stable, in the sense that the acceleration
is towards it.
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Figure 3 - Groundspeed U normalized J = U/U,,4 to minimum
drag speed Up,4, plotted versus time ¢ normalized to aerodynamic
time scale 7, for 15 values of initial groundspeed at time t =
0. The stability curves are given for an aircraft with Jy = 1.2
stable dive speed 20% above minimum drag speed Uy = 1.20Ung;
since the non-linear longitudinal stability model has only one free
parameter, the unstable steady dive speed is riot independent, viz.
J:+J2 = 2implies J_ = 0.75.
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w<0

O

u<Qo u>0

Figure 4 - The simplest model of a windshear is a toroidal vortex,
causing a downflow w < 0 through its core, which becomes a radial
outward wind near the ground; a section through the axis of the
torus, shows two opposite vortices, a downflow w < 0 between,
and a headwind u > 0 or tailwind 4 < 0 below, with changeover
at mid point.
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Figure 5 - The longitudinal wind model due to a windshear is
a plot of wind normalized to groundspeed versus distance nor-
malized to lengthscale. The simplest model is a sinusoid, with
peak headwind equal to peak tailwind, equally spaced from start
of headwind, change from head-to-tailwind, and end of tailwind.
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Figure 6 - The perturbation of groundspeed P and airspeed @,
normalized to mean state groundspeed, are plotted versus X = z/¢

distance z divided by windscale ¢, for five values of the aircraft
parameter u ranging from a lightplane p ~ 1, through a heavy jet

transport p ~ 6, to a high-performance fighter u ~ 10.
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Figure 7 - The comparison of the non-linear theory of longitudinal
stability with flight test data is based mainly on plots, versus
time, of altitude z (top left) and airspeed V (top right), with
the angle-of-attack a (bottom left) and vertical acceleration a,
(bottom right) testifying to the control activity needed to maintain
a constant glide slope.
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Figure 9 - If there would be no measurement errors, and the non-
linear longitudinal stability theory were exactly satisfied, the data
points (for each Flight F1 to F6) would lie on one stability curve.
The error bar due to measurement errors (5 kt maximum) is larger
than the maximum deviation (4 kt) of data points, as shown for
Flight F5.
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Category Ref | Pacameter Code Range
General 01 test signal TS
Og time base 1 81
0 time base 2 TB2
04 | run counter RC 1/99
Air Data 05 | diferential pressure PD 0/10 kPa
89 st?_tlc pressure gé 30/ %OS kPa
calibration pressure 0/15 mb
08 ! total alr temperature TAT -50/+50 °C
Configuration 09 | ground/flight switch GFS on/off
10 | wing flap position DF 0/45 deg
Control 11 | elevator deflection DE -30/+20 deg
12 | LT aileron deflection DA1 -’38/+%0 deq
13 | RH aileron deflection DA2 -20/+20 deg
14 | rudder deflection CR -25/+25 de?“
1S | elevator force FE -450/+450
16 | aileron force FA =300/+300 N
17 | rudder strain A FR1
18 | rudder strain B FR2
19 | rate of pitch RP =20/+20 deg/s
20 | rate of roll RR -60/+60 deq/s
21 ) rate of yaw ) RY -20/+20 deq/s
22 | acceleratlon (X-dir) AX -1/+1 q
23 | acceleration (Y-dir) AY -1/+1
24 | acceleration (Z-dir) AZ -25/+25¢
%S angje of attack AA -3 /+§ deq
6 | angle of side-slip AS =35/+35 deg
27 | angle of pitch AP -90/+90 deg
28 | angle of roll AR -90/+90 deg
29 | INS valid signal INST on/off
Propulsion 30 | engine speed N1 /4173Q rpm
’ gl engine speed N2 8/417%8 rom
32 | fuel flow L FF1 0/1030 1b/h
;8 {ueL_ﬂow R \ ' ;F?r 051250 1b/h
urbine gas temperature *
35 | lurbine 8as temperature T8T§ 8/838 E
36 torque pressure L TP1 0/65 psi
37 | torque pressure R TP2 0/65 psi
Auto-Flight 3 autopilot engaged- AE on/off
39 | fight director made FDM 1/9
Navigation 40 | true headin HDG 0/360 deg
41 | HDG valid signal HOGf on/off
42 | radio altitude RA 0/2500 ft
43 FA valid signal RAf on/off
44 | localizer déviation LLD -90/+90 deg
45 | LLD valld signal LLDf on/off
46 gllde slope deviation 6SD -80/+80 deg
3 | s Ll ey
rift angle - + e
49 SF'F vahgd signal FTf on/off 9
Thrust SO | A mount strain (L engine) FAL
S1 | B mount strain (L engine) FB1
S2 | € mount strain (L engine) FC1
3 | O mount strajn (L eng‘meg FQI
4 | E mount strain (L engine £l
S5 | F mount strain (L engine) FFI
56 | G mount strain (L engine) FG1
57 | H mount strain }hengi_ne) FH1
98 | A mount strain (R engine) FA2
S9 | B mount strain (R engine) FB2
60 | C mount strain (R engine) FC2
61 | D mount straln (R engine) FD2
6 mount strain ER eno'neg FEQ
6 mount strain (R engine FF2
64 | G mount strain (R engine) F62
65 | H mount strain (R engine) FH2

Figure 10 - The list of parameters measured in the BAFR is not
very numerous, but includes a relatively wide variety of sensors
and signals.
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Figure 11 - The signals from sensors located in each part of the
aircraft (nose, tail, fuselage underfloor, right and left wing) are
collected in panels connected to a central one in the main rack.
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Figure 12 - The main rack is removable, and includes the central
connector panel, and the data aquisition system, including the
power distribution unit.
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notes:

1 - pitot tube and static port

2 - two section cilindrical vane
3 - cilindrical body

4 - upper emergency exit

S - temperature sensor

6 - connector panel

7 - main support

8 - supports

Figure 13 - Another removable item is the air data boom above
the fuselage, with inverted - V support on the nose, containing
pressure and temperature sensors and vanes for angle-of attack
and sideslip.
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Figure 14 - Sample of data recorded for Flight F'2, containing
data corresponding to the combination of Figures 7 and 8 for Flight

FL.
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Discussion

SESSION I - QUESTIONS & ANSWERS (PAPERS 1, 2, 6)

PAPER 1: P. HEURRE

Question:

You said that:

- If a flow is convective unstable, we use real Q,
complex k.

- Reverse for absolutely unstable.

What about a convectively unstable flow with absolutely
unstable pockets?

Answer:

Then we have to use a and k complex. This is at the root
of the global mode idea which is detailed in Chance,
Heurre & Redekopp (1990), Studies in__Applied
Mathematics

PAPER 2: J STARK

Question:

Most of your results, e.g., the existence of the
reconstruction Function G, apply to a ’typical’ system.
What is a 'typical’ system? How do you define it? How do
you know that a system is "typical’?

Answer:

A ’typical system’ in this context is one which satisfies the
Takens Embedding Theorem. Unfortunately there is no
known set of sufficient conditions which will ensure that a
particular system falls in this class. In practical applications
one thus has to proceed heuristically, trying the techniques
described in the paper and evaluating how well they
perform.

It is important, however, to stress that systems which are
not 'typical’ are very rare. In particular (see Reference G3
of the paper) if one picks a system at random the
probability that it fails to satisfy the Takens Theorem is
zero. Furthermore, arbitrary small perturbations of any
system will satisfy the Theorem.

One would thus be very surprised if a given system failed
to be ’typical’. When this occurs it is usually due to special
features of the system such as symmetries or degeneracies.
In such cases one may often be able to take account of
such features and still obtain useful algorithms.

PAPER 6: LMBC CAMPOS

Question:

What exactly did you assume the pilot has control over?
(groundspeet 3, pitch)

Answer:

The pilot had control over pitch, and used it to keep on a
constant glide slope. Velocity (TAS or groundspeed) was
a consequence of this.

Question:

You assumed that you started from a horizontal flight to a
dive. You are in a transient stage when you enter the
microburst, do you assume that the speed is steady or that
it is still varying?

Answer:

There are two cases:

- if the length scale of aircraft stability is comparable to
the microburst, we perform one kind of integration,
taking this into account;

- the integration is simplified if the aircraft states
changes on much longer scales than the microbursts.

Question:

When you enter a microburst, you distinguished the vertical
and horizontal component. I could not evaluate which
component gives maximum effect (it probably varies during
the crossing of the microburst). Is it acceptable to compute
separately the effect of the horizontal and the vertical
components?

Answer:

The two effects can be separated, because the equations can
be linearized with regard to the wind (if windspeed < 1/3
aircraft speed, then square of windspeed is negligible
compared to square of aircraft speed). One can distinguish
the effects of head-/tailwind from downflow. One can find
an ’'equivalence’: the downflow which produces the same
effect as a tailwind.
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STABILITY OF VISCOELASTIC FLOW
PHYSICAL AND NUMERICAL CONSIDERATIONS

by

M.J. Crochet and Ch. Bodart
Mécanique Appliquée
Université Catholique de Louvain
Place du Levant 2
B1348 Louvain la Neuve
Belgium

Summary © Motivation
© Discoelastic flow

© Numerical difficulties:
the high Weissenberg number problem

© Efficient algorithms for smooth problems

© Efficient algorithms for singular problems
© Experimental evidence of instability

© Numerical procedure for verifying stability
© Numerical results

© Conclusions and outstanding problems

The notion of Weissenberg or Deborah number
Natural time of the fluid : A

Characteristic time of the flow : 71 =v1,1= L/l

We or De = A/T, Re=plUL/n
)
Viscoelastic Change of
flow type
Stokes flow Laminar NS Turbulent flow

Re

Y
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Viscoelastic effects

Rod climbing, extrudate swelling, drag reduction, generation of
vortices, spurt, sharkskin and melt fracture, draw resonance...

Constitutive equations for viscoelastic fluids

6eneral functional form: c=-pl+T;, T=T{ Ci(t-s);s>0)}

a
Differential form: T=ZTi; qiTi+ ATi=2nd
Integral form: T= J m(s) h(11, 12) Ct(t-s) ds
0
In addition: incompressibility, V.w =0

linear momentum, -Vp + VT + f = pa.
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Example : plane flow of a Maxwell fluid with one relaxation time
set ; implicit, non-linear partial differential equations

Txx + MTxx,t + Txx,xu + Txx,yv - 2Txxu,x - 2Txyu,y) = 2nux
Tyy + MTyy,t + Tyy,xu + Tyy,yv - 2Txyv,x - 2Tyyv,y) = 2nv,y
Txy + MTxy,t + Txy,yu + Txy,yv - Txxv.x - Tyyu,y) = n(u,y + v,x)
-px + Txxx + Tyx,y + fx = plu,t + u,xu + u,yv)

-py + Txy,x + Tyy,y + fy = p(v,t + v.xu + v,yv)

ux+vy=0

The high Welssenberg number problem

Early developments: late 70's with finite differences
finite elements
Typical problems: =flow of a Maxrwell fluid
through a four to one contraction
=eHxtrudate swelling of a Maxwell fluid

Difficulties: © lack of convergence beyond We = 1
© lack of convergence with mesh refinements
© limit points

Proposed reasons: © true limit points, wrong fluid, numerical noise
True reason: © numerical errors generate ill-posed problems
Cure: © appropriats mixed f.e. representation (T, v, p)

or other methods
© correct treatment of hyperbolic problem
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Efficlent algorithms for viscoelastic flow calculations

Mixed finite elements 444 sub-el, streamline upwind (SU)
484 sub-el, streamline upwind
Petrov-Galerkin (SUPG)
EUSS SU
EUSS SUPG
EEME (explicitely elliptic momentum equations)
Spectral )

Efficiency: © smooth problems
@ problems with singularities

Note on SU: ®& extremely stable at high We
O at best of order h !

Smooth test problems

Wavy tube Sphere in tube Journal bearing

fRe = 2n 6P R4/LnQ K = D/6anVR

,v-Vc.
®r_|
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v=Ve:

byt

2R

v
I &

Ve:
0

?V=Ve.

Geometry of the problem and boundary conditions.

|
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Central portion of finiwe element meshes used for solving the sphere problem.
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6

5.8
5.6

5.4

5.2

K 5
4.8

4.6

4.4

4.2

4

0 012 014 0:6 018 1 12 14 16 18
We

Drag correction factor for the flow around a sphere in a tube; plain lines correspond
to SU4x4 with the meshes of Fig.2; the dotted line to Mesh III with SUPG4x4; the symbols
to the Richardson extrapolation.

Extra-stress component Ty. in the equatorial plane (a) and along the axis of
symmetry (b) obtained with the SU4x4 method for meshes I1 and [11; the symbols indicase
SUPG4x4 results with Mesh II1.
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Problems with singularities
Examples: # abrupt contractions, corners

#* stick-slip flows
#* extrudate swelling

Essential difficulty:

#* the nature of the singularity is not known
* stresses might be non-integrable

Present approaches:

* modify the fluid near the singularity
#* modify the constitutive equations (MUCM)
% use a "robust” numerical method

(which may also locally modify the fluid)

Example of problem with singularity:

Boger fluid through a four-to-one contraction

Vortex size: X = Ly / Dy, Weissenberg number: We = A yw

Fully Developed Secondory Flow
Upsireom Flnu) Vonn)

Tube Entronce
ot 2+ 0

Fully Developed
Dowmiitom Flo:J

B | v =

=

Vorlen T L
Boundory e ) =y =
g
(L
t*0
Vortes Detochmen? .,.-'L
P
one g L‘
(4] 1 2

Geometry of the flow through an abrupt circular contraction
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X v T Y ;——1
«d
L1.6 Contraction Ratio i
® 7.67 L] "
s 4.08 o.:
¥ 2.3 L 2
1.2 € 4.6 e ™m <
™ v
.
° M
@ vt
°a 7.
v
L 0_8 ,ed o ] -
.A v
':v ' "
° :" o’ .
L 0.4 . P YT
° * 7
1.12 1.44 1.76 2.08 We

Dimensionless vortex length X as a function of We for fluid E1.

White-Metzner fluid for

Other

approach:
the numerical

simulation
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The Oldroyd-B and the White-Metzner fluid
show a "saturation" of the viscoelastic effects at high values of We:

the vortex stops growing

(note: independent of corner and numerical method)

We = 425§

2.15

Outstanding question

We obtain steady state solutions. Are we on stable branches ?

Experimental evidence:

© measured and calculated drag
for Boger fluid (extensional viscosity ?)

© melt fracture (experiments by Piau)
© periodic flow through 4:1 contraction

© LDV observations by Lawler et al.
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Journal of Non-Newtonian Fluid Mechanics, 20 (1986) 51-92
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands

LASER DOPPLER VELOCIMETRY MEASUREMENTS OF VELOCITY
FIELDS AND TRANSITIONS IN VISCOELASTIC FLUIDS

J.V. LAWLER, S.J. MULLER, R.A. BROWN and R.C. ARMSTRONG

Department of Chemical Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139 (U.S.A.)

(Received October 9, 1985)

Observations by Lawler, Muller, Brown and Armstrong

Time dependence of azimuthal velocity at one point near contraction

De = 0.51 De = 0.85 . De =1.17
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Numerical procedure
© Fully coupled problem: constitutive equations
momentum equations
incompressibility

@ Fully implicit time marching scheme

© Automatic calculation of time step
based on predictor-corrector estimate

© Swirling flow included in axisymmetric description

© Test of accuracy: time-dependent Poiseuille flow of Maxwell fluid,
comparison with analytical results

Time-dependent Polseuille flow at De = 1

Geometry Axial velocity Time step vs. time

S TR AT - €1 - PR D - BT/ - A48 - W, W T W - G - PO A - T - .G - R, W

| Axis of symmetry e T
1/ I " .
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Plane flow through a four to one contraction

Steady state ;
’//////////////;
ks 2
T and v imposed 4
Quiflow
v imposed
Axis of symmetry

/STICK
CONTRACTION

he

SnlBC: 515
Vanishing [« [@ Natural BC
Sircas Vanishing forces
Non vanishing pressure -
(=]
=]
y 3
Natural BC G E
5 B2
Vanishing [ [# 8 | Natural BC
Natural forces
Non vanishing pressure
z
[®]
E
NaraLBC 8
Natural force l Natural BC
Non vanishing pressure Natural forces
Pressure
difference 4§ Pressure impulse of 10 %
L s :
Time

Plane flow through a four to one contraction
Galerkin method, De = 2

Mesh Axial velocity Time step
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flow through a four to one contraction

Galerkin method, De = 3

Axial velocity

Time step
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Plane flow through a four to one contraction

Streamline-upwind method, De = 3

Axial velocity

Time step
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© Previous results based on Galerkin method

© Not optimal for solving hyperbolic problems

© Are we calculating numerical errors ?

o Simple test: the tensorTa =T + A/n | must be positive definite

© Results at De = 4 : lack of positive-definiteness

\S Y]

.li

il
TE
]
i

Summary of numerical resuits

Numerical tests for the flow through an abrupt contraction
Deborah number 10 20 30 40 50
Galerkin | MESH I Stab Stab Stab LY
— TA_.(O Tu'(o Tap<0 sail
Galerkin | MESH I | Stab Stab + Unst | Unst laggs!
Tap>0 Tap<0|Tan<0 HIH
Galerkin | MESH I Stab | Unst i
TM <0 Tu <0
MESH I Stab
_ Tap>0
MESHII | Stab Stab Stab Stab Stab
Tap > 0 Tap>0 ]
MESH 111 Stab Stab - =
e B [z ppE
ey N~ 11121}

For a smooth contraction: all numerical results are stable
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Axisymmetric contraction with swirling capabliity

Loss of stability at De = 7. No swirling component.

Mesh Axial velocity Time step
AR W F) PR - BDEW - FADR. | - AT - AW - B, ¥ TR W 73 PV - I - TaOS. ) < IO - TG - wa. W
e
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i ~»
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\\ = q L]
M -
“‘\‘\: | q . /\/\ "
O N -
WY \J ™ .
LA X -
mmuaiiy .
Y -A N ®
. ,
[ ] L
[ ] [ ] -» " - -.- [ ] 1 3 L] - -» -.-
W w
Conclusions

© The numerical simulation of viscoelastic flow is well understood

© Converged results are available with various techniques for smooth
problems

© Problems with singularities are much more difficult: the nature of
the singularity is unknown ( non-integrable forces ?)

© Stability problems are essential. However, are we observing a
numerical instability due to numerical error or to physical causes ?

© Same is true for the calculation of eigenvalues

© Outstanding problems for future years
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DYNAMICS AND CONTROL OF COHERENT STRUCTURES IN THE
TURBULENT WALL LAYER - AN OVERVIEW*

Gal Berkooz, Philip Holmes, John Lumley
Cornell University
Ithaca, NY 14853, USA

ABSTRACT

We expand the velocity field in the vicinity of the wall in empirical
eigenfunctions obtained from experiment. Truncating our system, and
using Galerkin projection, we obtain a closed set of non-linear ordinary
differential equations with ten degrees of freedom. We find a rich
dynamical behavior, including in particular a heteroclinic attracting
orbit giving rise to intermittency. The intermittent jump from one
attracting point to the other resembles in many respects the bursts
observed in experiments. Specifically, the time between jumps, and the
duration of the jumps, is approximately that observed in a burst; the
jump begins with the formation of a narrowed and intensified updraft,
like the ejection phase of a burst, and is followed by a gentle, diffuse
downdraft, like the sweep phase of a burst. The magnitude of the
Reynolds stress spike produced during a burst is limited by our
truncation, The behavior is quite robust, much of it being due to the
symmeries present (Aubry's group has examined dimensions up to 128
with persistence of the global behavior). We have examined
eigenvalues and coefficients obtained from experiment, and from exact
simulation, which differ in magnitude. Similar behavior is obtained in
both cases; in the latter case, the heteroclinic orbits connect limit cycles
instead of fixed points, corresponding to cross-stream waving of the
streamwise rolls. The bifurcation diagram remains structurally similar,
but somewhat distorted. The role of the pressure term is made clear - it
triggers the intermittent jumps, which otherwise would occur at longer
and longer intervals, as the system trajectory is attracted closer and
closer to the heteroclinic cycle. The pressure term results in the jumps
occurring at essentially random times, and the magnitude of the signal
determines the average timing. Stretching of the wall region shows
that the model is consistent with observations of polymer drag
reduction. Change of the third order coefficients, corresponding to
acceleration or deceleration of the mean flow, changes the heteroclinic
cycles from attracting to repelling, increasing or decreasing the
stability, in agreement with observations. The existence of fixed points
is an artifact introduced by the projection; however, a decoupled model
still displays the rich dynamics. Numerous assumptions made in
Aubry et al. (1988) can now be proved exactly. Feeding back
eigenfunctions with the proper phase can delay the bursting, (the
heteroclinic jump to the other fixed point), decreasing the drag. It is
also possible to speed up the bursting, increasing mixing to control
separation. Our approach is optimal for short time tracking in control.

THE PROPER ORTHOGONAL DECOMPOSITION

Lumley (1967) proposed a method of identification of coherent
structures in a random turbulent flow. This uses what Logve (1955)
called the Proper Orthogonal Decomposition, and which is often called
the Karhunen-Lo2ve expansion. An advantage of the method is its
objectivity and lack of bias. Given a realization of an inhomogencous,
energy integrable velocity field, it consists of projecting the random
field on a candidate structure, and selecting the structure which
maximizes the projection in quadratic mean. The calculus of variations
reduces this problem to a Fredholm integral equation of the first kind
whose symmetric kernel is the autocorrelation matrix. The properties
of this integral equation are given by Hilbert Schmidt theory. There is
a denumerable set of eigenfunctions (structures). The eigenfunctions
form a complete orthogonal set, which means that the random field can
be reconstructed. The coefficients are uncorrelated and their mean square

* Prepared for presentation at NATO/AGARD Workshop on Stability
in Aerospace Systems: Toulouse, France 23-26 June 1992. Supported
in part by: the U. S. Air Force Office of Scientific Research, The U. S.
Office of Naval Research (Mechanics Branch and Physical
Oceanography Program), The U. S. National Science Foundation
(programs in Applied Mathematics, Fluid Mechanics, Meteorology and
Mechanics, Structures & Materials) and the NASA Langley Research
Center.

values are the eigenvalues themselves. The Kemnel can be expanded in a
uniformly and absolutely convergent series of the eigenfunctions and
the turbulent kinetic energy is the sum of the eigenvalues.

The most significant point of the decomposition is perhaps the
fact that the convergence of the representation is optimally fast since
the coefficients of the expansion have been maximized in a mean square
sense. Berkooz et al. (1990) have shown that the n terms of this
decomposition contain at least as much energy as n terms of any other
decomposition.

licati { the P ont 1D - he st
Flow of the Wall Region

The flow of interest here is three dimensional, approximately
homogeneous in the streamwise direction (x;) and spanwise direction
(x3), approximately stationary in time (t), inhomogeneous and of
integrable energy in the normal direction (x). In the homogeneous
directions the spectrum of the eigenvalues becomes continuous, and the
cigenfunctions become Fourier modes, so that the proper orthogonal
decomposition reduces to the harmonic orthogonal decomposition in
those directions. See Lumley (1967, 1970, 1981) for more details.

We want a three dimensional decomposition which can be
substituted in the Navier-Stokes equations in order to recover the phase
information carried by the coefficients. We measure the two velocities
at the same time and determine <uj(x},X,x3 £) u(x'1x'2,X'3,0> = Rjj.
From R;j we will determine the eigenfunctions. Since the flow is
quasistationary, Rij does not depend on time, nor do the eigenvalues and
eigenfunctions. The information in time is carried by the coefficients
a(™ which are still "stochastic”, but now evolve under the constraint of
the equations of motion. We also change the Fourier integral into a
Fourier series, assuming that the flow is periodic in the x| and x5
directions. The periods L, L5 are determined by the first non-zero
wave numbers chosen. Finally, each component of the velocity field
can be expanded as the triple sum

M) uj(x3,x2,X3,t) =

1 2mi(k;x) + k3x3)_(n) m
e ay . O
oLy i k1ks "M e k)
where

@ J®ijxz, x9(Mx'2)dx'2 = MM (M(xy),

and we have to solve equation (2) for each pair of wave numbers
(k1.k3). @jj now denotes the Fourier transform of R;j in the xy, x3
directions.

EXPERIMENTAL RESULTS

The candidate flow we are investigating is the wall region (which
reaches x,* =40; x2* is the distance from the wall normalized by
kinematic viscosity and friction velocity) of a pipe flow with almost
pure glycerine (98%) as the working fluid Herzog (1986). From this
data the autocorrelation tensor Rjj was obtained and the spatial
eigenfunctions were extracted by numerical solution of the eigenvalue
problem. The results show that approximately 60% of the total kinetic
cnergy is contained in the first eigenmode (figure 1) and that the first

three eigenmodes capture essentially the entire flow field as far as these
statistics are concemed.

THE DYNAMICAL EQUATIONS

We decompose the velocity—or the pressure—into the mean
(defined using a spatial average) and fluctuation in the usual way. We
substitute this decomposition into the Navier-Stokes equations. Taking
the spatial average of these equations we obtain, in the quasi stationary
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case, an approximate relation between the divergence of the Reynolds
stress and the mean pressure and velocity.

()  <ujgujp> =- 1p Pj+vU,dip.

(where uj j indicates the derivative with respect to xj of uj, and
similarly for the other terms; repeated indices are summed). Equation
(4) may be solved to give the mean velocity in terms of the Reynolds
stress in a parallel flow. This reduces the slope of the mean velocity
as the structures become stronger, stabilizing the system. (This
depends on the sign of the Reynolds stress, which is certainly positive
for the first structure, though not necessarily for the higher modes).

After taking the Fourier transform of the Navier Stokes equations
and introducing the truncated expansion, we apply Galerkin projection
by multiplying the equations by each successive eigenfunction in turn,
and integrating over the domain.

8°10
5l i
1)
[x]
o
W 3 1
=
e
=
2t J
1} 4
%
oL® T
.000 0.004 0.008 0.012 0.016

Spanwise wave - number k,

Figure 1. Convergence of the proper orthogonal decomposition in the
near-wall region (xo% = 40) of a pipe flow according to experimental
data. Turbulent kinetic energy in the first three eigenmodes. A (n=
1, 2, 3) function of the spanwise wavenumber (from Herzog, 1986).

By use of the continuity equation and the boundary conditions
(vanishing of the normal component at the wall, and at infinity) it can
be seen by integration by parts that the pressure term would disappear if
the domain of integration covered the entire flow volume. Since this

is not the case (rather the domain is limited to X»_,*‘ = 40, where Xz*‘
indicates the value of x4 at the upper edge of the integration domain),

there remains the value of the pressure term at X3, which represents an
external perturbation coming from the outer flow.

ENERGY TRANSFER MODEL.

The exact form of the equations obtained from the decomposition,
truncated at some cut-off point (k¢ k3¢ ng), does not account for the
energy transfer between the resolved (included) modes and the unresolved
smaller scales. The influence of the missing scales will be
parameterized by a simple generalization of the Heisenberg spectral
model in homogeneous turbulence, Such a model is fairly crude, but
we feel that its details will have little influence on the behavior of the
energy-containing scales, just as the details of a sub-grid scale model
have relatively little influence on the behavior of the resolved scales in
a large eddy simulation. This is a sort of St. Venant's principle,
admittedly unproved here, but amply demonstrated experimentally by
the universal nature of the energy containing scales in turbulence in
diverse media having different fine structures and dissipation
mechanisms (see Lumley (1972) for a fuller discussion). The only
important parameter is the amount of energy absorbed.

We will refer to o) as a Heisenberg parameter. We will adjust a
upward and downward to simulate greater and smaller energy loss to the
unresolved modes, corresponding to the presence of a greater or smaller
intensity of smaller scale turbulence in the neighborhood of the wall.
This might correspond, for example, to the environment just before or
just after a bursting event, which produces a large burst of small scale
turbulence, which is then diffused to the outer part of the layer.

A term representing the energy fluctuation in the unresolved field
due to the resolved field appears in the equation for the resolved field,
and can bc combined with the pressure term. We assume that the
-deviation (on the resolved scale) in the kinetic energy of the unresolved
scales is proportional to the rate of loss of energy by the resolved scales
to the unresolved scales. This term gives some quadratic feed-back.
For generality we call this parameter o , although in all work
presented in this paper, we have set oy =02 .

Thus the Heisenberg model introduces two parameters in the
system of equations, one, .y, in the linear term, the other one, &y, in

the quadratic term. ‘The equations therefore have the following form:

JABRARY

@ da,(c“l)k3 Jdt=L+(v+ovpL' + Q+0yQ + C

where L and L' represent the linear terms, Q the direct quadratic terms,
Q' the quadratic pseudo-pressure term and C the cubic terms arising
from the Reynolds stress.

IMPLICATIONS FOR THE FLOW IN THE WALL
REGION

Numerical integrations of 3, 4, 5 and 6 mode models have been
carried out, but we shall only report in detail on the 6 mode (5 active
mode) simulations here. Note that the (0, 0) mode is uncoupled and
inactive.

There is a rich dynamical behavior, but we focus here on the
behavior for 1.37 < o < 1.61, when a family of globally attracting
double homoclinic cycles G exists, connecting pairs of saddle points
which are m out of phase with respect to their second (x2,y2)
components. The system spirals away from one saddle (the laminar
phase) until it is far enough to leap to the other, and then repeats the
process, to return to the first. The existence of the cycles G implies
that, after a relatively brief and possibly chaotic transient, almost all
solutions enter a tubular neighborhood of G and thereafter follow it
more and more closely. As they approach G, the duration of the
“laminar” phase of behavior increases while the bursts remain short.
In an ideal, unperturbed system, the laminar duration would grow
without bound, but small numerical perturbations, such as truncation
errors, prevent this occurring in our numerical simulations. More
significantly, the pressure perturbation will limit the growth of the
laminar periods. Thus there is an effective' maximum duration of
events, which is reduced as a is decreased from the critical value oy, ~
1.61.

In Figure 2 we show the time histories of the modal coefficients
for o = 1.45. A description of the motion of the eddies during a burst
is given in Figure 3 for o = 1.4 by plotting uz and u3 at 14 different
times during one of the transitions shown in figure 2. Before and after
the event, two pairs of streamwise vortices are present in the periodic
box. However, pictures 1 and 14 are shifted in the spanwise direction
by ®. Moreover it is possible to adjust the value of the Heisenburg
parameter (o ~ 1.5) so that the bursting period is 100 wall units as
experimentally observed (Kline ef al., 1967). 1t is found that, in this
case, the "burst” lasts 10 wall units which is also the right order of
magnitude. During one of these events there is a sudden increase in
Reynolds stress, though smaller than observed. An event consists of a
sudden intensification and sharpening of the updraft between eddies (5, 6
& 7, fig.3), followed by a drawing apart of the eddies, and the
establishment of a gentle downdraft between them (9, 10 & 11, fig, 3):
these are similar respectively to the ejection and sweep events that are
observed.

PHYSICAL INTERPRETATION

Keith Moffatt points out that non-trivial solutions to the Navier
Stokes equations, having no streamwise variation and driven by a
streamwise (mean) velocity dependent only upon distance from the wall,
should ultimately decay. This is easily seen from a simplified model
with a single cross-stream Fourier mode for each velocity component
and a fixed lincar mean velocity profile. The streamwise velocity
component (u1) is fed from the mean velocity gradient by the
component normal to the wall (u2). However, neither up nor u3 has a
source of energy. Both uj and u3 decay exponentially from their initial
values, with uj at first rising, but ultimately decaying exponentially
also. The ratio of the Reynolds stress to the energy at first rises, but
ultimately decays to zero algebraically.

In our ten-dimensional model, however, the ratio of Reynolds
stress to encrgy does not decay, but is bounded away from zero, as is
easily proved (Berkooz et al., 1990), providing the encrgy source which
makes the non-trivial fixed points and heteroclinic cycles possible.
Berkooz has also shown (op cit) that, since the contributions of some
of the higher modes to the Reynolds stress are of opposite sign to that
of the first mode, the Reynolds stress for higher-order approximations
will not be bounded away from zero. Thus we expect an "accurate”
model lacking streamwise variations, but including many spanwise
modes and several eigenfunctions, to exhibit the appropriate decay
properties, the trivial solution u = 0 being a stable fixed point.

The proximal cause for the non-zero Reynolds stress/energy ratio
when only the first eigenfunction is included, therefore, is the fact that
the vector eigenfunctions have scalar coefficients. Hence, the uj and up
components in each mode are held in a non-evolving ratio. The eddies
which occur in the real boundary layer, of course, have streamwise
variation, and temporal variation. They each go through a life cycle,
growing to a maximum and decaying. Only in a statistical sense is the
ensemble stationary, The stationary behavior of the model reflects the
stationary behavior of the ensemble, rather than the non-stationary
behavior of the members. The Reynolds stress of the model (relative to
the energy) is endowed by the empirical eigenfunctions with the value




[ECHNICAL LIBRARY

measured in the real boundary layer. In this way the cross-stream
velocity components can extract energy from the mean flow. Hence,
the empirical eigenfunctions are, in a sense, a closure approximation
that embodies the effects of streamwise structure and unsteadiness in the
value of the Reynolds stress represented by the relative sizes of their
components. In this sense the model only appears to belong to the
subspace of fields without streamwise variation.

In the present context, the vital question is whether the complex
and apparently physically significant dynamical behavior of the ten-
dimensional model is an artifact of the projection, like the fixed points.
Happily we can give strong assurance that this is not so. We have
constructed a decoupled model (Berkooz et al., 1990) in which the
streamwise component and those normal to the streamwise direction
have separate coefficients. Solutions of this model decay properly, as
described in the first paragraph (figure 4). The Reynolds stress (relative
to the energy) decays to zero. The "fixed points" now drift slowly
toward the origin. They are still connected by "ghosts" of heteroclinic
cycles, so that the same bursting phenomenon occurs, but the bursts are
now modulated by the slow decay. The bursts only occur while the
cross-stream components are non-zero. There is a relatively long period
after the cross-stream components have decayed during which only the
streamwise component remains, no bursting occurs, and the streamwise
component decays slowly to zero. We feel that this is probably the
explanation for the common observation that the sublayer consists
primarily of "streaks" - the streamwise remnants of eddies whose cross-
stream components have decayed. The fraction of time during which
there is cross stream activity (u2, u3 and bursting) is relatively short,
and most of the time the scene would be dominated by the streak left
behind.
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Figure 2. Time histories of the real (x;) and imaginary (y;) parts of the
coefficients for a value of the Heisenberg parameter of o = 1.45.

14[ ey X l.— Almost

pure

13L% %J 2/4 mode

shifted

12[ A | Brmis

W[ ST SRS

9[ :ﬁ % | Burst”
[~
=

[ oA |

[ I DR |
ARSI
ISz N
ISR LCAZY
|lnc'1p @Qj

«— Almost
pure
2/4 mode

8-3

Figure 3. Intermittent solution (corresponding to an Heisenberg
parameter a = 1.4) during a burst, times equally speced from the
bottom. Each snapshot is a cross section of the flow (normal to the

streamwise firection) from the wall (bottom) to x2* = 40 (top), of
width Dx3+ = 333.
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Figure 4. (a) Evolution of modal components for the uncoupled model:
bj are the streamwise and c; the cross stream components respectively.
(b) Evolution of the energy for the uncoupled model.

Holmes et al. (1990) have investigated in some depth the subspace
of no streamwise variation. If we let P( ) be a projection operator,
which is equivalent to a streamwise average, we can split the field into
resolved modes r € R and unresolved modes s € S,sothatu=r+s,
and P(s) = 0, P(u) = r, then Berkooz (Berkooz et al. 1990) has shown
the correspondence P(SOLUTION OF NS ) to the SOLUTION P(NS).
That is, if we streamwise average the Navier Stokes equations, how
does the solution of the averaged equations correspond to the streamwise
average of the solution of the full equations. He has shown in addition:
that the Leonard stresses (the cross stresses between the resolved and
unresolved modes) vanish on the average; that the perturbation
Reynolds stresses can only transfer energy from R to S; and that the
energy loss from R to S can be represented by an eddy viscosity. Many
of these were assumed in Aubry et al. (1988).

We have truncated in our ten-dimensional system the mechanism
that represents the production of higher wavenumber energy when an
intense updraft is formed, presumably as a result of a secondary
instability. Thus, although our eddies are capable of exhibiting the
basic bursting and ejection process, the labor is in vain. A contribution
is made only to the low wavenumber part of the streamwise fluctuating
velocity and the Reynolds stress. Recently however, Aubry & Sanghi
(1989) have extended the model to include 1, 2 and 3
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Figure 5. Similar to figure 2, but with the pressure term operative.
Note that the inter-burst period is randomized, and on average,
stabilized.

streamwise Fourier components, going up to studies of 38 complex (78
real) differential equations (very recently extended to 128 real). Addition
of the streamwise components does not change the basic behavior of the
system. For the most part the streamwise components are relatively
quiescent; following a burst, however, they are excited, contributing to
the Reynolds stress.

Initially we did not exercise the pressure term, which appeared due
to the finite domain of integration. The order of magnitude that we
estimated for this term was small, and for that reason we at first
neglected it. It has, however, an important effect, while not changing
the qualitative nature of the solution.

The term has the form of a random function of time, with a small
amplitude. This slightly perturbs the solution trajectory constantly;
away from the fixed points this has little effect, but when the solution
trajectory is very close to these points, the perturbation has the effect of
throwing the solution away from the fixed point, so that it need not
wait long to spiral outward. This results in a thorough randomization
of the transition time from one solution to the other, while having
little effect on the structure of the solution during a burst. While in the
absence of the pressure term (and round-off error), the interburst time
tends to lengthen as the solution trajectory is attracted closer and closer
to the heteroclinic cycle, with the pressure term, the mean time
stabilizes.

One of the important findings of this work is the suggestion of
the etiology of the bursting phenomenon. That is, presuming that the
abrupt transitions from one fixed point to the other can be identified
with a burst, these bursts appear to be produced autonomously by the
wall region, but to be triggered by pressure signals from the outer layer.
Whether the bursting period scales with inner or outer variables has
been a controversy in the turbulence literature for a number of years.
The matter has been obscured by the fact that the experimental evidence
has been measured in boundary layers with fairly low Reynolds
numbers lying in a narrow range, so that it is not really possible to
distinguish between the two types of scaling. The turbulent polymer
drag reduction literature is particularly instructive, however, since the
sizes of the large eddies, and the bursting period, all change scale with
the introduction of the polymer (Kubo & Lumley,1980; Lumley &
Kubo, 1984). The present work indicates clearly that the wall region is
capable of producing bursts autonomously, but the timing is determined
by trigger signals from the outer layer. This suggests that events
during a burst should scale unambiguously with wall variables. Time
between bursts will have a more complex scaling, since it is dependent
on the first occurrence of a large enough pressure signal long enough
after a previous burst; "long enough” is determined by wall variables,
but the pressure signal should scale with outer variables.

FURTHER CONSEQUENCES

We are, of course, concerned about the robustness of our findings.
We have tried eigenfunctions generated from exact numerical
simulations of channel flow, by Moser and Moin at the Center for
Turbulence Research (Stanford/NASA Ames). These eigenfunctions are

superficially similar to those from Herzog's data, but result in changes-

of the order of 20% in the values of the coefficients in the equations.
The bifurcation diagram is similar, but the fixed points are replaced by
limit cycles. Physically, this means that the eddies are wiggling from
side to side instead of sitting still. This makes no essential difference,
and is even more realistic physically. The intermittent behavior
remains,
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Figure 6. Bifurcation diagrams for models with varying numbers of
cross-stream modes (from Stone, 1989). Note in the six-mode model
that modes 3 and 5 have been suppressed for clarity. Note the
similarity of the basic structure.

In her thesis, Stone (Stone & Holmes, 1990) investigated models
with various numbers of cross-stream modes: 3, 4, 5 and 6. She found
that the bifurcation diagrams had a backbone common to all of these
systems, and were all structurally similar. In particular, the
intermittent behavior was common to all. This is illustrated in figure

In addition, Stone (Stone & Holmes, 1990) found that a small
change in the value of the coefficients of the third order terms could
change the heteroclinic cycles from attracting to repelling. This is
illustrated in Figure 7 (lower), where one can see that the system begins
on a traveling wave, but is gradually attracted to the heteroclinic cycle.
In Figure 7 (upper) we sce the opposite - the system starts on the
heteroclinic cycle, but is repelled by it, and ends on a traveling wave.
(We show only the values of the first two transverse Fourier modes -
the others are quiescent). This would be a dynamical systems
curiosity, if we could not relate it to the physics. However, if we
consider the case djU] = kU] (an exponential increase or decrease of the
mean velocity) we find that this results in a change in the real part of
the cubic terms for k1 = 0. When k changes sign the addition to the
real part of the cubic term changes sign. This phenomenon is related to
the destabilization and stabilization known to be induced by deceleration
and acceleration of the flow (as by an adverse or favorable pressure
gradient). Although we have discussed here the effect of temporal
acceleration and deceleration, the same qualitative effect is obtained from
a spatial acceleration and deceleration, Making the heteroclinic cycle
more attractive would increase the time between bursts, stabilizing the
flow, and vice versa.

Stone (Stone & Holmes, 1990) also predicted and measured
histograms of the bursting period (Figure 8a). These look reasonably
similar to measurements of the same by Kline et al. (1967), (Figure
8b).

Bloch and Marsden (1989) have shown that it is possible to
stabilize this system by feedback, in the absence of noise. That is, if
an eigenfunction is fed back with the proper phase, the system can be
held in the vicinity of a fixed point for all time. In the presence of
noise, however, (such as the pressure perturbation from the outer layer)
the system cannot be stabilized completely; however, it can be held in a
neighborhood of the fixed point for a longer time. When the system
finally wanders so far from the fixed point as to make it uneconomical
to recapture it, it is allowed to leave. The same procedure is carried out
at the other fixed point. The effect is to increase the mean time
between bursts, and hence to reduce the drag. Of course, the system can
be made to work the other way, also, kicking the system away from the
fixed point whenever it comes oo close, resulting in a decrease in the
mean time between bursts, and an increase in drag. This would be
useful in avoiding separation or improving mixing, for instance. In
recent work, Berkooz (1990) introduced the notion of short term
tracking time, which measures the time over which a dynamical system
model tracks the true dynamics accurately; for control, it must be of the
order of the wall region time scales. Berkooz (1990) showed that
dynamical systems based on the Proper Orthogonal Decomposition
have, on the average, the best short term tracking time for a given
number of modes.

In drag reduction by polymer additives, one of the accepted
mechanisms (Kubo & Lumley, 1980; Lumley & Kubo, 1984) is the
stabilization of the large eddies in the turbulent part of the flow,
allowing the eddies to grow bigger and farther apart, as observed.
Aubry et al (1989) tried stretching the eddy structure in the wall region,
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producing drag reduction, and found the bifurcation diagrams
morphologically unchanged, except that the bifurcations occurred for
larger and larger values of the Heisenberg parameter. This suggests that
the motions giving rise to the bifurcations are more and more unstable,
the more the region is stretched, requiring a larger and larger value of
the Heisenberg parameter to stabilize them. Now, the Heisenberg
parameter represents the loss of energy to the unresolved modes.
However, the crudeness of the model is such, that it cannot distinguish
between loss to the unresolved modes and loss to any other dissipation
mechanism, such as viscosity or extensional viscosity. As far as the
large scales are concerned, all losses are the same. Hence the findings
of Aubry et al (1989) are completely consistent with the idea of the
larger eddies being less stable, and able to grow to this larger, less
stable size due to the stabilizing effect of the polymer.

Finally, Bloch and Marsden (1989) have shown that, within the
assumptions of the scenario above, polymer drag reduction is equivalent
to contro! of the wall region. That, is they showed that an increase of
the Heisenberg parameter was equivalent to control by feeding back
eigenfunctions, and would lead to a reduction in the bursting rate, and
hence to a decrease in the drag. According to the scenario above, this
would lead to a stabilization, and result in a growth of the
eigenfunctions. This has the important consequence that a controlled
boundary layer would be very similar to a polymer drag-reduced

boundary layer. From experience with the polymer-drag-reduced .

boundary layer, we know that it would be a robust layer, still turbulent
though with a reduced bursting rate, relatively insensitive to roughness
and external disturbance. This is important from the standpoint of
applications. Other drag reduction schemes connected with stabilization
of the laminar layer are not robust in this sense, and are very sensitive
to extemal disturbances and surface roughness.

From a practical point of view, the feed back could be
implemented by an array of hot film sensors to detect the presence,
location and strength of an eigenfunction. Piezoclectrically raised welts
could produce a negative eigenfunction (see figure 9) by overturning the
vorticity in the boundary layer.
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Figure 7. A model system with two streamwise modes (one active) and
three cross-stream modes (two active). We show only the 01 and 02
modes (the others are unexcited). In the upper figure one of the third
order coefficients is -2.69, and the heteroclinic cycle is repelling; in the
lower, it is -3.00, and it is attracting (Stone, 1989).
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Figure 8. (a) The predicted and measured histogram of the bursting
period from our model (Stone, 1989). (b) The measured histogram of
the bursting period in the turbulent boundary layer, from Kline et al.
(1967).

Figure 9. Schematic of a piezoelectrically produced welt on the surface,
overturning the vorticity in the boundary layer and producing a negative
eigenfunction.
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CHAOS, ENTROPY AND REVERSIBILITY: A SIMPLE EXAMPLE

C. Marchal
Office National d'Etudes et de Recherches Aérospatiales-D.E.S.
BP 72
92320 Chatillon, France

SUMMARY

The contradiction between mathematical reversibility
and physical irreversibility has traditionally led to the
suspicion of "hidden correlations" that will allow, in
some cases, the decrease of the entropy of isolated
systems

This idea seems wrong, as shown by a very simplified
model.

The true reason of the physical irreversibility is
certainly the very large number of parameters of
irreversible systems.

LIST OF SYMBOLS

In this paper with many very large numbers we will use
the notation "by figures and sizes" with the letter p for
"positive power of ten" and the letter n for "negative
power of ten".

Hence for instance:
6.02p23 = Avogadro number = 6.02x10%
1.66n24 = inverse of Avogadro number=1.66x10-%%,

Let us recall that the "figure", left to the p or n (i.e. here
6.02 and 1.66) is always between 1 and 10. This gives
an unambiguous definition to the "size" (here p23 and
n24), The size is the main element of very large and
very small quantities, it is even very often their only
known element.

INTRODUCTION

The physical laws have reversible mathematical
expressions while the physical phenomena are
essentially governed by the irreversibility of the second
principle of thermodynamics...

A CONCRETE EXAMPLE

Let us open the communication between two
neighouring closed vessels full of gas. The brownian
motion will egalize the temperatures, the pressures and
the compositions while the opposite evolution never
appears.

However:

A) The brownian motion and the kinetic theory of gas
are conservative and reversible.

B) Henri Poincaré has demonstrated that for bounded
and conservative systems almost all initial conditions
lead to an infinite number of returns in the vicinity of
these initial conditions (the mathematicians specify:
"in any vicinity of the initial conditions").

These returns to the vicinity of initial conditions are of
course contradictory with the equalization of
temperatures, pressures and compositions.

CLASSICAL AND UNSATISFACTORY ANSWERS

A) "There exist perhaps some very small, irreversible
and dissipative hidden phenomena that forbid the
application of Poincaré results...".

This rejection of a major symmetry of nature is not
justified and our present knowledges are sufficient for
the resolution of the observed contradiction,

B) "In principle Henri Poincaré is right and for strictly
isolated system there is indeed this mysterious
correlation between initial and final conditions (after
the return time of Poincaré). But our systems are not
isolated and even very small perturbations, such as the
attraction of planet Pluto, destroy this correlation...".

These "mysterious correlations"” are imaginary and it is
in a natural fashion that the system returns towards all
attainable states from the given initial conditions. The
invoked "very small perturbations"” have nothing to do
there and will not modify the order of magnitude of
Poincaré return time, even if it is true that they can
modify very much the evolution in a relatively short
interval of time (the "Liapounov time") and thus
contribute to the disparition of correlations.

THE TRUE ANSWER

There are several other classical answers, all of them
unsatisfactory, but the true answer is unexpected: It is
because a system is "sensible to initial conditions" and
because it depends on billions of parameters, while we
measure only a few of them, that we ascertain almost
no correlation between successive states at large
intervals and that the Poincaré return time is very
large, much larger than the age of Universe.

We thus reach the practical irreversibility of our
experiments in spite of reversible physical laws.

The following, extremely simplified model with only
didactic purposes, will help to understand this answer.

Notice that this model satisfies practically the
Boltzmann hypothesis of "molecular chaos" (ne
correlation between successive variations) but reaches
opposite conclusions: the molecular chaos doesn't forbid
the Poincaré return.

A SIMPLIFIED MODEL

Let us consider one billion billion of molecules (that is
p18 molecules with the notations of the above list of
symbols). This number is the number of molecules in
37 mm? of air in "normal conditions", which is a very
small volume, and in most experiments the effects will
be even greater.

These pl8 molecules will be put in the two identical
vessels A and B and will be numbered from 1 to p18.
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The evolution of our simplified model will be the
following: at each step an integer number between 1
and p18 will be will be chosen and the corresponding
molecule will be transferred from its present vessel to
the other one.

We will assume that the rate of these exchanges will be
one million billion (that is p15) per second.

We will measure only the number of molecules in
the two vessels A and B, i.e. the local pressure. We will
for Binstance start with 70% of molecules in A and 30%
in B,

With an average pressure of one bar the corresponding
initial pressures will be:

1) P,(0)=1.4 bar; P,(0)=0.6 bar
‘What will be the evolution?

EVOLUTION OF THE PRESSURES Pa and Py

This problem has an obvious integral of motion, the
total number of molecules is constant and thus at any
time:

2) P,(t)+Pg(t)=P,(0)+Py(0)=2 bars

An essential question is the mode of choice of the
successive 18 digit integer numbers.

A first possibility is a purely random choice (this
hyrothesis corresponds to the "molecular chaos" of
Boltzmann), but since this first possibility leads to
several philosophical objections we will also consider
deterministic choices such as those given by:

"The kth choice will be given by the decimals of rank
(18k —17) to 18k of a given real number x".

For instance with x = n, that is:
(3) x=3.141 592 653 589 793 238 462 643 ...
the first choice will be 141 592 653 589 793 238.
The purely random choice leads to a simple analysis.
A) Average evolution
Because of (2) it is sufficient to consider the evolution of

P,(t). This evolution is governed by the following:

"At each step we have the probability P,/2 of a
variation 8P, =-2n18 and the probability 1 - (P,/2) of a
variation 8P, = + 2n18" (the pressures P, and 6P, are
expressed in bars and, according to the above list of
symbols, 2n18 means 2x10-18),

Hence the average evolution P, ,(t) is given by:

A.1. From the kth choice to the (k + 1)th choice:

4 Pamcs1 =Pamu t(1-Pyy,) x 2n18
thatis:

(5) Py isi-1=(Py, - 1(1-2n18)
and thus:

(6) P,y ,-1=(P,y,-1)1-2n18)} =

= (1-2n18)* x0.4 bar
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A2, Since there are pl5 choices and exchanges per
second:

) P, u(t) = 1bar + exp ( =t ) x 0.4 bar
500

with t expressed in seconds

Thus for t = 500 s we obtain P,,, = 1.1471 bar and for
t = 1000 s = 16 mn 40 s we obtain P,, =1.0541 bar,
the average value P,,, of the pressure P, converges
exponentially towards one bar.

B) Evolution of the variance V(t)

This evolution is of course more complex than that of
P, ,(t) but remains simple.

B.1. From the kth choice to the (k + 1)th choice:
8)  Vg,y=(1-4n18)V, +

+ 4n36.[1 - (P,,, - 1)

B2. With (6) and with Vy = 0 we obtain:
(9) Vi=[n18.{1-(1-4n18)%} —
-0.16{(1- 2n18)%k — (1 - 4n18)*}]bar?

B3. In terms of the time t (expressed in seconds) the
exact expression (9) gives almost:

(10) V(t)={1-(1+0.00064 t).exp (—2‘;;—) }.n18bar?

Thus the evolution of the variance V(t) is monotonic, it
increases from 0 to nl18 bar? and at t=1000s it is
already at 97% of its final value.

The main result is that the variance V(t) remains
forever very small.

The standard deviation o(t), the square root of the
variance, will also remain forever very small, its
maximum is n9 bar that is one billionth of a bar or one
deci-millipascal (one pascal = 1 Pa=1N/m?= n5 bar).

If we measure the pressure with the accuracy of one
millipascal, i.e., ten standard deviations, we will notice
from time to time a fluctuation with respect to the
average evolution. The average frequency of these
fluctuations is about one per two years.

If we measure the pressure with the accuracy of five
millipascals, i.e., fifty standard deviations, we will have
the probability n200 (that is 10-200) to meet a
fluctuation before the time t = 4.625p329 seconds that
is t = 1.465p322 years ... We will never meet such a
"large" fluctuation of five millipascals and the
evolution appears as irreversible.

In these conditions the return time of Poincaré is purely
theoretical, but it can be computed. The a priori
probability of P, = 1.4 baris 10 with M=3.57350p16,
this of course an extremely small but non-zero
probability.
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If we neglect events with a probability of n200 (which
corresponds to the "thresholg of certainty of observable
Universe") we can write that the first return of
Pqiﬁcaré at P, = 1.4 bar will occur after k, exchanges
with:

(11) 1/2 x 10M-2000 < ko < 10Mx5x2Ln(10%%)

Hence the first return of Poincaré will occur after 10Q
seconds with:

(12)  8.57349p16 < Q = 3.57351p16

These results corespond to the random choice of
successive exchanges and we have also to consider the
cases of deterministic choices as explicited with
equation (3). The computations (4) - (12) give then that
the values of x that satisfy 0 < x < 1 and that doesn't
satisfy (12) have a total measure smaller than n200.
This set of values is then completely negligible even if
many remarkable values of x (such as x = 0.5) belong
to that very small set.

CONCLUSION

The irreversibility of the second principle of
thermodynamics agree fully with our experiments and
our measures that are by far neither long nor numerous
enouFE to lead to a contradiction. However some very
small temporary fluctuations appear from time to time
in very accurate experiments.

Thus the paradox of reversible physical laws associated
with irreversible Phenomena can be explained without
"perfect isolation", "hidden correlations” and/or "small
hidden irreversibilities". The main reason of
irreversibility is the very large number of parameters
of irreversible systems.

The Boltzmann's hypothesis of "molecular chaos" is
excellent and allows very accurate computations. The
correlations will not increase slowly and insidiously
after a very long time and we can almost write that the
return of Poincaré occurs by chance which usually
requires such a large delay, much larger than the age of
Universe, that the corresponding decrease of entropy
never appears in our experiments.

The return time of Poincaré is exponentially related to
the number of independent parameters of the system of
interest and we can thus write:
"If after the usual mathematical simplification
(integral of motions, decomposability, etc.) a system:

A) remains with N independent parameters where
N> 10000.

B) is sensible to the initial conditions (chaotic
system), '
Then its evolution will physically appear as irre-
versible for measures of accuracy worse than (50/ VYN)
even if its laws are mathematically reversible and
conservative."

CAL
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ANALYSE NON LINEAIRE ET DYNAMIQUE DU VOL
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1. RESUME . _ ,
Le mouvement d’un avion peut étre décrit de maniére
rigoureuse par unc ensemble d’équations différentielles
non linéaires, dépendant de paramétres, liant les
variables d’état (incidence, dérapage, vitesse ...) et les
variables de commandes (braqua%e des gouvernes) par
Pintermédiaire des équations de la mécanique du vol,
du modele aérodynamique et du syst¢me de contrdle
du vol. La communication évoque les travaux réalisés
en France et a PEtranger en vue d’améliorer la com-
préhension et de prédire avec précision le comporte-
ment de I'avion dans des situations de vol particuliéres
Pour lesquelles I'analyse linéarisée habituelle des équa-
ions différentielles est insuffisante ou inadaptée.

2. ABSTRACT _ , ,
In a rigorous manner, aircraft motion can be described
b¥ a set of nonlinear differential equations, dependin,

ol parameters, associating the state vector (angle o

attack, sideslip angle, speed ...) with the control vector
(motivators) through flight dynamics equations, aerody-
namic aircraft model and flight control system. The
communication presents some works which aim at a
better understanding and at the precise prediction of
aircraft behaviour in particular flight phases for which
classical linearized analysis of differential equations is
insufficient or not valid.

3. INTRODUCTION . .

Le mouvement d’un avion peut étre décrit de maniére
rigoureuse par une ensemble d’équations différentielles
non linéaires, dépendant de paramétres, liant les
variables d’état (incidence, dérapage, vitesse ...) et les
variables de commandes (braqua%e des gouvernes) par
intermédiaire des équations de la mécanique du vol,
gu mcIJdéle aérodynamique et du syste¢me de contrdle

u vol.

Depuis le début de 'aviation, de nombreux chercheurs
se sont attachés a expliquer certains phénomenes de la
dynamique du vol en appliquant, de fagon analytique,
des méthodes d’analyse non linéaires de la stabifit€ sur
des systtmes d’équations de dimension réduite. Indé-

cndamment de Pintérét de ces approches pour aider

la compréhension des phénomenes, les hypothéses
sgnp]hﬁcamces adoptées nuisent souvent a la qualité du
résultat.

Plus réccmment, divers auteurs ont mis en ocuvre une
méthode numérique globale d’analyse de la stabilité
fondée sur le principe de la résolution d’équations
algébriques non linéaires dépendant de parameétres au
moyen d’un processus de continuation associé 2 la
théorie des bifurcations.

La communication évoque les travaux réalisés en
France et & IEtranger en vue d’amdliorer la com-
préhension et de prédire avec précision le comporte-
ment de I’avion dans des situations de vol Hartncuhéres
pour lesquelles Panalyse linéariséc habituelle des équa-
tions diftérentielles est insuffisante ou inadaptée.

Apres avoir rappelé brievement les travaux antérieurs
fondés sur des analyse simplifiées de la stabilité, les

aspects théoriques de la démarche méthodologique
adoptée ici et les €léments de la théorie des bifurcations
indispensables & la compréhension des phénomeénes
rencontrés dans son application a la dynamique du vol
sont préscntés.

Il s’agira tout d’abord de retrouver les limites usuelles
de stabilité de ’avion naturel en montrant, au passage,
qu'elles sont des approximations des bifurcations du
systtme complet. A cette occasion, on montrera que la
méthodologie est apte & prédire _fc .comportement du
systéme complet au dela de ces limites de stabilité; la
vrille et le couplage inertiel en seront des exemples.

Puis, la corrélation avec des essais en vol obtenue dans
le cadre d’une OBératlon réalisée 2 'ONERA en
collaboration avec Dassault Aviation et le CEV viendra
confirmer les prédictions énoncées plus haut.

Ensuite, Pinfluence des commandes de vol et de ses
non-hnéargtés sera_abordée par le biais d’une bréve
synthése bibliographique et des travaux menés a I'ONE-

A. Il sera alors montré que la méthodologie globale
d’analyse des systémes est, dans une certaine mesure, 2
méme de fournir des éléments de réponse.

Enfin, en relation avec les problémes posés par les non-
linéarités dans les commandes de vol, quelques remar-

ues sur les méthodes modernes de d%termination du

omaine d’attraction d’un point d’équilibre stable d’un
systéme différentiel non linéaire viendront conclure
cette communication. Sur ce dernier point, des résultats
oé)tenus a4 ’ONERA et dans la littérature seront présen-
tés.

4. ANALYSE NON LINEAIRE SIMPLIFIEE DU

COMPORTEMENT DE L’AVION
La prédiction et P'analyse des pertes de contrdle et des
vrilles sont des problémes anciens qui remontent au
début de I'aviation. Cependant, faute de moyens numé-
riques adéquats, les chercheurs ont étudié ces proble-
mes en les snm?hﬁanl suffisamment pour, ensuite,
pouvoir utiliser P'arsenal des méthodes analytiques,
f_x%ct_es ou approximatives, d’analyse d’équations non
inéaires.

Parmi les précurseurs, il convient de citer les travaux de
Phillips [ﬁ sur le couplage inertiel dont la difficulté
réside dans la prise en compte des couples gyroscopi-
ques dans les équations du mouvement. En négligeant
la pesanteur et en ne considérant que les équations de
mouvement, il a pu dégager un critere de stabilité
encore utilis€é de nos jours. Repris et étendus par
Pinsker [2], ces travaux sont décrits en détail dans [%]

A incidence plus élevée, les phénoménes qui apparais-
scnt sont généralement associ€es A des instabihités de
nature aérodynamique. Ils en résulte des pertes de
stabilité sur les mouvements longitudinaux et transver-
saux ou sur les deux en méme temps [4]. Parmi ceux ci,
Pinstabilit¢ de P'oscillation de dérapage a été I'objet de
trés nombreuses communications dont [5,6] " dans
lesquelles les non-lin€arités aérodynamiques sont
introduites dans les équations sont la forme de non-
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linéarités polynomiales.

A grande incidence, la vrille calme a rapidement été
identifiée comme un état d’équilibre du syst¢éme com-
plet. Ces études avaicnt montré que la vrille était un
mouvement sur une hélice d’axe vertical pendant lequel
la portance et la trainée équilibrent respectivement la
force centrifuge et le poids. Cependant, malgré I'appa-
rition de moyens de calcul puissants {7], et la similarité
entre le mouvement d’Eulcr-Poisot ‘et la vrille de
certains avions de combat 28] les régimes de vrille
agitée €laient encore considér€s comme dépendre en
grande partie du hasard.

En marge de ces travaux consacrés individuellement a
étude d’un seul phénomene, Schy et Hannah [9,10]
ont montré P'existence de solutions multiples au pro-
bleéme de la détermination de I'équilibre du systeme
non linéaire représentant des équations simplifiées de
la mécanique du vol; certaines solutions étant stables,
les autres instables. Ces derniers travaux sont 2 la base
de la méthode d’analyse globale présentée dans ceite
communication,

5. METHODE GLOBALE D’ANALYSE NON LI-

NEAIRE DU COMPORTEMENT .
Des analyses simplifiées, généralement analytiques, sur
un modele réduit sont souvent suffisantes pour a{der a
la compréhension de certains phénoménes non linéai-
res. Cependant, pour €tre appliquées, ces techniques
nécessitent  des  hypoth&ses simplificatrices sur le
modele qui ne sont pas toujours faciles a faire a priori
ou/et qui ne sont pas souhaitées.

En vue de lever les hypothéses simplificatrices et
d’accroitre la précision de P'analyse des phénomeénes,
une nouvelle approche a été développée.

‘5.1 Méthodologie

La méthodologie globale d’analyse du comportement
est fondée sur l'analyse des états asymptotiques des
systtmes d’équations différenticlles non _linéaires
lautfonomcs, dépendant de paramétres et exprimés sous
a forme:

) X _rix.u)
dt

dans laquelle:

- X : vecteur d’état de dimension n,
- U : vecteur de paramétres de dimension m
- F : n fonctions non linéaires de X et U.

Par opposition aux systémes différenticls linéaires, un
ensemble d’équations différentielles non linéaires peut
présenter plusieurs €lats asbm totiques différents pour
une combinaison donnée ( O)pdt:s parameétres.

Dans les cas les plus simples, notamment ceux rencon-
trés au cours des applicalions a la dynamique du vol
des avions, les états asympton%ucs correspondent
généralement aux solutions de I’

non linéaire:

@) F(X,U)=0

quation algébrique

lorsque le systéme est immobile ou aux solutions de
Péquation :

T
) X(D=X(0)+ [F(X,Updt
0

dans le cas d’orbites périodiques (cycles limites) dont
il convient de noter que la période (T) est a priori
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inconnue puisque le systtme considéré est supposé
autonome.

Lorsque P'analyse linéarisée des petits mouvements
autour de ces €tats asymptotiques a un sens, la caracté-
risation de leur stabilité est donnée par un calcul de
valeurs propres.

La stabilité des états d’équilibres "ponctuels” (2), est
assurée si toutes les valeurs propres d% systeme linéarisé
sont A partie réelle néglgtive. our les orbites périodi-
ques (3), la théorie de Floquet indique que la stabilité
est assurée si toutes les valeurs propres de la matrice de
transition (lsauf une) ont un module inférieur 3 1; la
dernigre valeur I])roprc de la matrice de transition & son
module égal A T'unité pour assurer la périodicité du
mouvement.

Lorsque I’analyse linéarisée des petits mouvements est
insuffisante (limites de stabilité) la théorie des bifurca-
tions Pegmet de conclure sur la stabilit¢ de Pétat
asymptotique considéré et sur la modification du
comportement asymptotique global du systéme sous
I'effet de la variation du paramétre.

52 Aggont de la théorie des bifurcations

La théorie des bifurcations est constituée par un
ensemble de résultats mathématiques gui visent A
analyser ct A expliquer des changements du comporte-
ment asymptotique d’un syste¢me différentiel non linéaire
quand les paramétres varient de fagon quasistatique.

Bien entendu, il n’est pas dans Pesprit de cette commu-
nication de se substituer aux ouvra%cs spécialisés
traitant du sujet [11,12,13]. Cependant, 1l parait oppor-
tun d’en rappeler quelques aspects qui recouvrent
quasiment tous les phénoménes rencontrés au cours de
son application particuliere a la dynamique du vol.

5.2.1 Bifurcations des points d’équilibre

Les phénoménes rencontrés le plus couramment avec
des points d’équilibre apparaissent lorsqu’une valeur
propre réelle (n) négative devient positive sous P'effet
d’une variation du paramétre. Deux cas peuvent alors se
produire.

Si le point d’équilibre est régulier, le théoréme des
fonctions implicites est applicable et un point de
retournement apparait (figure 1). Ce point est structu-
rellement stable vis & vis de perturbations du systéme

différentiel.
- 7/

x;

-~
P
~—
—>
A
Figure 1 : Point de retournement.
—— équilibres stables, - - - €quilibres instables

Si le point d’équilibre est singulier, de nouvelles bran-
ches d’€équilibres apparaissent. Suivant les particularités
du syst¢me, lc point de bifurcation peut etre un point
fronce ou un point de bifurcation/retournement (figure
2). Ces points de bifurcation -sont structurcllement
instables vis 2 vis des perturbations du systeme et ils se
transforment généralement en point de retournement
513]. En dynamique du vol, compte tenu du systéme

’équations et des modgles d’avions adoptés jusqu’a
présent, ces points de bifurcation particuliers appa-
raissent sculcment quand les €équations différentielles
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étudiées sont symétriques.

x

-
Adj

Figure 2 : Points de bifurcation, (a) retournement/bi-
furcation; (b) bifurcation fourchette.
— équilibres stables, - - - équilibres instables

Un autre point de bifurcation souvent observé est la
bifurcation de Hopf. Elle survient %uand une paire de
valeurs propres complexes conjuguées (i, ;)a sa partie
réelle qui devient positive lorsque le parameétre du
systéme varie. Au voisinage de ce point (correspondant
a une paire de valeurs propres imaginaires pures), des
orbites périodiques apparaissent.

Suivant les caractéristiques du systéme, la bifurcation
Bourra étre supercritique ou subcritique (figure 3

ans le premier cas, l'orbite périodique est stable et de
petite amplitude. Dans le second cas, I'orbite située au
voisinage du point de bifurcation est instable et Porbite
stable du syste¢me, si elle existe pour cette valeur
particuliére du paramétre, est de grande amplitude
méme pour une faible vanation du paramétre autour
du point de Hopf.

Xy xX:

Figure 3 : Bifurcation de Hopf, (a) subcritique; (b)
supercritique.

—— équilibres stables, - - - équilibres instables,

-0-0- enveloppe des orbites périodiques

5.2.2 Bifurcations des orbites périodiques

Comme nous venons de entrevoir plus haut, le dernier
cas trés intéressant de bifurcations rencontrées en
dynamique du vol correspond a la perte de stabilité des
orbites périodiques (figure 4).

Parmi toutes les causes possibles d’instabilité, trois
sont usuellement rencontrées.

a. Une valeur propre réelle traverse le point +1.
Dans ce cas, la perte de stabilité de l'orbite se
traduit par I'apparition d’'une orbite de retourne-
ment analogue au point de retournement des
surfaces d'équilibre.

b. Une valeur propre réelle traverse le point -1. Alors
une bifurcation de doublement de période survient.
Au voisinage I'orbite périodique initialement stable
et de période T agparai; une nouvelle orbite
généralement stable de période 2T. Généralement
cette bifurcation est accompagnée par d’autres
semblables (cascade de Feigenbaum) et conduit a
I'apparition d’'un mouvement chaotique.

c¢. Deux valeurs propres imaginaires con&uguécs
quittent le cercle de rayon unité. Au dela de cette
bifurcation le mouvement du systtme décrit une
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surface toroidale qui entoure I'orbite périodique
devenue instable.

kg

Figure 4 : Bifurcations des orbites périodiques.
—— orbites stables, - - - orbites instables

5.2.3 Caractérisation de la stabilité des limites de stabilité
La stabilité¢ des points de retournement et de bifurca-
tion ne peut pas étre fournie par I'analyse linéarisée
classique.

L’approche préconisée par la théorie des bifurcations

est fondée sur l’hygothése selon laquelle tous les modes

amortis (associés a des valeurs propres a partie réelle

négative) du systéme disparaissent peu de temps aprés
ue I'état d’équilibre ait eté erturbg Alors, la méthode

§l]lcon51_stc effectuer un développement non linéaire
e la projection du mouvement du systéme dans I'es-

gace engendré par le(s) vecteur(s) p_ropre{]s) associé(s)
la (aux) valeur(s) propre(s) a partie réelle nulle.

Pour un point d’équilibre avec une valeur propre nulle,
la méthode permet de caractériser sa stabilité et de
fournir une indication par le temps mis par une pertur-
bation pour doubler ou étre divisé par deux. A noter
que contrairement au cas d’un point d’équilibre d’un
systéme linéaire, ce temps est proportionnel a la valeur
initiale de la perturbation.

Pour un point de bifurcation de Hopf, il est possible de
conclure sur le caractére subcritique ou supercritique
de la bifurcation suivant que le point considéré est
respectivement instable ou stable.

Tous ces calculs nécessitent une formulation analytique
du systeme. Cependant, moyennant une a_[r3 roximation
non_linéaire numérique du systéme di I%remicl au
voisinage du point étndié, la démarche précédente peut
étre automatisée et fournir encore des résultats intéres-
sants [14].

5.2.4 Remarque sur les mouvements chaotiques

Mises a part quelques expériences numériques, I'analyse
fine des mouvements chaotiques n’est pas incorporée
dans la méthodologie présentée ici. Une des raisons de
ce choix est que, dans la pratique, le temps d’observa-
tion de mouvements complexes de I'avion (vrille par
excmple) est trop limité pour pouvoir observer le
coraportement asymptotique et 'analyser complétement.

Cependant, aprés cette remarque, il ne faudrait pas
conclure hdtivement sur Pinutilité de Panalyse de ces
comportements. En effet, si 'on aborde I'identification
de certains Faramélrcs du systéme a partir d’essais
réels, il est alors indispensable de pouvoir dissocier un
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comportement ressemblant & un mouvement périodi-
que, pendant le temps d’observation du systéme, d’un
mouvement chaotique. Dans le premier cas le modele
restitué fournira toujours une réponse ayant la méme
allure alors que, dans la deuxiéme hypothese, la
dépendance vis a vis des conditions initiales sera peut
étre & méme d'expliquer des résultats d’essais trés
différents bien que les conditions initiales soient trés
voisines.

5.3 Procédure numéri%ue développée a 'ONERA

Le calcul de tous les ctats asymptotiques mentionnés
dans le parg%Ta he précédent est réalisé par un code
numérique développé a TONERA. Ce code utilise une
méthode de continuation initialement proposée par
Kubicek l(lBﬁct modifiée par, entre autres, les contribu-
tions de Keller [15] et Kernevez [16].

Partant d’'une approximation initiale d’un état asympto-
tique, pour une combinaison donnée des parameétres du
systeéme, le code détermine la courbe (]U) solution

‘un ensemble d’équations algébriques non linéaires qui
aépend du cas de calcul réalisé.

a. point d’équilibre:
F(X,U)=0

b. point de retournement:

F(X,U)=0
n=0

c. point de Hopf:

F(X,U)=0
Byp=t2in/T

d. orbite périodique:

e
X(D=X(©)+ [F(X,U)dt
(1]

Les fonctions non linéaires considérées ici sont suppo-
sées continues et dérivables jusqu’a un ordre suffisam-
ment élevé pour ne pas mettre en défaut le principe de
la description globale des courbes d’équilibre par
continuation. Pratiquement, suivant le type de calcul
envisagé et sous réserve que les fonctions non linéaires
ne varient pas brusquement en fonction de I'état et des

aramétres, on observe qu’il est possible de diminuer
es conditions sur la dérivabilit¢ des fonctions sans
courir le risque de dégrader notablement le processus
de continuation.

5.4 Mise en oecuvre de la méthodologie
L’apﬁhcanon de la méthodologie décrite plus haut est
usuellement réalis€e en cing étapes successives.

a. Détermination de P'ensemble des états asymptoti-
ques, tels qu'ils ont €té définis dans le § 5.1, pour
toutes les combinaisons désirées des paramétres et
caractérisation de leur stabilité.

b. Représentation graphique des résultats dans des
sous espaces particuliers de dimension 2 ou 3
(généralement la dimension du vecteur d’état est
trés supérieure a 2).

c. Analyse des tracés graph_ickuqs et prédiction d’éven-
tuels phénomenes non lin€aires sans recourir A de
nombreuses simulations du syst¢éme. .

d. Validation des prédictions au'moyen de simulations
numériques du mouvement. .

e. Eventuellement corrélation avec des essais réels en
vue de discuter la validité de la représentation du

systéeme réel par le systéme différentiel étudié.

6. ANALYSE NON LINEAIRE GLOBALE DU COM-

PORTEMENT DE L’AVION NATUREL
L'étude de la dynamul]ue du vol classique repose
essentiellcment sur I'ana gsc linéarisée des équations de
la mécanique du_vol. Sans revenir sur son intérét
didactique, il convient de noter que cette vision simpli-
fie des équations ne germct pas de montrer la genése
des pertes de stabilité et de mettre en évidence des
phénomenes complexes.

En s’appuyant sur des exemples simples et d’autres plus
complexes, il est proposé de montrer I'apport de cette
méthodologie dans la compréhension du comportement
ualitatif cﬁal I'avion naturel pour lequel les braquages
es gouvernes aérodynamiques font partie des parame-

tres de I'équation (1{.

6.1 Equations du mouvement et classification des non-
linéarités . .
Les équations classiques du mouvement d’un avion

rigide dans I'espace sont constituées:

- des équations de, moment (en suplposant ici que
les produits d’inertie D et F sont nuls)

Ap-Ef+(C-B)qr-Epg=L*+L*
BG+(A-C)rp+E(r*-p*)=M*+M*
Cr-Ep+(B-A)pq+Erq=N*+NF

- des équations de force
m(i +qw-rv)=X"*+F,~mgsin®
m(V+ru-pw)=Y*+F +mgcosBsing
m(+pv-qu)=Z4+F,+mgcosBeosd

- auxquelles sont adjointes deux équations cinémati-
ques

¢ =p+tanB(gsind +rcosd)

08=qcos¢ -rsing

dans lesquelles:

- u, v, w : composantes de la vitesse-air dans le
triédre avion, o

- p, q, r : composantes du vecteur rotation instanta-
nee dans le trigdre avion,

- B : assiette longitudinale,

- ?(A a{%le (16 gite,

- XYY, Z" : composantes de la force aérodyna-
mique dans le triedre avion,

- Fy, Fy, F; : composantes de la poussée dans le
tncﬁre avion,
- L%, M?, N": composantes du moment aérodyna-

minflc dgns Le triedre avion,
- L', M", N" : composantes du moment de pro-
pulsion dans le triedre avion.

Le vecteur d’état est de dimension 8. Il est constitué de
la fagon suivante:

XT=(u,v,w,p,q.7,0,0)7
Le vecteur de parameétres, au moins de dimension 3,
comprend les gouvernes aérodynarmqucs de l'appareil:

UT=(81,8n,6m)7

dans lequel:
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- 3, : gouverne de gauchissement,
- 8, : gouverne de profondeur,
- 8, : gouverne de direction.

Les non-linéarités de ce systtme sont nombreuses.
Elles peuvent étre classées en deux groupes.

Le premier comprend celles qui sont intrinséques a la
formulation des équations du mouvement d’un solide
dans l'espace (non-linéarités trigonométriques et
inertiellcs)p.

Le deuxieéme groupe est constitué des non-linéarités du
modele aérod%:rnamiquc de I'avion considéré. Il convient
cependant de faire une distinction entre les non-linéari-
tés de courbure de certains coefficients (C,(a), C(B),
ctc..l) et les non-linéarités de coup]a§§ qui induisent des
relafions entre les variables longitudinales et les varia-
bles latérales (C.,(B), C (), etc..).

6.2 Analyse de phénoménes simples

L’objet Jc cette partie est de montrer qluc des phéno-
menes simples de la mécaniqdue du vol peuvent étre
analysés avec profit au moyen de la théorie des bifurca-
tions.

6.2.1 Mouvement spiral )

Dans ce mouvement tres lent et a faible incidence, les
couflages inertiels sont négligeables et I'aérodynamique
peut étre considérée comme linéaire. Seules la pesan-
teur et I'assiette londitudinale de I'appareil influent sur
la stabilité du mouvement a dérapage nul.

Gouvernes transversales au neutre, le tracé de la
surface d’équilibre montre que la manifestation de
I'instabilité spirale coincide avec l'apparition d’une
bifurcation fourchette sur les variables transversales en
raison de la symétrie supposée de I'appareil [17,18]. En
conséquence, la surface d’équilibre fournit les Etats
d’équilibre stable que 'avion instable spiral ira rejoin-
dre (figure 5).

20 T

40 T T
a (deg) gy
150 4 20L -
4 o __1 ........... 4
4 -20 L e
: Se (deg)
de (de,
° i it < ‘) 40 1 1
5 & P | -2 ] -4 -3

Figure 5 : Bifurcation spirale, (a) , (b)
~— équilibres stables, - - - équilibres instables

Par rapport & la mécanique du vol linéarisée, celte
analyse permet de prédire le comport¢cment du systéme
au dela de I'instabilité. Elle offre égalcment le moyen
de mettre en ¢vidence les non-linéarités qui créent le
point de bifurcation. Ainsi, en conservant les seuls
termes non linéaires essentiels, le comportement de
'avion peut se ramener a I'étude d’une équation
différentielle non linéaire scalaire dérivée d’un cham

de %radlcm'expnmant_ Pévolution de I'assiette latérale
dg: appareil en fonction des gouvernes transversales
(]

8.):

¢ =(A +Bcosd)sind
+(Cy81+C, 8n)cosd+D, d1+D, dn

En dépit de sa simplicité, cette formulation a le mérite
de synthétiser le comportement global de l’ap{)arcﬂ au
voisinage de linstabilité spirale et de montrer que
méme s1 avion est stable lorsque les gouvernes trans-
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versales sont au neutre ( §=35,=0), la bifurcation
spirale existe pour des braquages non nul des gouvernes
transversales (figure 6).

20 6— (s}

cx(')
N | i

&h)
20 o 50 =1 =
5.
3
=1 . o
-5 5

Figure 6 : Surface de bifurcation spirale dans le plan
gauchissement-direction.

6.2.2 Couplage inertiel .

Ce phénomene est bien connu depuis longtemps en
mécanique du vol [1,2]. Cependant, son analyse a la
lumiére de la théorie des bifurcations [18-23] compléte
utilement les analyses antérieures.

En su%primant toutes les non-linéarités des équations
exceptées celles relatives au courx_)la e inertiel et en
considérant que la vitesse de roulis %p) est beaucoup
lus grande que les vitesses de tangage (q) et de lacet
?r), la prédiction du comportement de I'appareil peut
encore se ramener a I'étude d’une équation d1fféIIJ'en-
tielle polynomiale scalaire liant la vitesse de roulis aux
ouvernes aérodynamiques, généralement de degré 5,
érivant d’un champ de gradient:

p=f(5m)p* +(fs, 81 *fsa_ﬁﬂ)P‘
4) +f(5m)p? +(f;“61 +f4’m45rx)p2
+£,Om)p+(f, 81+, bn)

dont on montre'?u’c[lc‘ se raméne simplement a la
catastrophe "papillon" bien connue de la théorie des
catastrophes Fﬁgure 7).

é Asmfﬂ,

4| sev!

-20 o 20

Figure 7 : Surface de bifurcation dans le plan gauchis-
sement profondeur (8, = 0).

En outre, de cette formulation on peut extraire un
critére de stabilité du mouvement et des lois d’intercon-
nexion entre les gouvernes transversales qui évitent la
perte de contrdle.

Ces lois sont issues directement de Pexamen de la
surface de bifurcation du syst¢éme pour faire en sorte
que les combinaisons de commande ne la franchissent
pas (figurc 8). Elles peuvent également étre fournies en
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recourant aux propriétés des polyndmes qui assurent
'unicité de la solution de I'équation 4 [24,25].

6n(%
i

811

|

|

| .

, !

L —aﬂ
Figure 8 : Surface de bifurcation dans le plan gauchis-

sement-direction et loi d’interconnexion entre les
gouvernes transversales : 8, = @(5,)

6.2.3 Instabilité de I'oscillation de dérapage .
Dans ce phénomene trés longuement décrit dans la
littérature, l'influence des non-linéarités aérodynami-
ques est prépondérante. L’instabilité correspond
¢énéralement a I'apparition d’un point de bifurcation
e Hopf [26] & partir duquel la méthodologie présentée
précédemment permet de décrire I'enveloppe des
orbites pérlodi?ucs du systéme [21,27] sans aucune
hypothése simplificatrice contrairement aux méthodes
analytiques (figure 9).

P

— L]

————— aprrivd.onll) meiadle
- Jemilbsterly weetsbls

Figure 9 : Instabilité de loscillation de dérapage et
enveloppe des orbites périodiques.

6.3 Analyse de phénoménes plus complexes

Aprés avoir montré bricvement que la théorie des
bifurcations avait la possibilité d’améliorer la compré-
hension de certaines limites de stabilité qui sont
usuellement obtenues par des calculs analytiques
simplifiés, et de dépasser largement les frontiéres de la
mécanique du vol linéarisée, cette partic se propose de
présenter les phénomenes les plus complexes observés
sur les avions de combat au moyen de cette méthode.

Le calcul par continuation des orbites périodigues et
de leurs bifurcations pour différents modéles d’avions
de combat révele que certains comportements tres
agités pcuvent étre analysés avec la théorie des bifurca-
tions.

La bifurcation la plus courante est 'orbite de retourne-
ment (figure 9).

Lorsque deux valeurs propres imaginaires conjuguées
quittent le cercle de rayon unité, il apparait un tore qui
entoure l'orbite nouvellement instable et sur lequel se
déroule le mouvement du systéme (figure 10). Dans ce
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cas particulier étudié dans [21], I'évolution temporelle
des variables se comporte comme la superposition des
deux mouvements périodiques trés différents ( T, = 4
secondes et T, = 160 secondes pour I'exemple considé-
ré). Il g’ensuit donc une difficulté potentielle d’interpré-
tation d’un tel phénomeéne en vol puisque le temps
d’observation maximal est souvent inféricur a la plus
grande période.

(N} "/R c

Wy Ysec

Figure 10 : Trace de I'évolution temporelle de variables
d’état particulieres sur un tore [21].
-s-s- orbite périodique instable

La seconde illustration est relative a la bifurcation de
doublement de période (figure 11) qui peut notable-
ment modifier le comportement en vrille d’'un avion
pour de trés petites variations des commandes.

"ilu a) ?Mﬂ b)
i.. s
Baus Qv
“s “s
U a i e e "W mw e T
B (cegress) (degraes)
0500, c)
[ V]
[
o
LY}
D, 49.5 1
T49.0 1
48.5 4
TN —— -
~6.80 -6.60 -6.40 -6.20

B (degrees)

Figure 11 : Doublement de période des orbites périodi-
ques, (a) &, = -18.784° (b) &, = -18.971° (c) §,, = -
19.002°

Enfin, quand tous les états d'équilibre en présence sont
instables a I'exception d’un seul faiblement stable, il
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peut en résulter des mouvements transitoires de longue
durée et trés complexes pouvant étre apparentés a des
comportements chaotiques (figure 12).

; -5.5 5 =453
S a0 -5.0
-85
; -85
@, 7.0 -
-80
~7.5
-85
-8.0 7
..‘5% .-1.0

t ' (seconds)
Figure 12 : Oscillations transitoires chaotiques.

6.4 Validation de la méthodologie avec un avion réel

28
A I’EJN]ERA, la démarche méthodologique présentée
dans le paragraphe 5.4 a été parcourue complétement
avec un avion rgel.

L’application a porté principalement sur le comporte-
ment en vrille d’'un avion de combat Franco-Allemand,
Alpha-Jet, dans sa_version biplace d’entrainement en
raison de sa disponibilité pour réaliser des essais en vol
orientés vers la validation de la méthodologie. Elle a
été réalisée en collaboration entre TONERA/DES et
PONERA/IMFL avec le soutien des services officiels et
le concours de Dassault Aviation et du Centre d’Essais
en vol d’Istres.

Aprés avoir défini le modele aérodynamique de I'appa-
reil dans un large domaine, quatre €quations différen-
tielles représentant I'évolution de certains coefficients
aérodynamiques instationnaires ont ¢té adjointes au
systéme habituel des équations de la mécanique du vol.

Le calcul des comportements asymptotiques du systéme
ainsi obtenu a permis de retrouver tous les phénome-
nes observés antérieurement sur un modéle d’avion de
combat typique [18] et d’approfondir la compréhension
du comportement en vol de 'appareil notamment dans
les phascs de vrille.

60 i 15 |
al)|-._ ' 10 ] I
L0 “'_'_‘_:/ ol i I
:’ [“ ‘\_+_“V~:,' .
20 W isiaiuiell g |
e } =
P |"_'““A.‘Tr ! _\\‘\
o= o — e
-'F- ‘j-’
-20 Q 3p(v) 20 -20 0 5 20

Figure 13 : Courbe d’équilibre pour §, =17°.
—— stable, - - - instable divergent,
----- instable oscillatoire
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A titre d'illustration, profondeur en butée a cabrer et
direction A gauche, lorsque le gauchissement varic, la
courbe des €quilibres a incidence positive montre d'une
part une vrille piquée a droite stable (r>0) et, d’autre
part, une vrille a gauche (r<0) et une tonneau a
incidence  modérée (=~25") instables oscillatoires
(figure 13).

Autour des régimes instables de vrille & gauche des
orbites dpénodlques quarals§ent (figure 142. Leur
amplitude et leur stabilité varie beaucoup en fonction
de la valeur du gauchissement, ce qui conduit aux
nombreux comportements trés divers démontrés en vol,
au Centre d’Essais en Vol d’Istres, par des essais
particuliers.

50

Ampa )

|
|
—16’::"”-'
il
'
/\

(] - -
8 0 3 °

Figure 14 : Enveloppe des orbites périodiques quand §,
varie pour §, = 17°.

—— stable, - - - instable divergent,

----- instable oscillatoire, +--+-instable (-1)

Plus précisément, pour une valeur de gauchissement
voisine de -10° et suivant 'historique des braquages des
ouvernes défini a Pavance aprés analyse des surfaces
‘équilibre, il est possible de mettre en évidence trois
allures de vrille.

La premicre est une vrille calme. Elle correspond a une
orbite périodique de petite amplitude (figure 15) qui
existe pour quasiment toutes les valeurs négatives du
Eauchlssemcnt sous réserve de conserver les mémes
raquages de fa profondeur et du gauchissement.

La seconde est une vrille agitée (figure 16) avec des
variations importantes sur les paramctres du vol. Elle
correspond a une orbite dont Pamplitude varie beau-
coup en fonction de la valeur du gauchisscment.

Quant a la troisi¢me, c’est une vrille trgs agitée. Elle est
associée a une orbite périodique instable oscillatoire et
elle correspond a I’évolution du systéme sur un tore
entourant Porbite instable (figure 17).

Dans cette application, seul le phénoméne de double-
ment de période, prédit pour une valeur de gauchisse-
ment voisine de -5°, n’a pu étre mis en évidence lors de
ces essais en vol compte tenu de la durée limitée d’une
phase de vrille (T = 50 secondes). Cependant, il convient
de noter que les pilotes savaient que le comportement
de cet appareil est trés sensible et peu fidele pour ces
conditions particuliéres de vol et de braquage des gouvernes.
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o® et de montrer les potentialités de la méthode sur un cas
réel.
43" - & %0°
0 454
w* 0 A f V%AU Avn
) 10 20 t(s) 0 V () V l/
- 43 VU v
10 20 t(s) >0
. P
0 Ao 2 A
) 1 p\(}-}i\] L X
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ao.

-20° -
0 20 t(v) >0

Figure 15 : Vrille calme pour 3, variant de -20° a 0°

0

45° 4

-435° T T

Figure 16 : Vrille agitée.

Outre ccs %uelques illustrations, cette étude a permis
également d’estimer I'influence de nombreux parame-
tres tels que:

- le déplacement du centre de gravité de 'appareil
en dehors de son plan de syméirie sur les vrilles,
- la poussée, '

- les couples gyroscopiques dus aux moteurs,

- certains coefficients aérodynamiques,

10 20
Figure 17 : Mouvement sur un tore.

IV

tis») >0

7. QUELQUES REMARQUES A PROPOS DES
COMMANDES DE VO
Il n’est pas dans le propos de cette communication de
traiter de I'élaboration des lois de commande pour les
systémes non linéaires. Cependant, compte tenu de lois
e commande linéaires on non linéaires (d'aprés leur
formulation ou par lintroduction d’éléments non
linéaires) données, on peut se demander si la méthodo-
l()%ic développée pour I'avion naturel est encore appli-
cable & I'avion piloté. Plus précisément, si les lois de
commande entrainent la disparition de certaines bifur-
cations du systéme, ne risquent elles pas de créer de
nouvelles instabilités?

Méme sans employer le terme de bifurcation, ces
problémes de commande sont le souci de nombreux
chercheurs et des résultats importants sont d’ors et déja
disponibles dans la littérature.

Dans ce paragraphe, on s’intéresse au systéme (1) pour
!335‘5] on suppose que la commande U n'est plus
indépendante de I'état et qu’elle est rebouclée sur I'état
selon la relation:

U=G(X,P)

la fonction G étant continue, dérivable dans les mémes
conditions que F et éventuellement non linéaire. Le
vecteur P représente les nouveaux paramétres du
systéme en boucle fermée, caractéristiques de la loi de
commande, & faire varier de fagon quasistatique

ch part la définition de U, il apparait que tout équili-
re

(X:o)

est_aussi ¢quilibre du systéme en boucle fermée et
réciproquement; la loi de commande ne modifie pas les
états d’équilibre du systéme original. Par contre, la
stabilité des solutions est différente et des orbites
ériodiques peuvent disparaitre ou apparaitre suivant la
ormulation de G(X,P).

7.1 Commandes de vol linéaires
Une illustration de l'influence de commande de vol
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linéaires sur une avion de combat est présentée par
Planeaux [29].

Cette loi de la forme:

(U=KX)

a pour but de modifier Papparition de la divergence de
l'oscillation de dérapage.

Gouvernes transversales au neutre, I'instabilité survient
pour un braquage de la profondeur voisin de -19°. En
assimilant les gains de la boucle de controle a des
paramétre du systéme, le processus de continuation
permet d’une part de suivre 'apparition de la bifurca-
tion de Hopf en fonction de la profondeur et des gains
et, d’autre part de montrer que Peffet d'un gam linéaire

n’est pas nécessairement linéaire (figure 18).
20
1.5
1.0 7 lable
£ e;u.!llbr'u
06 4
e Y R " Mt et Seppier T Mt  iappat T

Figure 18 : Evolution de I'instabilité de l'oscillation de
dérapage en fonction de la profondeur et d’un gain de
la boucle de controle.

Au dela de la nouvelle limite de stabilité de I'avion
muni de sa loi de commande, il est & noter que 'ampli-

ériodiques est également influencée
C%ﬁgurs 19).

tude des orbites
par le gain de la boucle

Figure 19 : Effet du gain sur 'amplitude maximale des
orbites périodiques (dérapage uniquement) en fonction
de la profondeur.

Cet exemple simple montre que la méthode d’analyse
globale de stabilité a également la possibilité d’amélio-
rer la compréhension du comportement de systémes
non linéaires muni de lois de commande méme com-
pleteraent linéaires.

7.2 Commandes de vol non linéaires,
Dans les commandes de vol, les non-linéarités peuvent
apparaitre de fagon naturelle ou accidentelle. Elles sont

ABBOTTAEROSPACE.COM

10-9

"naturelles” lorsque le concepteur les introduit volontai-
rement dans le systéme en vue de réaliser un objectif
donné. Elles sont "accidentelles" quand elles surviennent
incidemment du fait que tous les éléments intervenant
dans une chaine de commande ne sont pas naturelle-
ment linéaires (butées, saturations, hystérésis).

Par exemple, un gain n’est généralement pas constant

uelle que soit "amplitude du signal d’entrée. On peut
alors se demander qu’elle est I'influence de la saturation
sur le comportement du systéme lorsqu’il est soumis a
des perturbations de grande amplitude.

Sans oublier de mentionner les travaux, entre autres, de
Hirai [30], Holmes [31] et Mitobe [32], I'application de
la_théorie des bifurcafions au cas simple suivant peut
laisser augurer d’intéressants développements ultérieurs.

Soit un systéme différentiel linéaire du second ordre
instable en boucle ouverte, d’amortissement {; et
pulsation w,. Ce systéme est stabilisé par un retour en
vitesse (figure 20).

e

€ r‘7—_‘

S 1

kes)

Figure 20 : Systéme du second ordre instable et stabilisé
en vitesse.

L’analyse linéarisée:

§+2L worh)S+w s =e

montre que le gain k joue sur 'amortissement du
systéme en boucle fermée.

Lolrscgue le gain passe de la valeur z€éro 2 la valeur (k")
qui rcéalise "amortisscment souhaité, il existe donc une
valeur critique (k.) pour laquelle P'amortissement est
nul; le systéme en boucle fermée posséde alors deux
valeurs propres imaginaires pures.

Supposons maintenant que le gain k est non linéaire et,
pour faciliter les calculs analyfiques, de la forme:

krs
2k(s)

k(s)= Ek(s')h.marctan
n

Hm

ce qui correspond & une saturation adoucie en vitesse.

Il est aisé de montrer qu’une orbite ;[)ériodique instable
apparait au dela du point de Hopf. Lorsque le gain
varie, cette orbite entoure le point de fonctionnement
stabilisé du systéme en boucle fermée et peut éventuel-
lement subsister pour la valeur du gain choisie pour
obtenir une "bonne" réponse du syst%mc vis a vis des
petits mouvements gggure 21). Dans ce cas particulier,
de dimension 2, l'orbile instable représente la frontidre
du domaine de stabilité du systéme commandé.

Appliquée & un modgle d’avion de combat typique
instable en latéral el stabilisé par des retours saturés en
vitesses de roulis et de lacet et, é(%alcment en braquage
des gouvernes transversales, la description de l'orbite
périodique instable entourant le point de vol (figure 22)
stabilisé donne une premiére information sur la robus-
tesse de la loi vis & vis de perturbations [33). Contraire-
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ment A 'exemple précedent, I'orbite instable n’est plus
maintenant qu'un €lément de la frontitre du bassin
d’attraction.

PAmp.s [P

Figure 21 : Amplitude de la solution asymptotique du
syst¢me en fonction du gain non linéaire.
—— stable - - - instable -:-.- instable oscillatoire

1.5° A

Figure 22 : Etat d’équilibre stabilisé et orbites périodi-
ques pour un avion de combat typique.

+ point d’équilibre stabilisé, - - - orbite instable,

—— orbite stable

8. DOMAINE D’ATTRACTION DES ETATS D’E-

QUILIBRE o )
Le probléme général de la détermination du domaine
d’attraction d'un point d’équilibre stable d’un systéme
différentiel autonome est étudié depuis longtemps. Une
synthése des différentes méthodes employces est
réalisée dans [34]. Parmi celles ci, il y a lieu de distin-
guer celles qui sont fondées sur la théorie de Liapou-
nov et les autres.

La théorie de Liapounov est trés générale et trés

puissante. Néanmoins son efficacité dépend beaucoup

du choix d’une "bonne" fonction de Liapounov et, étant

fondée sur des conditions suffisantes de stabilité, elle

ne donne accés qu’'d une sous partie, généralement

convexe, du domaine d’attraction d’un point d’équili-
LE.

Pour contourner la difficulté, Génésio et al [34] propo-
scnt une méthode fondée sur I'intégration a rebours du
syst¢tme différentiel & partir d’'un ensemble de points
situés dans le voisinage du point d’équilibre et apparte-
nant au domaine d’attraction. Plus récemment ces
méthodes ont été amcndées par deux contributions
[35,36] dans lesquelles les auteurs cherchent & constr-
uire un sous domaine d’attraction constitués par
Pensemble des g)oinls du sLstémcs situés a un tcm;l)s
fini du point d’équilibre stable considéré. Dans [36],le
sous domaine est approché par un polyédre et une
application aéronautique est présentée.
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Muni d’'un moyen de calcul des comportements asymp-
totiques et en faisant I'hypothese de I'hyperbolicité des
solutions, il est possible de construire” directement la
frontiere de stabilité en réunissant les variétés stables
des solutions stationnaires instables situées sur la
frontitre cherchée [37].

A titre _d’cxemg!e, agrés avoir déterminé les deux points
d’équilibre stable, (0., 0., 0.) et (-7.45, -7.45, -7.45), et le
point d’équilibre instable (-2.45, -2.45, -2.45) du systéme
suivant:

X=-x+y
y=0.1x-2y-x*-0.1x3
Z=-y+z

la méthode utilisée 4 TONERA permet de construire
directement la frontiere de stabilité du point d’équilibre
stable (figure 23).

3

X axis

Y axis
=320

Figure 23 : Vue partielle de la frontiére de stabilité.

Lorsque le syst¢tme est de dimension plus élevée, la
représentation graphique de la frontire de stabilité
présente des ditficultés. Cependant, sa projection dans
des sous espaces particuliers fournit des informations
u_ulg:s.[3SL (figure 24). A noter que ce résultal est
similaire @ ccux obtenus par une approximation du
domaine d’attraction au moyen de polyédres el présen-
tés dans [36]

r
1 1

6.00——~— 1
-~ - PESA
o O~ - (220,43) |

PES3

-12.00 - -~ -
-~ . S
-18.00 e =
20.00 60,00 100.0 140.0 180.0

P

Figure 24 : Projection de la frontiére de stabilité entre
les deux points

d’équilibre  stables (PES1 et PES3) dans le plan (p, r)
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9. CONCLUSION .
Lorsqu’un avion évolue avec une forte dynamique ou/et
a grande incidence, 'importance des non-linéarités des
équations de la mécam%qc du vol et du modele aérody-
namique rend la prédiction du comportement Jc
Pappareil délicate. Généralement, ces phases de vol
sont étudiées au mo?'cn de nombreuses simulations
numériques avant de les aborder ¢n vol.

Face 2 cette difficulté, de nombreux chercheurs se sont
attachés A traiter ces probleémes de fagon partielle en
appliguant, de fagon analytique et sur des syst¢mes
simplifi€s de dimension réduite, des méthodes classi-
gucs d’étude de la stabilité de systtmes d’équations

ifférenticlles non linéaires. Malgré Pintérét de ce type
d’approche pour appréhender un phénomeéne com-
plexe, les hypotheéses simplificatrices nécessaires nuisent
souvent a la qualité du résultat,

Parallelement & 'accroissement des capacités de calcul
des ordinateurs, le développement de la théorie des
bifurcations a montré la voie vers une méthodologie
globale d’analyse du comportement asymptotique des
syst&¢mes différentiels non linéaires quelconques.

L’application de cette méthodologie aux avions permet
d’expliciter de nombreux phénomenes tres divers,
simples et complexes, avec la méme procédure de
calcul et sans avoir besoin de recourir 3 des hypotheses
simplificatrices et A des simulations exhaustives. Quant
A la corrélation avec les essais en vol, elle confirme
brillamment les prédictions (sous réserve, toutefois,
d’utiliser un modele d’avion de bonne qualité).

Dans le but d’affiner encore I'analyse en se rappro-
chant les plus possible de syst¢mes plus complexes, il
apparait Céuc cette méthodologie est sqscegtlblc d’aider
également a la compréhension de I’action de chaines de
ptotage, méme simples, sur le comportement global du
?stémc.'Dans le méme esprit, le recherche du domaine

"attraction des états d’équilibre stable permet d’abor-
der P'analyse des comportements transitoires.

De part ces capacités actuelles et potentielles, cette
méthodologie d’étude globale des systémes différentiels
est déja trés utile pour analyser le comportement des
avions. Dans l'avenir, elle devrait étre appliquée a
d’autres systémes complexes tels, par exemple, des
missiles, des hélicoptéres ou des sous marins.
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DECOUPLING OF AIRCRAFT RESPONSES

David J. Moorhouse
Wright Laboratory
Wright-Patterson AFB OH 45433-6553
United States

Introduction

The theory of aircraft stability is
at least as old as powered flight.
The original impetus was to design
the configuration to have acceptable
characteristics. Flight control
technology was next applied to
tailor, i.e. improve, the classical
response characteristics; a yaw
damper being a simple example. More
recent flight control technology has
provided the means to change the
character of the aircraft response so
that it no longer exhibits the
classical behavior of a short period,
a phugoid, a Dutch roll, a roll mode
and a spiral. With additional
control effectors and the use of
feedback there is an infinite number
of ways to change the basic stability
and response characteristics.

Pilot preferences are also well
established, however, so that care is
needed in implementing any
theoretical improvements. The
technology exists to provide the
pilot with the capability to
individually control all six degrees
of freedom. Obviously, a requirement
for a pilot to integrate six
different control effectors would be
likely to increase his workload. 1In
that sense decoupling all six axes
would be detrimental. Conversely,
any unwanted coupling that can be
eliminated should reduce the pilot
task.

The Wright Laboratory has had a
series of flight demonstration
programs that have evaluated new
technologies in the most realistic
tasks. First an F-16 was provided
with the additional control effectors
to allow independent control of all
six degrees of freedom. A variety of
control modes was mechanized, so that
the pilot could evaluate both coupled
and decoupled modes. Following a
subjective in-flight assessment, a
ground-based piloted simulation
experiment was performed to evaluate
all modes for both offensive and
defensive combat use. Second, an F-
15 was modified to facilitate precise
landing in adverse conditions. A
special short landing mode was
implemented to feature decoupling of
airspeed and glideslope responses
plus the integrated coupling of
direct 1lift and sideforce control.
This paper presents results from both
these programs, to illustrate the
benefits of either decoupling or a

new coupling of aircraft responses.

Background

Very shortly after the Wright
Brothers flew, aircraft designers
standardized on a configuration of
aft-mounted elevator (then
stabilator) and rudder and wing-
mounted ailerons. Together with the
propeller or jet-engine thrust, this
arrangement gives four effectors to
control six degrees of freedom. In
matrix notation the equations of
motion are written

x = Xx + Bu

The state vector, x, contains some
form of the basic six degrees of
freedom. The matrix A contains the
stability derivatives which can
include both natural airframe
characteristics and terms due to
stability augmentation. The control
vector, u, has the four terms
discussed above plus two zero terms
for conventional aircraft. Control
of the z- and y-axis is then implicit
through changes in the angular
states. This is obviously typified
by using pitch attitude changes to
control flight path. This is natural
to pilots, but it is possible to
postulate conflicting requirements
for nose pointing independent of
flight path control in combat. We
can complete the u vector with the
addition of Direct Lift Control (DLC,
z-force) and Direct Sideforce Control
(DSFC, y-force). Next, we can devise
an augmentation scheme
(theoretically, at least) to make A
and B essentially into diagonal
matrices. The pilot could then have
control of each axis independent of
all the others:

*i = a; Xxpg + bi ug
This can be considered perfect
decoupling, although it remains to be
seen whether a pilot would consider
it perfect. 1In addition, given the
same control effectors an infinite
number of ways exist for integrating
(i.e. coupling) the additional
capabilities to produce
unconventional responses.

Direct Force Modes for Combat

Each of the flight control modes
shown in Figure 1 was evaluated
qualitatively in the flight programs
of References 1 and 2. The A; mode
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changes the flight path without

the conventional pitching motion to
change angle of attack. The change
in flight path was felt to be
essential, with the potential benefit
of some deception in the lack of
pitch cues. The &, mode changes pitch
attitude without any change in flight
path angle. This was assessed as an
offensive mode, the only possible
defensive benefit would be through
deception, but it would be vulnerable
unless combined with other
maneuvering. Finally the Xgmode
commands vertical velocity without
changing pitch attitude. For short-
duration control inputs this mode
should be similar to the A, mode.
Each of the above three modes
decouples the pitch and normal axes.
An additional Maneuver Enhancement
mode used DLC to "quicken" the
conventional load factor response to
pitch changes. Overall, none of the
longitudinal modes were considered to
have any strong defensive potential
for a gun encounter.

The A, mode controls directional
fligh¥ path with wings level and zero
sideslip angle. This mode has been
shown to be advantageous for ground
attack, however, there is some
possible defensive potential from the
ability to turn without first banking
the airplane. The @,mode changes yaw
attitude without changing flight path
and is equivalent to the &;mode. The
R, mode commands lateral velocity
without changing yaw attitude. This
mode was felt to have more defensive
potential than any other mode,
especially if combined with other
maneuvers. This mode could be
commanded through the rudder pedal,
with conventional responses available
through the side-stick. As an
example, the pilots particularly
liked the ability to translate out of
a banked turn.

Following the initial assessment
above, it was decided to evaluate the
modes quantitatively in a motion-
based simulator. The task was to
track as aggressively as possible a
computer-generated target which
maneuvered according to either
computer-generated or pre-recorded
motions using similar control modes.
The pilots were required to give a
pilot rating according to the Cooper-
Harper scale, i.e., rate task
performance not the aircraft
configuration or flight control mode.
Thus, by comparing appropriate runs a
difference in pilot rating could
indicate an effect of target motions
on the tracking task or an effect of
the tracking aircraft's flight
control mode. Pilot comments were
also used as aids in interpreting the
pilot ratings.

The overall objective of the
simulation effort was to generate
basic data on pilot use of the
different modes. Based on the prior
assessment plus consideration of the
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limitations of the visual system, the
target was programmed to move in
either vertical or lateral
translations with various
acceleration levels. In this way the
experiment was kept reasonably "pure"
- tracking the vertical target
motions with the longitudinal modes
and the lateral motions with the
directional modes.

The data can be viewed in one of two
lights; by making a mode-by-mode
comparison of tracking performance,
pilot rating and commentary for a
particular target maneuver or set. of
maneuvers (e.g., all elevation
targets) we can evaluate the effect
of direct force control capability in
the tracker airplane on offensive
performance. Conversely by comparing
the type of target (i.e., elevation
or azimuth) and target authority with
tracking performance, ratings and
commentary we can determine the
impact of target motion on task
performance and workload. An
increase in rms tracking error, a
degradation in ratings, or both
indicates the target's defensive
effectiveness.

Piloted Simulation Results: Offensive

Figures 2 and 3 show tracking
performance for various elevation and
azimuth target acceleration
capabilities, respectively, for each
tracker mode. For the baseline case
the pilots were only able the keep
the target within the pipper (25 mils
radius) for a quarter of the 12 runs
against elevation targets (Fig. 2).
Both the A and ME modes show improved
performance over the baseline mode
for vertically-accelerating targets.
The pilots were able to maintain the
target within the pipper for almost
all of the runs when using the A or
ME modes. Pilot commentary states
"the mechanization through the
sidestick" and "the quickened g
response" of the ME mode, and "the
excellent dead beat pitch response in
fine tracking" were the primary
reasons for the improvement in
performance. For elevation target
capabilities of less than 1lg pilots
tracked with the A, mode alone. This
was possible since mode authority at
the flight condition was + 1lg normal
acceleration. For larger target
authorities pilots had to blend in
baseline response through the
sidestick controller, though pilot
commentary states "the pilot had no
problem blending the A, mode through
the trim button and conventional
baseline response through the side-
stick". Even so, pilots "preferred
mechanizing the direct force control
through the conventional sidestick
controller (i.e., the fully
integrated ME mode) over having to
use a secondary controller (i.e., the
A, mode)".
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Tracking results in Fig. 2 show a
significant improvement when using
direct 1ift control modes as compared
to the baseline mode. This
observation is supported by the pilot
ratings (Figs. 4a and 5a) and
comments. Almost all of the runs for
the A, mode against various elevation
targe%s are rated Level 1 (Fig. 4a).
Level 1 indicates "the pilot has
satisfactory task performance and
workload". Similar results are found
for the ME mode (Fig. 4a). For the
baseline mode a majority of the
ratings are Level 2, indicating "the
pilot can still accomplish the task
but he must increase his workload to
do so". The A, mode on the other
hand, had a "deadbeat pitch response"
resulting in a "stop where you
release", removing the problem of
having to put in additional control
to stop the pitch response from
overshooting the target. The ME
mode, which automatically blends the
direct lift control, has the same
favorable characteristics as the A
mode, resulting in a decreased pilot
workload (i.e., lower pilot ratings)
evident from the pilot commentary.

Figs. 3, 4b and 5b show the effects
of direct sideforce control
capability on tracking performance
and pilot rating for an azimuth step
target with various lateral
acceleration capabilities. Again the
ME mode shows an overall improvement
in tracking performance as compared
to the baseline. 1In order to track
the azimuth target the pilot must
bank the airplane and then track the
target with pitch. Hence, tracking
an azimuth target is essentially a
pitch tracking task. The ME mode
"improves the baseline pitch
characteristics", resulting in
improved performance and ratings.

The ratings and performance for the
azimuth target tasks are generally
worse than for the elevation targets
due to an increase in task complexity
over the elevation target tracking
task. The A mode results indicate
the pilot can only maintain the
pipper near the target for 1 out of 6
runs. Pilot ratings for the A, mode
task performance lie between 6 and 7
(Figs 4b and 5b). A rating of 6
means "adequate performance requires
extensive pilot compensation" with
the airplane having "very objectional
but tolerable deficiencies". For a
pilot rating of 7 the pilot "cannot
achieve adequate performance
regardless of pilot workload". A
"major deficiency" is present
requiring improvement. Pilot
commentary for the baseline and ME
mode against azimuth targets disclose
that "the pilot must correctly blend
3 control inputs to follow the target
motion". This increases the pilot
workload resulting in the degraded
ratings.

Pilot commentary indicates the
mechanization of the modes was
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"satisfactory". A, mode on the rudder
pedal was a good way to mechanize
that mode since it is "consistent
with the way pilots are trained to
fly". Pilots use the conventional
rudder for directional heading
corrections, and the A, mode also
changes heading. Comments on the
baseline and the ME mode versus
azimuth targets are identical to the
comments for the modes versus
elevation targets, although ratings
are no better than for the baseline
aircraft.

In summary, results from the
offensive evaluation of the direct
force control mode show that the
blended direct force mode in the
tracking airplane (i.e., ME) improves
the tracking performance while
lowering the workload. The open-loop
direct-1ift mode shows similar
results, with commentary (but not rms
error or pilot rating) indicating a
further improvement in fine tracking.
The open-loop sideforce mode does not
show the same tracking improvement
compared to the baseline as does its
longitudinal equivalent. This is
partly due to an increased task
complexity for the azimuth target
tracking task. Controller
mechanization of the ME mode blended
through the sidestick received very
favorable pilot comment, as did
mechanizing the A, mode through the
rudder pedals. The A, mode on the
button was acceptable, but pilots
preferred to command all the direct
force modes through the conventional
controllers, removing the control
harmony problems frequently
encountered when using a secondary
controller.

Piloted Simulation Results: Defensive
Since the same response capabilities
were programmed into the target
motions, if the target motions cause
a degradation in tracking performance
or pilot rating, we interpret this to
indicate defensive potential in that
target motion. Figs. 4 and 5 are
plots of pilot rating versus
increasing target acceleration
capability for an elevation target
and an azimuth target. There is a
lot of scatter in the results, as may
be expected - on a given run there is
an element of luck in whether the
pilot acquires and stays with the
target. In addition, there is no
apparent difference due to the mode
of the tracking aircraft, so the
results are included together in

Fig. 6.

Vertical translation magnitude shows
no consistent effect on pilot rating
(Fig 4a). Vertical target
accelerations from 1/2 to 4g produce
pilot ratings between 2 and 5 for all
longitudinal modes, with the majority
remaining Level 1. Even the worst
rating indicates that "acceptable
performance can be achieved",
although the worklocad of the pilot
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tracking that target has to be
increased. This is also supported by
the mean pilot ratings of both pilots
for all elevation targets for a
particular mode (Fig. 5a). Typically
the elevation target motions were
considered as "a simple, single-axis
pitch tracking task as long as no
inadvertent roll/yaw inputs are
made". Pilots learned that minor
roll/yaw inputs created enough of a
lateral offset from the target plane
of motion to dramatically increase
the complexity of his task. To
correct the lateral offset they
sometimes had to blend 2 and 3
control inputs to get back in the
target's plane of the motion.

Another consideration is that maximum
elevation target acceleration exceeds
any probable direct lift control
authority, even though it is still
less than the normal load factor
capability of modern fighters. The
implication is that pure elevation
maneuvers by the target are not going
to be effective defensively.

By contrast, Figs. 4b and 6b show
that alternating azimuth steps are
much more effective defensive
maneuvers. Scatter again is evident,
with the ratings varying from 3 to 7;
however, a third of the results are
in the Level 3 region (Fig. 6b).

This worst rating indicates, of
course, that acceptable performance
cannot be achieved regardless of how
hard the pilot works. Pilot comments
also indicated an "increase in task
complexity" relative to tracking the
elevation step targets. The
difficulties of tracking were
expressed as: "the azimuth target
forced me to simultaneously blend the
three axes of airplane response in
pitch, roll and yaw in order to match
the target motions". Thus although
the experiment was simplified into a
single-axis target maneuver, the
pilots were faced with a multi-axis
tracking task and found the workload
often unacceptable. Finally, and
rather surprisingly, as little as
1/2g azimuth target acceleration
produced pilot ratings of 7 while
increases up to 4g produced no
further degradation in pilot ratings.

It is interesting to note that direct
force control capability in the
tracking airplane shows no
appreciable improvement in task
performance or pilot rating against
the azimuth targets although this
capability gives improvement in both
performance and pilot rating against
elevation targets. Hence, we
interpret these results to indicate
that lateral maneuvering (i.e. y-axis
translation) effectively increases
defensive capability due to the
drastic increase in complexity of the
tracking task for the pursuing
airplane.

Precision Landing

The preceding section indicates the
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increases in workload that are caused
by the pilot having to coordinate
multiple control inputs. In applying
control technology to improve
handling qualities, it would appear
fruitful to address any conditions
that require a pilot to coordinate
his inputs in more than one axis. A
good example of this requirement is
the coordinated stick and throttle
inputs required to achieve a
precision touchdown. It is
instructive, first, to consider an
effect from theory of constrained
stability. For a conventional
aircraft the longitudinal motion can
be separated into two distinct modes.
The short period mode consists of
angle of attack and pitch attitude
variations and is well damped, while
the phugoid consists of lightly
damped variations in airspeed and
pitch attitude. The common
approximation for the phugoid mode
gives a system damping of

from which the time constant of the

oscillatory phugoid amplitude
envelope is

’tP = "ZyéKu-
Now, if the pitch attitude is held

constant, the normal longitudinal
equations reduced to:

(s - Xw)u. -—Xo(tx =0
—Z,wt (5—2“)0( =0

The result is that the classical
modes became an approximate "angle of
attack short period" and an
approximate "airspeed phugoid" mode.
The time constant of this aperiodic
airspeed mode is
- —I

7&x - /s(u_
i.e. half the time constant of a
classical phugoid. The two different
responses are compared in Figure 7.
It is seen that even with the reduced
time constant the aperiodic mode does
not give the pilot any appearance of
airspeed stability, whereas the
oscillatory mode shows a significant
initial reduction in the airspeed
perturbation. Because of the
frequency separation of the two
modes, the normal pilot action of
tightly controlling pitch attitude to
maintain the glideslope is equivalent
to holding attitude constant and can
be expected to generate the aperiodic
airspeed mode. It is suggested that
the apparent lack of airspeed
stability in the aperiodic mode
induces overcontrol, i.e. larger
power changes than necessary to
correct an airspeed transient.

Thus, when we look at the effect of
constraining the pitch axis, the
theoretical result is that the speed
axis is more stable. The practical
effect is that there is less apparent
stability to the pilot and there is a
natural tendency to produce over
control and coupling of the two axes.
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This is typified by the requirements
for a carrier landing. The
requirements are met with carrier-
based guidance, and either a manual
or coupled approach using a flight
control system known as an Approach
Power Compensator System (APCS).
Reference 3 analyzes and documents
development problems with APCS:
"Trial and error is the essence of
the design procedure now employed in
APCS development. While such a
procedure is usually to be avoided
and certainly not condoned, it has
proven necessary and reasonably
effective under the circumstance".
Each new aircraft is the subject of
intense development to meet the
operational requirements. The
current APCS implementations are
angle-of-attack based which implies
coupled airspeed and flight path
responses. Quoting from Reference 3:
"The basic manual control technique,
involving operation of both stick and
throttle, emphasizes the necessity of
using thrust plus attitude as the
combined means of maintaining
reference airspeed and angle of
attack on the glide slope. The (old)
notion of using throttle to control
altitude and nose attitude or stick
input to control airspeed is p01nted
out as not being wholly valid in all
situations along the approach". Navy
pllots do confirm that their training
is concentrated on learning the
required coordinated inputs. Note,
however, that the APCS throttle
inputs are to an angle-of-attack
reference, as are conventional
autothrottles. There is an obvious
steady-state correspondence, but such
mechanizations do nothing to reduce
the short term coupling tendencies.

A different approach was directed for
the Wright Laboratory's STOL &
Maneuver Technology Demonstrator
(S/MTD, References 4 and 5), because
of a primary requirement to land in
less than 1500 ft. In-flight thrust
reversing provided a high bandwidth
control capability in the x-axis.
Airspeed was used as a direct
feedback parameter, so that airspeed
was held constant independent of
stick input. Once the aircraft is
von speed" there is no reason for
pilot input into the speed axis; at
the same time a speed change
commanded by the pilot does not
produce a pitch transient. The above
approach to decoupling pitch and
airspeed control was implemented in a
Short Landing (SLAND) mode of the
S/MTD control laws. Reference 4
documents results of a piloted
simulation effort performed to define
the optimum value of pitch axis
bandwidth for tracking the glidepath
that was used. This mode was
designed using multivariable
techniques (see Reference 6). Figure
8 shows the decoupling achieved using
different orders of compensator.

The conventional aircraft configur-
ation produces a downforce from the

stabilator to rotate the aircraft to
generate 1ift to climb. The flight
path response is non-minimum phase,
i.e. initial motion is opposite to
the final motion. For the SLAND
mode, therefore, Direct Lift Control
was incorporated to produce a
minimum-phase flight path response.
It can also be shown that this
application reduces the conventional
lag of flight path response to pitch
rate. This also should make
glideslope control easier for the
pilot. The S/MTD glideslope control,
therefore, incorporated the latest
control technology to make it the
best it theoretically could be for
manual control. This makes the
evolution of pilot reactions very
interesting.

First flight of this mode produced
very negative pilot reactions,
especially concerning ride qualities.
It was characterized as a carnival
ride, not like an airplane, and he
even felt something that seemed like
direct 1ift! To the engineers it was
obvious that the pilot was high gain
and exciting the unusual
characteristics.

A later flight was performed in
reported winds of 18 kts gusting to
24 kts. Evén in these severe
conditions the pilot reported that it
was not as bothersome and that
precise touchdowns were possible
(with pilot compensation!)

Then back-to-back landings were made
to measure touchdown dispersion in
the new (SLAND) mode and also in a
control mode with conventional flying
qualities. With this comparison,
done in turbulence conditions, the
pilot found that SLAND mode was much
easier and offered a significant
decrease in pilot workload over
conventional characteristics. Even
so, the pilot still commented on the
"unusual flying qualities".

Two flights later, wind shear
encounters gave another boost in
pilot confidence. On back-to-back
landings, a wind shear was
encountered about 200 ft above the
runway as the pilot was concentrating
on the touchdown point for the
precise landing. With the
conventional mode, the aircraft
dropped approximately 75 ft before
the pilot arrested the sink rate by
applying power. The pilot alsc
commented that he was continually
working to control airspeed and angle
of attack throughout the landing. In
the SLAND mode, the control system
quickly arrested the disturbance
caused by the wind shear with the
aircraft losing less than 25 ft.

The final flight of the program
completely convinced the pilot of the
value of the new technology. A short
landing was performed at night using
only on-board guidance (Reference 7),
no runway lights and simulating a
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breakout from weather at 200 ft above
the runway. After this successful
demonstration, the pilot said that
the integration of the total system
was wonderful and certainly much
better than the sum of the individual
would indicate. He also commented
that day, VFR testing was not
indicative of the system's true worth
- the approach to a totally black
airfield was no more difficult that a
simple video game.

In summary, pure decoupling of
airspeed control from glideslope
control was designed to simplify the
landing task in adverse conditions.
All flight test programs buildup the
severity of the tasks, but the
initial pilot reactions from flights
in benign conditions were very
negative. 1In a demonstration
program, it was easy to continue
without questions or reviews and
reach the final successful approval.

Conclusions

For conventional, fixed-wing aircraft
the stability and control
characteristics are well established.
Flight control technology is able to
alter or tailor these characteristics
with an infinite number of
possibilities. This paper has
discussed two different Wright
Laboratory applications of control
technology. For combat use, direct
force control modes were beneficial
offensively when they were integrated
to simplify pilot control actions.
Decoupled responses were not liked.
Such modes were beneficial
defensively when they could be used
to generate out-of-plane maneuvers
and force a more complex task on the
attacker. For this application, the
defensive maneuver could be open loop
so that a decoupled mode would be
acceptable.

The second application consisted of
pure decoupling of airspeed control
from glideslope control for precise
landing. Simple analyses show that
this approach improves the "apparent"
stability of the aircraft response
and eliminates the requirement for
the pilot to coordinate inputs in two
axes. Initial pilot reactions were
very negative until some experience
was acquired. Landings in adverse
conditions finally produced
enthusiastic pilot comments about the
reduced pilot workload that
accompanies not having to coordinate
two different control inputs.

Finally, this paper has attempted to
show how pilot likes and dislikes can
guide the development of control
strategies. The theoretical
possibilities are unlimited for
tailoring aircraft stability, in its
broadest context. The pilot is still
the final judge.
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Discussion

‘SESSION II - QUESTIONS & ANSWERS (PAPERS 8, 10, 11)

PAPER 8: G BERKOOS

Question:

Two fundamental characteristics of active control are
measurement error and delay in applying control forces.
Does your approach to controlling the flow take these
factors into account?

Answer:

Noise comes into the model in a very natural way,
namely through the tree boundary term, therefore, as
long as noise is not overwhelming we do not think it will
be a problem. The delay in applying central forces is
accounted for in the model that gives us the control
vector in phase space, (neglecting the computation time
which will be much smaller than the turbulent time
scales).

Question:

In order to implement your contro} scheme for a
turbulent boundary layer, you have to sense where you
are in the phase space of your loci dimensional
dynamical model. Could you outline how you go about
doing this?

Answer:

We plan to have an array of hot film wail mounted
sensors. These sensors give the wall shear rate. The shear
rate footprint is then decomposed into the footprints of
the different eigen functions and thus an estimate for the
phase space point is obtained.

PAPER 10: Ph GUICHETEAU

Question:

Can you predict all spin modes of an aircraft? Vertical
wind tunnel tests or flight tests can never be sure!

Answer:

The methodology can predict almost all (because of the
absence of results about asymptotic states for a set of
general nonlinear differential equations) behaviour of the
used model. Flight dynamics experience on several
aircraft help to look for all the spin modes. Obviously, a
vertical wind tunnel tests is not failsafe and this is one of
the tasks of aerodynamicists. Also, flight tests are not
completely trustworthy, but, if a ’catastrophic state’
found with numerical prediction has not been exhibited

by the aircraft during the flight test, one must be careful
as under special conditions (in operational operations, for
example) the real aircraft may exhibit this behaviour.

Question:

Which were the four unsteady aerodynamic coefficients
in your set of 12 parameters?

Answer:
The four unsteady coefficients are:

- C, g (ift)
- Cunsts Cn unso Co unee (moment coefficients)

Question:

How critical to your spin predictions is the accuracy of
aerodynamic coefficients?

Answer:

The accuracy needed for ’good’ predictions is not the
same for all the coefficients. Some of them are very
sensitive. We have to study this problem using
aerodynamic coefficients as parameters, but the results
are not within the scope of this presentation.

Question:

Is asymptotic stability analysis sufficient, or can the
aircraft get in trouble before?

Answer:

It is not sufficient to study asymptotic states, but it is a
first step. Transient motions are now being studied at
ONERA.

Question:

Can you study the behaviour of a stable or unstable point
to find the rates? A slow stability may be unattainable,
and a slow instability may be flyable.

Answer:

For strong stability or instability, transient behaviour in
the vicinity of the equilibrium point is provided by eigen
value analysis and associated eigen vectors. For weak
stability states or bifurcation points nonlinear
approximations are used to study or predict the motion
(see [14}).
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In practical situations, the designer must choose his own
boundary of stability (which is different from
mathematical definition) considering handling quality
criteria (for aircraft). However, he must be careful when
reducing the domain of interest.

Question:

How certain are you about spin type predictions which
were not measured in a lab?

Answer:.

We are not very confident about spin modes which are
not measured in a wind tunnel. To reduce the
uncertainty, the aerodynamic model has been measured
over a wide range of the state domain:

- 10° < o < 90°
- 40° < B < 40°

and numerous values of angular rates representative of
angular rates encountered during spin (see [28]). The
inverted spin modes were out of the scope of the study.

PAPER 11: D ] MOORHOUSE

Question:

There was a preceding aircraft which could land within
500m: the SAAB Viggen. It had a high-sink
undercarriage to land without flare, within 105m of the
runway threshold. Did the F-15 landing approach have
flare? This makes precision touchdown much more
difficult.

Answer:

The STOL and manoeuvre F-15 did not perform a
straight-in approach, it did flare and the flare guidance
was programmed on the head-up display.

Question:

A difficulty with the Viggen was control on the ground.
At what speeds could you use thrust reverser on a wet
runway? How was control on the ground exercized?

Answer:

Thrust reversing was scheduled to prevent hot gas
ingestion, but was active down to 40 knots. A good
paper was published on the Viggen problems and we
used some of the lessons learned, such as YAW rate
feedback to nosewheel steering. For the STOL F-15,
direct sideforce was commanded by the rudder pedals on
approach, after touchdown sideforce was commanded by
lateral stick into the wind (natural pilot action). This
reduced the crosswind effects by 50%.

LIBRARY

Question:

We saw a PIO of the F-15 on the ground. More PIOs
continue to appear (e.g., YF-22) after having discussed
the topic for a decade and claimed to have found the
solution. Were the time relays in the digital system above
120ms? If not, what caused the PIO? How was it cured?

Answer:

First, I have strong prejudice that equivalent systems
time delay should be less than 100 msecs. There was no
PIO in the STOL F-15, the film showed a large pitch
oscillation after touchdown that was caused by unsteady
ground effect/jet interactions. It was cured by adding
damping through pitch rate feedback.

Question:

In this F-15 there were many possibilities for control,
e.g., pitch could be controlled using thrust vectoring,
canards, tailerons, etc. How did you select the
combination of controls for each task? Judgement or
some kind of systematic analysis of all possiblities?

Answer:

There were 22 control effectors, but not all were
available in all flight regimes. The integration was done
more by judgement than a rigorous optimization

procedure.

COMMENT ON PAPER 11:

While reporting results as a function of roll rate (P,) and
roll angle (¢,)for fixed sting angle of attack (o)
completely specifies the variable motions of the wind
tunnel experiments, it is suggested that a better
understanding of the flow physics would be gained by
showing results as functions of the wing angle of attack
(o), sideslip angle (B), and associated rates (o, B) as
well. Static effects are best viewed in terms of wing
and flow asmmetry (8), while dynamic effects are
separate functions of rotary motion (P,) and flow
adjustment lags (‘ct,B). [The latter effects are analogous
to the distinct effects of q and ‘ot in longitudinal motion.]
Cross flow effects are quite different on left and right
wing panels -- in fact, for 65° sweep angle, the leeward
wing experiences reverse flow for high o, and ¢,; this
would be more apparent in the (o, B) description.
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BOUNDARY LAYER TRANSITION :
PREDICTION AND WIND TUNNEL SIMULATION

D. Arnal

CERT/ONERA
Aerothermodynamics Department
2 avenue E. Belin
31055 TOULOUSE CEDEX - FRANCE

SUMMARY

This paper gives a survey of theoretical and
‘experimental results reclated to the problem of
boundary layer transition ; emphasis is given on
applications of practical prediction methods. In the
first part of the paper, it is shown that the linear
stability theory can provide a good estimate of the
transition location if the free stream disturbance level
is low enough ; the difficulties to properly simulate
free flight conditions in ground facilities is
underlined. The second part of the paper is devoted to
the problem of boundary layer tripping in the
presence of large external disturbances ; in this case
the linear theory no longer applies and empirical
criteria need to be developed.

1 INTRODUCTION

Since the classical experiments performed by O.
REYNOLDS (1883), the instability of laminar flows
and the transition to turbulence have maintained a
constant interest in fluid mechanics problems. This
interest results from the fact that transition controls
important hydrodynamic quantities such as drag or
heat transfer. The objective of this paper is to give an

A0S

TURBULENT

1
1
]
TRANSITION

Fig. 1 - Boundary layer development

overview of the transition problems, and of the
prediction methods which are currently available for
engineering purposes.

An overall picture of the boundary layer development
is shown on figure 1. From the leading edge to a
certain distance xT, the flow remains laminar. At XT,
turbulent structures appear and transition occurs.
From xT to XE, there is a noticeable change in the
boundary layer properties. The transition process
involves a large increase in the momentum thickness

0 and a large decrease in the shape factor H. The

displacement thickness 81 = HO exhibits a more
complex evolution. The skin friction coefficient Cf
increases from a laminar value to a turbulent one, the
latter being in some cases an order of magnitude
larger than the former. It is obvious that the location
and the extent of transition depend on a large range of
parameters, such as external disturbances, vibrations,
pressure gradient, roughness ...

When a laminar flow develops along a given body, it
is strongly affected by various types of disturbances
generated by the model itself (roughness, ...) or
existing in the freestream (turbulence, noise, ...).
These disturbances are the sources of complex
mechanisms which ultimately lead to turbulence. In
fact, two kinds of transition processes are usually
considered :

a) If the amplitude of the forced disturbances is
small (low freestream turbulence level for
instance), one can observe at first two-
dimensional oscillations developing downstream
of a certain critical point. After a linear
amplification of these waves, three-dimensional
and non linear effects become important,
inducing secondary instabilities and then
transition. In these cases of "natural” transition,
the transition Reynolds numbers are usually very
large.

b) If the amplitude of the forced disturbances is
large (high freestrecam turbulence level, large
roughness clements), non linear phenomena are
immediatcly observed and transition occurs a
short distance downstrcam of the leading edge of
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the body. This mechanism is called a "bypass", in
this sensc that the linear stages of the transition
process are ignored (bypasscd), (sce MORKOVIN,
/1).

Both aspects of the transition mechanisms will be
discussed successively, Section 2 is devoted to the
problem of "natural" transition. After a short
description of the transition processes, applications

of the so-called "e™ method" are given. Typical
examples of transitions induced by large disturbances
(bypass) are given in Section 3.

2. "NATURAL" TRANSITION

2.1. General Description of the Transition
Mechanisms

a) Linear stage - As it was pointed out, the instability
leading to transition starts with the growth of two-
dimensional disturbances, the existence of which
was first demonstrated by the now classical
experiments of SCHUBAUER and SKRAMSTAD,
/2/. In fact, the existence of small, regular
oscillations travelling in the laminar boundary layer
was postulated many decades ago by Lord
RAYLEIGH (1887) and PRANDTL (1921). Some
years later, TOLLMIEN and SCHLICHTING
worked out a linear theory of boundary layer
instability, so that the waves are usually referred to
as the "TOLLMIEN-SCHLICHTING waves" (TS
waves). Nevertheless, the linear stability theory
received little acceptance, essentially because of a
lack of experimental results. The measurcments of
SCHUBAUER-SKRAMSTAD completely revised
this opinion by demonstrating the real existence of
the TS waves.

A complete account of this linear stability theory is
out of the scope of this paper (sec MACK, /3/, for
complete information). Only some of the basic
features will be briefly described.

In two-dimensional, incompressible flow, it is
assumed that the TS waves can be expressed by :

A .
q=q) expx) exp[i (ox - @) ()
q represents a velocity or a pressure fluctuation ; o,

o and o are the spatial amplification rate, the
wavenumber and the circular frequency,
respectively. Introducing (1) into the linearized
NAVIER-STOKES equations leads to a system of
ordinary differential equations, the combination of
which gives the well known ORR-SOMMERFELD
equation. Due to the homogeneous boundary
conditions (the disturbances must vanish at the wall
and in the freestream), the problem is an eigenvalue
one. When the mean velocity profile U(y) is
specified, a non zero solution of the stability
equations exists for particular combinations of the

four real paramcters R, 6, o and o, where R is the
REYNOLDS number.
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Fig. 2 - Stability diagram (BLASIUS flow)

The ORR-SOMMERFELD equation was solved by
many authors. The results of such computations are
represented on figure 2 for the BLASIUS flow. Al
the parameters were made dimensionless with the
freestream velocity Ue and the displacement

thickness 81, so that R31 = Uedy/v. The figure
shows some curves of constant amplification rate ¢
in the (o, R&7) plane ; curves of constant frequency
® are not represented for clarity. The curve 6 =0 s
called the neutral curve ; it separatcs the region of

stable (o <0) from that of unstable (¢ > 0)

disturbances. There is a particular value of the
REYNOLDS number below which all disturbances

decay ; it is the critical REYNOLDS number, Ry,
which is equal to 520 for the BLASIUS flow.

In three-dimensional and/or compressible flow, the
problem becomes more complex, because the most
unstable disturbances are oblique waves. For the
sake of simplicity, let us consider first the simplest
example of three-dimensional flow, i.e. the flow on a
swept wing of constant chord and infinite span. ¢ is
the sweep angle, x and z represent the directions
normal and parallel to the leading edge, respectively.
Relation (1) is now replaced by :

@

The previous expression contains the assumption that
there is no amplification in the spanwise direction.
An important parameter is the wavenumber direction

v = tan"1(B/ox). At each chordwise position, one
has to compute the value of the amplification rate ¢

for each value of y. yM will denote the most
unstable direction, i.e. the wavenumber direction

associated with the largest value of G.

q=4(y) exp(ox) exp[i (ox + Pz - ot) ]
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In compressible flow (at lcast for free strcam Mach
numbers M. larger than 0.6), the problem is quite
similar, even for two-dimensional mcan flows ; in
this case, the value of yp is no longer equal to 0° as
for low speed flows, but it takes a valuc which
depends essentially on the local free stream Mach
number. For instance, ypy is close to 70° for
Mc = 3.

20 30
waves waves
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One has to keep in mind that the non lincar phase and
the breakdown process occur over a relatively short
distance. For typical flat plate conditions, the
streamwisc extent of lincar amplification covers
about 75 to 85 per cent of the distance to the
beginning of transition. This explains that calculation

methods based on linear theory only (c" method,
paragraph 2.2.) give good results for predicting the
transition location.

Breakdown

Fig. 3 - Overall picture of the transition process

b) Secondary instability, breakdown, turbulent spots
In order to illustrate the downstrcam evolution of the
TS waves, figure 3 presents an example of smoke
visualization obtained by KNAPP ct al., /4/. A
laminar boundary layer develops in natural
conditions on an ogive nose cylinder aligned with the
freestream. It can be scen that the two-dimensional
TS waves take the form of concentrated bands of
smoke around the cylinder (left part of the sketch).
These "rings” become more distinct as thcy move
down the body, indicating the existence of a strong
amplification. When the initially weak disturbances
reach a certain amplitude, their evolution begins to
deviate from that predicted by the linearized theory :
the waves are distorted into a scrics of "pcaks” and
"valleys". As the flow proceeds downstrecam, this
pattern becomes more and more pronounced.
CRAIK, /5/, used a weakly non lincar thcory in
order to explain the appearance of this peak-valley
system ; his modecl was consistent with some
experimental observations, but was inopcrative in
other cases. More satisfactory rcsults were obtained
by HERBERT, /6/, who developed a lincar
fﬁcondary instability theory based on the FLOQUET
eory.

Further downstream, non linear mechanisms become
dominant. The peak-valley system gives rise t0 a
vortex filament (horseshoe vortex), which breaks
down into smaller vortices, which again break down
into smaller vortices. The fluctuations finally take a
random character and form a so-called "turbulent
spot” : it is the transition onsct. In the transition
region (between xT and xg, figure 1), the turbulent
spots arc swept along with the mean flow ; they
grow laterally and axially, overlap and finally cover
the entire surface.

¢) Receptivity - It has been shown that the
development of the TS waves can be correctly
predicted by the linear stability theory. The main
problem is now to explain the birth of these waves,
i.e. to establish the link between their initial
amplitude Ag and the forced disturbances. The
concept of receptivity, introduced by MORKOVIN
/7/, describes the means by which these forced
disturbances (sound, frecestream turbulence) enter the
laminar boundary laycr and impose their signature in
the disturbed flow. If they are small, they will tend to
excite the TS waves, which constitute the normal
modes of the boundary layer. Recent works by
GOLDSTEIN /8/ and KERSCHEN /9/ have shown
that the receptivity process occurs in regions of the
boundary layer where the mean flow exhibits rapid
changes in the streamwise direction. This happens
necar the body leading edge and in any region farther
downstream where some local feature forces the
boundary layer to adjust on a short streamwise length
scale.

Up to now, rcceptivity studies were restricted to two-
dimensional disturbances (sound, two-dimensional
convected gusts ...). In many practical situations,
however, the forcing disturbances are three-
dimensional. In such cascs, the receptivity
mechanisms are unknown. The only available
information come from experiments and illustrate the
cffect of the freestream disturbances amplitude on the
transition REYNOLDS number RxT . Figure 4
shows the evolution of RxT as a function of the

freestream turbulence level Tu = /U, where Ug is
the rms value of the freestrcam disturbances. At first
sight, the experimental data seem to collapse into a
single curve and it is clear that transition moves
rapidly upstrcam when Tu increases. However, as
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Tu becomes small, RxT reaches a constant value
which depends on the experimental set-up : this

valuc is about 2.8 106 for SCHUBAUER-

SKRAMSTAD, /2/, and 5 109 for WELLS, /10/. In
fact, sound component controls transition when Tu is
very small and the effect of "true" freestream
turbulence (vorticity fluctuations) can be only

obscrved at values of Tu greater than 0.1 10-2. On
the other side, TS wavcs arc ncver observed as soon

as Tu excecds 2 or 3 10°2: transition becomes
triggered by "bypass” mechanisms.

2.2. Transition Prediction : The e® Method
a - Two-dimensional, incompressible flows

Let us recall that the gencral cxpression of a
Tollmien-Schlichting wave is :

q= ﬁ(y) cxp(ox) exp [i (ox - u)t)]

For a given mcan flow, it is possible to compute a
stability diagram (figure S) showing thc range of
unstable frequencices f as a function of the streamwise
distance x. Let us consider now a wave which
propagates downstream with a fixed frequency f.
This wave passes at first through the stable rcgion ;
it is dampced up to xq, then amplificd up to xq, and it
is damped again downstream of xp. At a given
station x, the total amplification rate of a spatially
growing wave can be defined as :

X

n(A/Ag) = [ o dx 3)
X

A is thc wave amplitude and the index 0O refers to the
strcamwise position where the wave becomes
unstable. As an example, figurc 5 shows total
amplification curves corresponding to various
frequencics. The dashed line represents the envelope
of these curves, which will be called n :

n = Max(In (A/Ag)) at a given x )]
f

The so-called e"™ method was developed
indcpendently by SMITH-GAMBERONI /11/ and by
VAN INGEN /12/. SMITH and GAMBERONI
comparcd the theoretical value of the n factor with
transition locations mecasured on airfoils ; in all

cases, transition was found to occur when n= 9 ;
this mcans that turbulent spots appear when the most
unstable frequency is amplificd by a factor ¢9. The

same result was obtained by VAN INGEN, with a
slightly lower value of n (7 to 8).

The e method is currently used for the case of
natural transitions. The success of this method is
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certainly due to the fact that many experimental data
are obtained in wind tunnels where the disturbance
environment is similar, at least for low speed [lows ;
in particular, the freestream turbulence Icvel is

usually rather low, lct say Tu = 0.1 %. For larger
values of Tu, the n factor at transition onsct
decreases. MACK /13/ suggested an empirical
relationship between Tu and the value of n at the
transition location :

=-843-24InTu (5)

For Tu < 10-3, sound disturbances may become the
factor controlling transition rather than turbulence
and relation (5) may give poor results. On the other
side, if Tu=2.98 10-2, relation (5) implics that
n =0, i.e. transition occurs at the critical Reynolds
number. It is the bypass limit.

b - Three-dimensional and/or compressible flows

Let us recall that it is now necessary o lake into
account oblique waves, because the streamwisc
direction is not always the most unstable onc. Due to
the appearance of this additional paramcter, scveral
strategies can be uscd to compute the n factor, sce
discussion in /14/ for instance. The numecrical results
presented in this paper have been obtained with the
so-called envelope mcthod. At cach streamwise
location and for a fixed frequency, the disturbance
growth rate is maximized with respect to the
wavenumber dircction, i.c. the total amplification

rates arc computed with o(ypm). In other words,
relation (3) becomes :

X
In(A/AQ) = | olyn) dx (6)
X0
with 6 (M) = Max (o)
v

The e method is then applicd as in two-dimensional,
incompressible flows.

2.2. Applications of The e™ Method
a-AEDC cone in free flight conditions

This 10-deg sharp cone, 1.1 m long, was mounted
on the nose of an F-15 aircraft and flown at Mach
numbers from 0.5 to 2, and at altitudes from 1 500
to 15 000 m ; transition was detccted with a surlace
pitot tube which was displaced along a conc ray
(FISHER and DOUGHERTY, /15/). As a typical
example, figure 6 shows the total amplilication rates
computed for four frequencies at a free stream Mach
number Moo = 1.3 for free (light conditions
corresponding to a unit Reynolds number close to

TAEROSPACE.CC
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Fig. 6 - AEDC cone experiments in free flight

conditions

10 106. The measured transition onset is located at

x = 0.55 m; this gives a value of the n factor close
to 9. Similar computations have been performed for
other confligurations ; in all cases, the transition
locations were correlated with n factors between 9
and 11, so that it can be assumed that the value
n=10 is a more or less "universal" value for free
Mlight conditions. The problem is to know if similar
values can be reached in wind tunnels, i.e. if wind
tunnel experiments can properly simulate free flight
conditions.

/\ X/C

A N
15
10F
5+
X/C
0 L
0 06
Fig. 7 - CASTIO0 airfoil in the T2 wind tunnel
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b - CASTI10 airfoil in the T2 wind tunnel

The e™ method was also used in the casc of a two-
dimensional airfoil in transonic flow. The
experiments were carricd out in the pressurized T2
wind tunncl of CERT/ONERA /16/. The modecl is a
CAST10 airfoil with a chord C equal to 0.18 m.
Figure 7 shows results obtained in the following
conditions : free strcam Mach number
Mo =0.73; angle of attack =0°; chord

Reynolds number Rc =4 109, The upper part of
the figure shows that the local Mach number is close

to 1. Two theoretical curves are presented on the
lower part of the figure ; they give the evolution of
the n factor as a function of the strcamwisc distance.
Curve (a) was computed by solving the compressible
stability cquations ; the n factor is about 9 at the
beginning of the measured transition region. This
means that the flow quality of this wind tunnel is
rather good, since the value of n is close to the value
corresponding to free flight conditions. Curve (b)
was deduced from incompressible stability
computations, i.e. the [rce stream Mach number was
set equal to zcro. The stabilizing cffect of
compressibility is rather strong, since it reduces the
amplification rates by a factor 2 !

¢ - ONERA D airfoil with a cambered leading edyge

The next example is a three-dimensional, low speed
configuration. The model is an ONERA D airfoil
equipped with a cambered Icading edge, figure 8a.
The experiments were carried out in the F1 and in the
F2 wind tunnels at Le Fauga-Mauzac Cenler near
Toulouse. In both series of experiments, the wing
was mounted on a half fuselage with an angle of

sweep ¢ of 49° and an angle of attack of - 2°. Ten
hot films were used to detect the transition location

(figure 8b). Detailed results in the F2 wind tunncls
can be found in /14/, /17/.

The experimental results obtained in both wind
tunncls are reported on figure 9, where the transition
location is plotted as a function of the free stream
velocity Qeo. These results are compared with
theoretical curves associated with several values of
the n factor. It appears that the flow quality in the F2

wind tunncl (n = 11 at transition onset) is slightly

better than in the F1 wind tunnel (n= 8 to 9 at
transition onsct), even if the free stream turbulence

Ievel Tu is practically the same (Tu = 0.1 %). A
spectral analysis of the free stream velocity
fluctuations would be nccessary to understand these
dilferences. It must be noticed, however, that the
flow quality in both facilities is good enough to give
a satisfactory simulation of the frce flight
cnvironment.

,,_

fuselage

(b)

]
\\G\R\\Y\\\\\\\\i\\\\\\\\ ANSARNRRRRNN

ONERA D airfoil with a cambered leading
edge - a) Airfoil - b) Experimental
arrangement in the F2 wind tunnel

Fig. 8 -

1
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| \( 10 o F2
—  Computations
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0 40 80 120
Fig. 9- Comparison between predicted and

measured transition locations
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d - Two-dimensional flat plate flow at high Mach
numbers

Systematic stability computations have also been
performed for flat plate flows on adiabatic walls for
supersonic and hypersonic Mach numbers ; the
detailed results can be found in /18/. Figurc 10

Mack
+ Chen and Malik
——— Present computations

10"° Rx

t

— Mg

Fig. 10 - Application of the e method for flat plate
flow on adiabatic wall : Mach number

effect

shows an application of the e™ mcthod illustrating the
effect of Mach number on the transition Reynolds
number. The stability results were used to compute
the theoretical streamwise Recynolds numbers

Rx = UeX which correspond to different values of
Ve

the n factor. The dotied lincs represent theoretical
results given by Mack /19/forn=4.6 and 6, and
the crosses correspond to computations performed
by Chen and Malik /20/ for Mg =35 and n=2, 4,
6, 8 and 10. If it is assumed that transition occurs for
a fixed value of the n factor, cach curve represents
the evolution of the transition Reynolds number
when Mg increases.

It has been noticed previously that the valuc of n at
transition onset is of the order of 10 for a low
disturbance environment, at lcast for subsonic or
transonic flows. The problem is to know il similar
values of n are observed at high spceds. The solid
symbols in figure 10 represent experimental data
obtained at ONERA by Juillen /21/ : they correspond
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to low values of the n factor, between 2 and 4. Many
cxamples could be given for illustrating the fact that
in conventional hypersonic wind tunnels, the
transition Reynolds numbers are several times lower
than those which are observed in flight conditions.
The rcason of these discrepancies are now well
known : in the conventional wind tunnels, the
transition Rcynolds numbers are strongly reduced by
the noise radiated by the turbulent boundary layers
developing along the nozzle walls. As a laminar
boundary layer is less noisy than a turbulent one, a
possible solution is to delay transition on the nozzle
walls. This was done in the "quiet tunncl” developed
at NASA Langley with a free stream Mach number
Moo = 3.5 /22/; by reducing the noise level by one
or two orders of magnitude, n factors close to 10
were obtained on cones and on flat plates.

3 TRANSITIONS |INDUCED BY
BYPASS MECHANISMS

It has been shown in the previous paragraph that the

lincar stability theory, associated with the e™ method,
can give a fairly satisfactory estimate of the transition
location, provided transition is triggered by the
brcakdown of instability waves. But these waves no
longer appear when the amplitude of the forcing
disturbances is too large, so that the problem
bccomes more complex. As there is no general
bypass thcory, it is necessary to develop different
criteria for each type of bypass (the word criterion
must be interpreted as a more or less empirical
corrclation between boundary layer and flow
paramelers at transition onset). In this paragraph,
two cxamples of transitions induced by a bypass
process arc described ; the first one is the problem of
boundary layer tripping by large roughness clements,
the sccond one deals with leading edge
contamination.

3.1. Boundary Layer Tripping By Isolated
Roughness Elements

We first consider the problem of boundary layer
tripping by large roughness elements embedded in a
supersonic laminar boundary layer. The experiments
have been performed on a flat plate in the R2Ch wind
tunnel at Chalais-Mcudon /23/. Figure 11 presents a
typical wall visualization of the flow pattcrn around
and downstream of a large, three-dimensional
roughness clement (spherc). A group of horseshoe
vortices initiates ahcad of the tripping device and
develops around it. The "legs" of the vortices remain
parallel to the main flow direction up to a ccrtain
distance L from the roughness element. At this point,
one can observe the onsct of a "turbulent” wedge
which spreads slowly downstrcam. The exact
mechanism of this brcakdown is not very well
known.
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Fig. 11 - Example of wall visualization using
thermosensitive paint

When the roughness size k increases (for lixed wind
tunnel conditions), the distance L [irst decreases.
This movement can be described by the cmpirical
corrclation proposed by Potter and Whitficld /24/.
However, as k exceeds a critical value kefr (cffective
roughness height), L reaches a constant valuce Lmin
which depends on many paramecters such as the
Mach number, the wall temperature, the roughness
location ... This means that for k > keff, the apex
of the turbulent wedge remains [ixed at a constant
distance Liin from the tripping device.

Van Driest and Blumer /25/ performed a scrics of

experiments in order to deduce empirical correlations
between Rkefr, Rxk are the Reynolds numbers based
on kefr and the roughness clement location xg,
respectively. The measurcments were madce on concs
for Me between 1.9 and 3.65; they have been
correlated with the following relationship :
¥=1..2

g s

Taw - Tw 1/4
- 0.81 [ T ﬂ Rx, (D

Rker=334 { 1 +

Te, Tw and Ty are the static temperature, the wall
temperature and the adiabatic wall temperature. Van
Dricst and Blumer assumed that (7) was also
applicable to flat plates by using Mangler's
transformation, which simply consists in replacing
the coefficient 33.4 by 33.4 (3) 1/4 = 44, Vignau
/26/ demonstrated that the modified correlation
largely underestimates the effective roughness height
for flat plate flows, because Mangler's
transformation is valid for mean flow properties, but
it cannot be used for stability and transition
problems.
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3.2. Leading Edge Contamination

To introduce the notations, figure 12 shows a sketch

of a circular cylinder placed at a sweep angle ¢ with
respect to the incoming flow. The free stream

Fig. 12 - Attachment line flow on a swept cylinder

velocity Qoo has a component Uso = QooCOSQ
normal to the leading edge and a component

Weo = Qoosing parallel to the leading edge. Z is the
spanwisc dircction and X the direction normal to it.
X =0 corresponds to the atttachment line, which is
a particular strcamline which separates the flow into
one branch following the upper surface and another
branch following the lower surface. If it is assumed
that the potential flow does not exhibit any spanwise
variation, the free strecam velocity components Ug
and We in the X and Z dircctions are given by :

W = Weo = constant (8b)

Il this cylinder (or a swept wing the leading edge of
which can be represented by such a cylinder) is in
contact with a solid wall (fuselage, wind tunnel
wall ...), it has been observed that the large
turbulent structurcs coming from the wall may
develop along the attachment line : it is the so-called
lcading edge contamination.

A leading edge contamination critcrion was proposed
by Pfenninger /27/ and then verified by many authors
(/28/, 129/ for instance). It is based on the valuc of a

Reynolds number R defined as :
R =Wen/v, withn = (v/k)1/2 9)

For R > 250, lcading edge contamination occurs :

the turbulent structures coming from the wall become
self-sustaining ; they develop in the spanwise
direction as they are convected along the leading and
the whole wing can be contaminated. They are
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damped and disappear for R <250; in this casc,

the attachment line flow remains laminar. The lcading
edge contamination process is an examplc of bypass

in this sense that the value R =250 is much lower

than the lincar critical Reynolds number of the
attachment line boundary layer which is closc to 600.

To illustrate the lcading edge contamination process,
we present typical results obtained by Arnal and
Juillen in the F1 wind tunnel at Le Fauga-Mauzac
Center /30/. The wind tunnel spced can be varicd
from O to about 100 ms-!. The stagnation
temperature is the ambient temperature, but the
stagnation pressure Pj can be prescribed between 1
and 3 bars.

Ca05m

Airfoil

35m

i0m 3‘
Test section (F1 wind tunnel )

Fig. 13 - Experimental setup in the F1 wind tunnel

Figure 13 shows the shape of the airfoil as well as a
sketch of the experimental arrangement. The modcl is
aRA16SCl1 airfoil. The chord normal to the lcading
edge is constant and equal to 0.5 m. The wing is
directly mounted on the wind tunncl floor ; the
thickness of the floor turbulent boundary laycr is
about 10 cm. With a 40° sweep angle, the tip of the
model is 2 m above the floor.

The upper part of figure 14 shows the location of the
four hot films (labeled A, B, C and D) which were
uscd to detect leading edge contamination. They were
glued on the lower side of the wing, at one or two
percent chord from the attachment line. The wind
tunnel speed was progressively increased in order to
determine accurately the leading edge contamination
onset. The results which are described below were

obtained for ¢ =40°, o =10° Pj=1bar (a is
the angle of attack).

The lower part of figure 14 presents typical hot film
signals recorded for Qoo = 35 ms-1; these signals

LIBRARY
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Fig. 14 - Hot films outputs (Qoo = 35 ms-1)

Tw Arbitrary scale,

e T Ty e

d Uk

0.08 0.12
Fig. 15 - Hot films outputs (Qoo = 61 ms1)
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represent the wall shear stress fluctuations t,,. The

hot film A exhibits turbulent fluctuations which are
generated by the floor turbulent boundary layer in
which the sensor is embedded, but the other three
signals arc of the laminar type. For Qoo = 61 ms-1
(figure 15), turbulent structures are observed on
film B. The number of these "spots” decreases from
film B to film C, then it remains constant. The
signals delivered by films C and D are essentially
characterized by the spreading of the spots which
dcvelop along the leading edge : it is the beginning
of leading edge contamination. When the wind tunnel
speed increascs from 61 to 64 ms-1, a comparison
between figures 15 and 16 reveals a rapid increase in
the number of turbulent spots. For Qoo = 95 ms-1,
all signals have a fully turbulent character.

Similar measurcments were done for several
combinations of ¢, o and P;j. The result is that
Icading edge contamination appears for

‘R =251 11, and that the leading cdge is fully

wrbulent for R = 318 + 22. These values are in

good agreement with those given by other
investigators.

This rather simple criterion is valid for
incompressible flows only. Poll /31/ made an
extension to compressible flows by introducing a

transformed Reynolds number R * which has the
same definition as R, except that the kinematic

viscosity is replaced by v* which is computed at a
reference temperature T*. The validity of this
criterion was checked by Da Costa /32/ and also by
Amal et al /33/.

It must be kept in mind that leading edge
contamination is the first problem to solve for
maintaining laminar flow over a wing: if the
atttachment line boundary layer is turbulent,
turbulence will spread over the whole wing, and the
benefits of laminar flow control systems will be lost.

Poll suggested also that leading edge contamination
was responsible for transition on the windward face
of the Columbia space shuttle during reentry /31/.

4 CONCLUSION

This paper demonstrated that the problems associated
with boundary layer transition are numerous but that
many of them can be satisfactorily solved for
practical applications.

On the theoretical point of view, the lincar stability
thcory constitutes a very efficient tool to understand
the fundamental mechanisms leading to a "natural”
transition in a low disturbance environment. But the
key problem lies in the understanding of the
receplivity mechanisms and the exact relation
between instability and transition is not very well
known ; these issues are fairly well documented for
low speed, two-dimensional flows, but very little is
known about the receptivity and the non linear
mcchanisms of compressible and/or three-
dimensional flows. We can expect that direct
numerical simulations would provide us with
interesting information in the next future.

Even if all the transition mechanisms are not
completely explained, practical prediction methods
nced to be developed. In the case of "natural”

transition, the ¢ method gives surprisingly good
results to "predict” transition onset. This technique
can also be used to give a measure of the flow quality
in ground facilities by comparing the value of the n
factor deduced from wind tunnel experiments with
that which is obtained in free flight conditions. Good
simulations can be achieved in low speed and

transonic facilities (n = 10), but high speed wind
tunnels cannot duplicate free flight conditions due to
the noisc radiated from the nozzle walls.

If the breakdown to turbulence occurs without

resorting to linear processes (bypass), the e rule no
longer applies, but empirical correlations are
available for design purposes. Two typical examples
have been discussed in this paper (boundary layer
tripping by isolated roughness elements and leading
cdge contamination). Fundamental experiments need
to be performed in order to reach a more unified
approach of these problems. Let us note that wind
tunnel experiments dealing with bypass mechanisms
are certainly representative of flight conditions, even
for high spced flows. This is due to the fact that the
large disturbances which trigger transition
overwhelm the effects of the residual fluctuations
which arc naturally present in the free stream. In
other words, the flow quality is of less importance
than for "natural” transitions.
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Modeling Nonlinear Aerodynamic Loads
for
Aircraft Stability and Control Analysis

Jerry E. Jenkins
James H. Myatt
Wright Laboratory (WL/FIGC)
Wright-Patterson AFB, OH 45433-6553
US.A.

SUMMARY

Results from systematic wind tunnel tests of the
dynamic roll behavior of a 65° swept delta wing at
moderate (15° to 35°) angles of attack are reviewed.
These tests, conducted in both the IAR 2 x 3 m low-
speed wind tunnel and the 7 x 10 ft SARL facility at
WPAFB, included static, forced oscillation and free-to-
roll experiments with flow visualization. Multiple stable
trim points (attractors) for body-axis rolling motions and
other hard-to-explain dynamic behavior were observed.
These data are examined in light of the nonlinear
indicial response theory advanced by Tobak and his
colleagues. The current analysis shows that force and
moment, free-to-roll motion, and flow visualization data
all confirm the existence of "critical states" with respect
to the static roll angle. When these singularities are
encountered in a dynamic situation, large and persistent
transients are induced.  Conventional means of
representing the nonlinear force and moments in the
equations of motion are shown to be inadequate in these
cases. Alternative approaches based on simplification
of the nonlinear indicial model are briefly discussed.

LIST OF SYMBOLS

b wingspan (ft)

C,, C, nondimensional body-axis rolling moment
and pitching moment coefficients

reduced frequency, i.e. wb2U.,

time (seconds)

- freestream velocity (ft/sec)

body-axis roll angle (deg)

time at step onset (sec)

circular frequency (rad/sec)

-

greq~~

1. INTRODUCTION

Dynamic coupling between aircraft motion and
aerodynamic forces and moments acting on the aircraft

is at the heart of the stability and control problem.
Realistic representations of these interactions are
prerequisite for aircraft and flight control system design
and evaluation. Maintaining sufficient fidelity in
aerodynamic models (for the equations of motion) has
become an increasingly difficult problem in the face of
flight envelope expansion.

1.1 Mathematical Modeling

A theoretical method for studying the nonlinear aspects
of the flight dynamics problem has been under
development by Tobak' and his colleagues since the
1960s. Their initial approach? introduced two important
new concepts: (1) a nonlinear indicial response and (2)
a generalized superposition integral. As with linear
indicial response methods, the idea is to represent
aerodynamic responses (force or moment) due to
arbitrary motion inputs as a summation of responses to
a series of "step” motions. The nonlinear indicial
response, as opposed to its linear counterpart, accounts
for changes induced by the motion history leading up to
step onset. Under a wide variety of circumstances, the
summation of indicial responses approaches the
generalized superposition integral in the limit.

Subsequently,* results from the growing body of
nonlinear dynamical system theory were used to greatly
strengthen the model. The key idea of these extensions
has been to accommodate the existence of "critical
states,” i.e., specific values of the motion variables
where discrete changes in static aerodynamic behavior
occur. These are singular points that require special
handling in the superposition integral. Critical states
are important because potentially large and persistent
transient effects can be anticipated when they are
encountered in a dynamic situation.

Truong and Tobak® have also demonstrated that, for
static aerodynamic characteristics that are time-invariant,
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the nonlinear indicial response, together with the
generalized superposition integral, can be derived
directly from the Navier-Stokes equations. Thus not
only does the theory have a sound mathematical basis,
the physics of the aerodynamic contribution are
captured as well. There is still much work to be done,
especially for cases involving time-dependent
equilibrium states. However, the theory is rich in its
ability to represent a wide range of physically realizable
nonlinearities.

Independently, Hanff® proposed the “"reaction
hypersurface” model. As opposed to the time-domain
indicial response model, the hypersurface is expressed
in terms of a set of independent variables consisting of
the instantaneous values of the motion variables and
their time derivatives. It was, at its inception, designed
to be experimentally based and primarily intended for
simulations of aircraft motion in nonlinear settings
where the classical stability derivative approach breaks
down” More recent work® has been aimed at
establishing the theoretical connection between the
reaction hypersurface and nonlinear indicial response
models.

1.2 Experimental Investigations

Experiments designed to study either of these
mathematical models demand a dynamic test capability
(including an appropriate data reduction system) that can
efficiently collect the necessary nonlinear and time-
dependent data. A large-amplitude high-rate roll
oscillation system,” developed by the Canadian Institute
for Aerospace Research (IAR), meets these
requirements.

Hanff and S. B. Jenkins'® used this rig to study the roll
dynamics of both a 65° delta wing and a 80°-65°
double-delta wing at the IAR. Their experiments
produced some extremely interesting results which
require further explanation.

The 65° delta wing configuration was found to have
multiple stable trim points in roll (depending on roll-
axis inclination) as reported by Hanff and Ericsson.'
Attractor locations found in these tests are shown in
Table I. They argue (based on an analysis of the static
rolling moment data at 30° incidence) that asymmetric
vortex breakdown, induced by differing effective sweep
angles on each wing panel, is the root cause. However,
the dynamic behavior observed in "free-to-roll”
experiments is harder to explain, although Hanff and
Huang'? have shown that the instantaneous loads are
largely driven by the dynamics of leading-edge vortex
breakdown.

In free-to-roll tests, the model is given an initial roll
displacement, then released by disengaging a remotely
actuated clutch. The model is then free to roll about its
body axis, restrained only by a small amount of bearing
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Table |
Roll Attractor Locations
Sting Angle (deg) Roll Angle (deg)

20 0

25 l151

30 0,l211

35 [11]

40 0

friction in this degree-of-freedom. The resulting roll
motion time-history is recorded. For the IAR tests,
mass was added to the moving part of the sting to
increase its roll-axis moment of inertia. This was done
to ensure that the free-to-roll responses were in the
same frequency range as the force measurements (about
7 Hertz).

Two free-to-roll time histories for the 65° configuration
at 30° incidence, plotted in the phase plane, are shown
in Fig. 1 (taken from Ref. 8). Note that the trajectory
for the -66° release angle (solid curve) finds the stable
equilibrium point at about 0° roll, while the 57° release
trims at about 21°. Both trajectories pass quite close to
attractors (21° and 0° respectively) with very low rates
but do not trim there. This behavior was highly
repeatable.  Furthermore, the trajectories intersect at
several points. Similar intersections of phase-plane
trajectories (for wing-rock motions) have been observed
only when vortex breakdown occurs over the wing."
Clearly, some phenomenon, not explicitly accounted for
in the two-dimensional phase-plane representation,
affects the motion. Persistent motion history effects,
perhaps related to vortex breakdown dynamics, that
require more than a knowledge of the instantaneous roil
angle and roll rate are a strong possibility.
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Figure 1. Free-to-Roll Trajectories

Finally, forced oscillation metions about zero-mean roll
angle tended to produce distinctively different rolling-
moment responses than those measured for motions with
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non-zero mean roll angles.!® An analysis of the static
and dynamic force data® suggested that this behavior
could be explained by the existence of critical states.
This view was supported by evidence of extremely large
and persistent transients following encounters with the
suspected critical states. Static and dynamic effects
were of the same order. Transients were seen to persist
for at least a quarter cycle at k£ = 0.08.

Follow-on wind-tunnel tests, using the 65° delta-wing
configuration, were conducted in the SARL facility at
Wright-Patterson AFB. These were designed to confirm
the IAR results and to further investigate the behavior
discussed above.

In this paper, relevant aspects of critical state theory are
discussed. An overview of the SARL tests is presented
and SARL data confirming the existence of roll-motion
critical states are briefly reviewed. Significance of these
findings to aerodynamic modeling for application to
aircraft simulation and analysis are addressed in the
final sections.

2. Critical States - Theoretical Basis

Some key properties of the nonlinear indicial response,
pertaining to the present discussion, are summarized
below. The interested reader is referred to Refs. 1, 3
and 4 for a complete development of the theory,

1. The nonlinear indicial response (NIR) is
represented mathematically as a functional (to
incorporate the motion history effect).

2. The NIR is a derivative (called the Fréchet
derivative) of the functional representing an
aerodynamic response in terms of its motion history.
It is the limit, as input step height goes to zero, of
the incremental response (due to the step input)
divided by step height. Following Tobak’s
notation,® the rolling moment due to an infinitesimal
step in roll angle is written

G, 0 =C [6(&):t,7]

where:
a) square brackets denote a functional,

b) the first argument is the independent
function defining the motion history (roll
angle in this case), and

¢) arguments following the semi-colon give,
respectively, the times at which (1) the
response is to be evaluated (observed) and
(2) the step motion was initiated.

Therefore, the function ®(&) is to be interpreted as
the motion history from ¢ = -eo to step onset, T, and
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the motion is to be held constant at ¢(t) thereafter.

3. If the Fréchet derivative exists everywhere on a
time interval (i.e., for the range of motion variables
encountered on that interval) the generalized
superposition integral may be used to construct the
net aerodynamic response over the interval. Thus,

Ci() = CLoEX10] +fc (0 ®)nt1Sar

Following the notation introduced above, the first
term on the RHS is the rolling moment at time ¢
resulting from the roll-angle variation ¢(&) which is
the motion history prior to £ = 0, and is held
constant at ¢(0) for all £ > 0. The functional in the
second term is the NIR, as defined above. In this
case, 1 is the variable of integration and the time at
step onset. Thus, the integral sums the effects of all
indicial responses over the interval 0 to .

4. If, on the other hand, there are specific points,
1., within the interval where Fréchet differentiability
is lost (with a corresponding critical state, ¢.), the
integration may not be carried beyond the instant at
which a critical state is encountered without
acknowledging the existence of the singularity.

5. Loss of Fréchet differentiability is handled by
allowing the response to change discretely to a new
state. Thus the integral must be split to isolate the
critical state, i.e.,

Ci(t) = C,[9(§); 1,0

fc &)t ar M

fc [0 &); m]_"Ldz + AC(1:0,),

T +E

where
AC(t;0.) = C[d(§); 1,1, +¢€] @
-C[o (&) t,T, -¢]

AC,, as given by Eq. (2), is the transient response
associated with ¢, Note that it depends on the
motion history from - to just beyond T..
However, its effect persists for times ¢ > 7.

6. Fréchet differentiability may be lost in several
ways.! A very important case is when fime-
invariant equilibrium flows lose their analytic
dependence on a motion parameter. There are at
least two ways this can happen:



[ECHNICAL

13-4

(1) The static aerodynamic response can
develop a fold at a critical value of the
parameter (possibly an indirect result of
bifurcation). The response slope becomes
infinite at the fold, invalidating the Fréchet
derivative.

(2) There can be a change in flow topology (a
change in the number of singular points in
either the external flow or in surface skin-
friction lines) when the motion parameter
reaches a critical value. Tobak et al.!
anticipate that not only will the equilibrium
response cease to be analytically dependent
on the motion parameter at such points, but
there will also be, "a significant increase in
the time required for the ... response to
reach a new equilibrium state.”

Flow-field structure changes are evident at the critical
state in both cases. However, there is no net change in
the number of flow-field singular points at a fold (e.g.,
an asymmetric vortex system could be replaced by one
of opposite sense at a bifurcation point).

3. THE SARL EXPERIMENTS

IAR’s high-amplitude high-rate roll apparatus was used
for the SARL tests. These experiments were conducted
by Hanff and his IAR colleagues solely with the 65°
delta wing configuration (Fig. 2).

A comprehensive series of tests was conducted
involving over 800 runs. Types of data taken along
with the range of test conditions are summarized in
Table II. Since SARL is an open-return atmospheric
tunnel, the IAR Mach number, Reynolds number, and
reduced frequencies could not be matched
simultaneously. However, test conditions were chosen
to match those at the IAR as closely as possible. Since
model support systems for the two facilities are quite
different, the very good data correlation between tunnels
at the low-speed condition eliminated the possibility of
significant sting interference effects.
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Figure 2. 65° Delta-Wing Model

Dynamic force and moment measurements were taken
with the model forced in constant amplitude harmonic
motion. Data were taken at 4.4 and 7.7 Hertz (k = 0.08
and 0.14) to match IAR conditions. The IAR test
results at these frequencies showed little tendency to
"track” the static data whenever the motion included
small roll angles.® Therefore, in the SARL experiments,
dynamic tests were also conducted at 1.1 Hertz (k =
0.02) to determine how these very large dynamic effects
approach quasi-steady behavior at low reduced

frequency.

In addition, laser-sheet flow visualization data were
taken using a high-speed video camera. Thus, a
comprehensive data set that allows a coordinated study
of vortex dynamics (including breakdown) and the
resulting unsteady aerodynamic forces and moments was
created.

Table Il
SARL Test Conditions
Test Type Roll Offset Amplitude Frequency Total AOA
(deg) (deg) (Hz) (deg)

Static Force -70t0 70 NA 15, 30, 35
Dynamic Force 0to 42 5to0 40 1.1, 44, 7.7 15, 30, 35

Free-to-Roll -65 to 65 "1.7" 30, 35

Flow Vis. 0to 42 5to40 0, 1.1, 44, 7.7 30, 35
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Free-to-roll experiments were also repeated in the SARL
tunnel. These data provide an independent check on the
accuracy of the dynamic force measurements (and the
mathematical model used to represent them) since the
measured forces, together with the known model/test-rig
inertia, can be used to "predict” the free-to-roll motion.

4, EVIDENCE - CRITICAL STATE EXISTENCE

The most important results (confirming critical states for
the 65° delta wing) based on an analysis of the SARL
data are summarized below. A more extensive
description of the analysis' has been submitted (for
consideration) to the 31" AIAA Aerospace Sciences
Meeting to be held in January 1993, All data discussed
in this section were taken at the same condition (0.3
Mach number and 30° roll-axis inclination).

Based on the theory presented in Section 2, critical
states should exhibit the following properties:

(1) Static flow visualization studies should
show a change in flow structure at the
critical state.

(2) Static data should exhibit non-analytic
behavior across critical states; i.e., there
should be discontinuities in the
force/moment curves and/or their
derivatives with respect to the motion
variable. Discontinuities are located at the
critical states.

(3) Transient effects should be observed
following dynamic critical-state encounters.
The transient, AC, in Egs. (1) and (2), will
in general depend on motion history.

4.1 Static Flow Visualization Results
Vortex breakdown locations for the left wing as a

function of roll angle, (from Hanff and Huang)'? are
shown in Fig. 3.
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Figure 3. Vortex Breakdown Location
(Left Wing)
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Two important events are noted:

(1) The vortex breakdown point at ¢ = 5°
(triangular symbol) departs significantly from the
linear behavior shown by the rest (circles).
Thus, breakdown location is seen to be a strong
(perhaps discontinuous) function of static roll
angle in the 4 to 5 degree range. For ¢ greater
than 5 degrees the breakdown point is well aft of
the trailing edge.

(2) Vortex breakdown reaches the wing vertex
at about ¢ = -13 degrees, as suggested by an
extrapolation based on the linear regression (se¢
Fig. 3).

When the leading-edge vortex structure on both wings
is considered, the conditions, Iq>| « 5 and 13°, are
strong critical state possibilities.

The first pair, |¢| = 5°, must be considered because
a "jump" in vortex breakdown position on the lee wing
would cause a discontinuous force/moment response.
Note that the corresponding windward wing vortex-
breakdown movement is both well behaved and small,
as shown in Fig. 3 (the change from ¢ = 4° to -5°).

When breakdown reaches the wing vertex, the axial-
flow stagnation point in the vortex-core is lost'.
Therefore the second pair is almost certainly a critical
state (flow topology change). The precise roll angle
where this occurs is unknown (13° is based on a linear
extrapolation of Hanff’s data).

4.2 Static Force Data

Rolling moment coefficient vs. roll angle is presented in
Fig. 4a. Also shown are critical state locations
corresponding to both conditions. For clarity only those
for ¢ > 0 are given. Note the steep slopes between
lol =4 andgl¢| =50
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Figure 4b. Static Pitching Moment

Moreover, Fig. 4b (pitching moment vs. roll angle)
reinforces the notion that there is a discontinuity
between these points. Thus, the static behavior of both
moment coefficients supports the notion that || =5
represents a critical-state pair. Similar observations
concerning the critical states at about 13° are not
possible because of the gap in static data for roll angles
between 7° and 14°. Further static testing is required to
determine the behavior in this region.

43 Dynamic Force Data

Previous analyses® of IAR dynamic data for this
configuration suggested that there was at least one
critical state at these conditions. "Significant" dynamic
effects were observed when the rolling motion included
"small" roll angles.

Dynamic force data taken at both facilities (IAR and
SARL) are "steady-state" responses to harmonic motion,
i.., starting transients have dissipated and the data for
each cycle are repeatable. If the aerodynamic responses
are slow compared to the period of the motion, the
measurements are an aggregate of effects initiated
during carlier cycles.  Under these conditions,
significant phase and amplitude variations with
frequency are observed.  Furthermore, at "high"
frequencies, the effects of events occurring at discrete
points during each cycle (e.g. critical state encounters)
can be masked by the lingering responses from previous
cycles. This was the case with the IAR dynamic data.

SARL dynamic rolling-moment data taken for a 12°
amplitude body-axis rolling motion, centered about a
mean roll angle of 14°, is presented in Fig. 5a. The
abscissa is the argument of the cosine function ()
which defines the motion. Thus, precisely one cycle of
motion is presented regardless of frequency. Dynamic
data taken at three frequencies (1.1, 4.4 and 7.7 Hertz.)
are shown. In addition, the roll-angle time history and
static data rolling moment data (plotted as a function of
the instantaneous roll angle) are presented in this figure
for reference.
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Figure 5a. Dynamic Rolling Moment

Note the dramatic differences in wave form between
responses at the two highest frequencies and the 1.1
Hertz data (where distinct transients originating at
critical states become more apparent). The critical state
encounter at an o¢ of about 95°, ¢ = 13, is readily
discernable. Later in the cycle, where transient effects
overlap, a positive identification of other critical states
is more difficult.

Significantly, responses for all three frequencies follow
the static data closely for ¢ in the range 0 to about 95°
(26' 2 ¢ = 13°), then depart from the static curve. Note
that the "dynamic overshoot” (from the static response
at the ¢ = 13’ critical state) increases with frequency.
Also, the slopes of the dynamic responses just beyond
the critical state are equal for all three frequencies,
Since the independent variable in this plot is wr, the
initial part of the transient (AC)) is proportional to ®.
AC, clearly depends on the motion history leading up to
the critical state.

S eer 50
1
~~
c M Lo ‘o
2 3
o =
E 0.0
> Lo &
S I
L .01
= L
® \ Sl
E .o >
g 4 —
[ =
A AD - 1 o
T —— T H A\,.‘ 4
2’ tod ﬂ" —4— | = 18 Hz *A.‘
=
<]
X .. T - T T r °
. 0 120 1 2 200 20
wt (Deg)

Figure Sb. Dynamic Rolling Moment

In addition, all three responses approach the static
values at the end of the cycle, the deviation increasing
with frequency. Thus, the rolling-moment responses are
essentially quasi-steady when transients due to critical
state encounters have had time to die out. This notion
is supported by Fig. 5b which shows static and dynamic
rolling-moment data for 12° oscillations about a mean
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roll angle of 28°. Thus, the roll-angle range covered by
this motion, 16° to 40°, excludes all suspected critical
states. Again, the rolling-moment behavior is quasi-
steady. Differences between the static and dynamic data
are well within interpolation errors caused by the
sparsely spaced static data in this region.

Even in the nonlinear case, with critical states present,
the total response under dynamic conditions may be
separated into a static component (evaluated at the
instantaneous roll angle) and a dynamic component'*,
This is a very useful device because changes in dynamic
behavior (relative to the equilibrium state) are
highlighted. Since transients at critical states represent
the dynamic transition between dramatic changes in the
static behavior, their presence is more easily detected in
the dynamic component. Hereafter, the term "dynamic,"
when applied to a force/moment coefficient, is used in
this more restrictive sense. "Total," when used in the
same context, implies the sum of the static and dynamic
components.

The results discussed above (Figs. 5a and 5b) for two
motions also apply over a wide range of test conditions.
Typical results are shown in Figs. 6a and 6b. Both of
these are contour plots of the dynamic rolling moment
coefficient presented in the phase plane. Data at 4.4
Hertz (k = 0.08) is presented for the range of test
amplitudes at a given roll-angle offset. A series of tests
with fixed offset and frequency generates a family of
ellipses, centered about the offset angle. As the rolling
motion proceeds, the ellipses are traversed in the
clockwise direction. Offsets of 0* and 14° are shown in
Figs. 6a and 6b respectively.

In both cases, the contour lines turn rapidly, becoming
essentially parallel to the phi-dot axis at |¢| = 5°.
Moving clockwise in the bottom half of the ellipse
through ¢ = - 5°, the contour lines again turn rapidly
between -10° and -15° to run nearly parallel to the phi
axis. Note that this "turning point" is less distinct than
the first, perhaps because the static data has been faired
in this region. The pattern repeats in the upper half of

Roll Rate ¢ (deg/é)

" Roll Angle ¢ (deg)
Figure 6a. Dynamic Component of
Rolling Moment
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the figure. Significantly, the loci of turning points
(critical states) are independent of roll rate (dependent
only on roll angle). This is, of course, because critical
states by definition represent discontinuous changes in
the equilibrium state.

Following a critical state encounter, the dynamic
response becomes weakly dependent on roll angle
(contour lines nearly parallel to phi axis). The contours
in this region are likely the result of expressing the
implicit time variation in the phase plane (rather than an
actual dependence on either roll angle or roll rate).

Finally, note that as the offset roll angle is increased
(allowing more time to elapse between encounters with
the critical state at 10° to 15°, first with positive phi-dot,
then with negative roll rate) the region of negligible
dynamic rolling moment in the lower-right quadrant
expands. (There is time for the response to become
quasi-steady).

5. SIMULATION AND ANALYSIS

In this section, the implications of critical state
encounters to flight simulation and/or analysis of aircraft
stability and control are discussed. Although the
"locally linear model” has come into question in recent
years,’ the consequences of employing this technique
when critical states are present are addressed. This is
followed by a brief examination of plausible
alternatives.

5.1 Locally Linear Representation

Often, even in flight simulations that are billed as "fully
nonlinear," a locally linear model for the aerodynamic
forces and moments is used. In this model, the static
forces/moments are represented by a nonlinear function
of the instantaneous values of angle of attack and
sideslip. Dynamic effects are calculated by using
locally linear "damping" derivatives (linearized about
the instantaneous vehicle state). Linearization of the
damping derivative is effected by using small amplitude
C,-C

1 |static

Roll Rate ¢ (deg/8)

15 0 48 (]

"Roll Angle ¢ (deg)
Figure 6b. Dynamic Component of
Rolling Moment
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test data and retaining only the measured aerodynamic
loads at the forcing frequency (and 90° out of phase
with the motion). These tests are repeated for a variety
of offset angles. Thus, dynamic nonlinearities are
accounted for by allowing the derivatives to be
functions of angle of attack and sideslip. This
procedure becomes questionable when there are
significant motion-history-dependent transient effects
such as those discussed above.

A dramatic example’ of the errors that can result from
the application of the locally linear model under
inappropriate circumstances is presented in Fig. 7.
Comparisons between the measured free-to-roll time
history and predicted motions (based on the dynamic
force and moment data) are shown. With the locally
linear model, there are gross errors in the frequency and
damping of the free-to-roll motion. The calculated
response even finds the wrong trim condition. On the
other hand, the motion predicted using the "reaction
hypersurface" model®’ correlates well with the actual
free-to-roll response. Both aerodynamic models used
for this comparison were based on data taken at the
same reduced frequency (k = 0.14).

w -
——— Free-to-Roll Experiment
60 n_ O  Nonlinear Aero. Model
-8 - Locally Linsar
T

vl?‘t
7 %
g

i
8
;

9 Elr'1
b

g ""giﬁ‘w*
IRV AR

0.0 0.1 02 03 0.4
time (8)

0.5 0.6

Figure 7. Free-to-Roll Time History

The reason for such poor results (with locally linear
damping derivatives) is illustrated in Figs. 8a and 8b.
Here, the locally linear model was used to "predict” the
measured rolling moment (with all harmonics) over the
same motion as used to determine the damping
derivative. Nonlinear static rolling moment data (from
SARL) was used together with roll damping derivatives
obtained from 5° amplitude tests. The damping
derivative was calculated by retaining only the out-of-
phase rolling moment at the forcing frequency, although
up to 20 harmonics were recorded.

Figure 8a shows the comparison for an offset roll angle
of 3' and a frequency of 7.7 Hertz (k = 0.14). The
result is totally unacceptable. Over much of the cycle,
the model predicts a positive rolling moment, while the
actual response is the opposite. Note that there is little
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Figure 8a. Actual Load and Locally Linear
Model (k = 0.14)

evidence of a rate effect in the actual response. Rather,
it appears to be a response nearly 180" out of phase
with the motion. Yet the (negative) in-phase component
does not agree with the static rolling moment at all, a
fact previously observed in Ref. 8. (The calculated
damping derivative is small and the locally linear model
does not deviate much from the static data).

Agreement at 1.1 Hertz (Fig. 8b) is better but the result
is still poor. However, the improvement is almost
entirely due to the fact that the actual response follows
the static behavior more closely. The difference
between static and total response is still quite surprising,
given the low reduced frequency (0.02). At this
condition the total response crosses the static curve at
only two points, suggesting perhaps that discernable
critical state transient effects persist for at least a half
cycle.

Rolling Moment Coefficient
Roli Angle (Deg)

Figure 8b. Actual Load and Locally Linear
Model (k = 0.02)

This particular motion, 3° offset and 5° amplitude, was
chosen to include the critical state at ¢ = 5°. Thus, the
attempt to use conventional methods to represent the
transient behavior provoked by the critical state
encounter was ill-advised (except for illustrative
purposes) from the beginning. Errors incurred with the
locally linear model were nor due to a poor
representation for the damping moment, rather they
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were caused by the assumption that the in-phase
component reflects the static aerodynamic contribution.
This is simply not the case when significant transient
effects are present.

5.2 Alternative Approaches

Clearly, the success of the nonlinear indicial response
theory, in providing a rational framework for
understanding the data reviewed above, establishes this
approach as an extremely valuable "diagnostic” tool.
For applications to simulation or analysis,
simplifications to the model have been examined by
several authors®® In Ref. 8, for example, the
connection between the hypersurface model and the NIR
was established. (The hypersurface representation can be
derived from the NIR if the motion is analytic in the
strict mathematical sense). Even so, based on the
analysis of the present data, certain additional
simplifications may be possible.

The 65° delta wing (at the flight conditions studied to
date) has shown little important dynamic effects except
Sfollowing critical state encounters. Therefore, in this
case, the integral terms in Eq. (1) may be accurately
modeled by the stability derivative (locally linear)
model. Of course, the resulting simplification is
substantial because the need to include nonlinear
superposition integrals in the equations of motion would
be avoided. However, critical states must still be
acknowledged as shown above and correct handling of
the transient terms, AC{t:¢,) is still a problem. This is
less difficuit for simulation than analysis. The principal
difficulty in the former case is identification of the
transient term (including history effects) from test data.

Hanff's hypersurface model offers an approach;
however, the complexities of tracking elapsed times® for
multiple critical state encounters have not been worked
out. The number of hypersurface dimensions
(derivatives of the motion variable) required to both
provide sufficient accuracy in the implicit time function
and to account for history effects on AC{t:9,) is
unknown.

For analysis applications, Etkin'® has shown (for the
linear case) that "aerodynamic transfer functions” can be
used when transient effects are present. However, for
rates typical of "rigid-body" aircraft dynamics,
significant transients seldom appear in a linear fashion.
Nevertheless, it may be possible to extend this approach
to the nonlinear case by the use of higher-order transfer
functions.!” Much more work is needed in this area.

6. CONCLUSIONS
An analysis of static and dynamic roll-motion data for

a 65° delta wing has shown the existence of critical
states, defined in terms of the configuration’s static
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behavior. This finding was entirely consistent with the
nonlinear theory advanced by Tobak and his colleagues.
The particular characteristics observed for the delta-wing
model were that:

(1) The critical states correspond to static roll
angles where the leading-edge vortex breakdown
position is either at the wing vertex or at the
trailing edge.

(2) Significant dynamic effects (of the same
order as the static rolling moments) were
observed. These effects are in fact critical state
transients. The transients persist for surprisingly
long times, becoming identifiable only at
extremely low reduced frequencies.

(3) Outside of critical state encounters, the
dynamic contribution to the acrodynamic loads
are small. In this case, considerable
simplification of mathematical models describing
the behavior is possible.

(4) Serious errors result from applying the
locally linear model to cases involving critical
state encounters. These errors are caused by the
large contribution of critical state transients to
the in-phase component of the measured loads.
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STABILITY MODEL OF THE ATMOSPHERE

by
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Germany
Abstract function of wavenumber
T K temperature
The atmosphere of the earth is a very complex sy- T 8 t¥me constant ..
. . . . Ty s time constant of Kiissner
stem covering a wide range of interacting scales. The . .
e : vV m/s air speed or wind speed
concept of stability is applied to subsystems thereof . .
oo . - . Vi m/s kinetic velocity
where the quantities involved in a stability analysis .
. . Vw m/s wind speed
depend on the particular question to be answered. . .
. . . . w N aircraft weight
But all stability considerations share a common basic . . .
- L J/kg generalized Lagrangian function
structure. After giving a short account to the nature
e A - o deg angle of attack
of stability investigations some examples of stability .
: . ¥ deg flight path angle
related atmospheric phenomena are presented which
. . . . K — von-Karman-constant
are relevant for flight operation. Finally the impact 3 .
- qes . p kg/m density
of atmospheric instabilities on aircraft performance .
with special regard to flight safety is illustrated 0 K potential temperature
' ¢’ K pot. temperature fluctuation
At s pilot’s time lag
List of Symbols A . aspect ratio
) m?/s? geopotential
& J/(kg K) spec. heat of dry air at D, — normah.zed dlss1pa..t10n rate
1V} J/kg generalized potential
const. pressure v Kii functi
cL — lift coefficient ussner function
f Hz frequency
fw Hz gust frequency
2 R . ,
g m/s gravitational acceleration .
l, m mean aerodynamic chord 1 Introduction
m kg mass
n — normalized wavenumber The concept of stability is a very elementary one in
P Pa pressure nearly all branches of everyday life (including such
Po Pa reference pressure = 10° Pa difficult fields as politics). This is especially true
s 1/s Laplace variable for the natural sciences and engineering applicati-
t s time ons, presumably because many stability related pro-
u; m/s velocity component blems in these fields can be tackled by mathemati-
U m/s friction velocity cal methods. Much of our notion of stability derives
w m/s vert. velocity fluctuation from the occupation with problems of classical me-
z; m Cartesian coordinate chanics and — on a more sophisticated level — those of
z m altitude thermodynamics. Elementary examples of stability
Ao kyg/s lift factor problems can be found in nearly every introductory
Erin J/kg kinetic energy textbook on physics or engineering. These elemen-
H m height tary problems are characterized by the fact that they
K kg/s gain can be represented by a finite number of points in the
L N lift phase space. To the contrary, hydrodynamic proces-
Ly, m gust wave length ses are characterized by the simultaneous existence of
L, m Monin-Obukhov-Length phenomena with different space and time scales, the
R J/ (kg K) gas constant for dry air characteristic measures of which cover a continuous
S m? wing area subset of the space-time continuum, and beyond that
Su; m3/s3 spectral density of u; as a which are interacting with each other.
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Therefore the first step in a stability investiga-
tion is to confine the consideration to a distinct phe-
nomenon with a definite space and time scale - which
clearly must be an abstraction of physical reality —
and to apply the assumption that the interaction
with other scales can be neglected. The governing
equations are thus reduced by neglecting terms of
minor influence while keeping them consistent with
the physical reality observed in a given scale. We
thus make a priori assumptions about the solutions
based on the perception of physical reality and feed
them back into the governing equations in order to
reduce the manifold of solutions. This invokes the as-
sumption that small causes have small effects, which
is clearly not true for nonlinear systems such as the
atmosphere if time intervals extending beyond a cri-
tical value are considered! [1, 2, 3]. But neverthe-
less it is possible to get much insight into the short
range future of distinct atmospheric disturbances by
investigating the instantaneous forces or energy ex-
changes, respectively. In the following we shall con-
fine ourselves to local disturbances in the atmosphere
and study the immediate interaction with their en-
vironment.

2 Stability concepts

The concept of stability has a wide range of applica-
tion in atmospheric science extending over nearly all
scales of atmospheric motion. Basic instability me-
chanisms such as static stability, inflection point in-
stability of shear flows, baroclinic instability, inertial
instability etc. are treated in almost every textbook
on dynamic meteorology (see e.g. [4]). Besides there
is a number of classical monographs on hydrodyna-
mic stability in general, as for instance the excellent
books of Chandrasekhar {7] and Drazin & Reid [8].
But much has still to be understood so that problems
of hydrodynamic stability — especially in geophysical
fluid dynamics — are still a matter of intense research,
which received increasing interest in recent years (see

e.g. [9]).

Without going into the formal theory of stability
(see e.g. [9]) we present an approach here which is
rather heuristic, but in our view nevertheless appea-
ling. It elucidates the underlying concept of stability,
which is shared by all stability problems, and sug-
gests that stability considerations can be viewed as
merely a special aspect of a Hamiltonian formulation
of atmospheric dynamics as the fascinating overall
concept.

A mandatory prerequisite for all stability inve-
stigations is the definition of a basic state with regard

1t is interesting to mention that speculations about intrin-
sic features of the atmosphere that limit its predictability and
that are related to the uncertainty in initial conditions have
already been made a long time before the study of chaotic
phenomena (see e.g. [6]).

What do we mean by ’'Stability’ ?

Perturbatiop

RN

\..., critical energy content (neutral case)

Figure 1: Scheme of energy tranfer between a pertur-
bation and its environment depending on stability.

to a given question, and the definition of what will
be considered as a perturbation thereof. Once ha-
ving defined these we shall use the term “stable” for
any situation where the energy of a perturbation is
“consumed” by the basic state, and therefore the per-
turbation is damped out, and we shall use the term
“unstable” for any situation where a perturbation
~ once initialized — extracts energy from the basic
state. This is indicated in fig. 1 by the bubbles on
the right hand side, where the bubble we start with
is growing or shrinking depending on the direction of
the flow of energy.

But when is a given basic state stable or
unstable? Obviously the preceeding definitions do
not suffice to answer this question and an additio-
nal term must be introduced. Experience shows that
in all considerations of stability related processes a
unique value of the energy content of the local basic
state (with respect to an arbitrary reference level)
can be defined. If the energy content of the basic
state exceeds this value then perturbations are pro-
moted by an energy flux toward the perturbations, if
it falls short of this value then perturbations are su-
pressed. We shall call this value the “critical energy
content” of the basic state which is marked in fig. 1
by the dotted symbol. It coincides with the so cal-
led “neutral” case of stability when a perturbation is
neither growing nor ceasing and is just left what it
is.

This conceptual model immediately suggests a
procedure for stability investigations: we start with
an arbitrary equilibrium state and make some kind
of virtual perturbation. We suspect that the decisive
quantity we have to look at is the difference

¥ — Etin (1)

between the potential energy ¥ and the kinetic
energy FErin, where we use the termm “potential
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Figure 2: Local equilibrium states of a system. As-
sumptions: a) the “forces” on a perturbation derive
from a generalized potential, b) a displaced fluid ele-
ment always adopts the velocity from its immediate
environment.

energy” in a generalized sense as will become appa-
rent below.? Therefore we consider the new value of
the difference between the potential energy and the
kinetic energy of the perturbed element (or in other
words, the new value of the excess potential energy
over the kinetic energy). Fig. 2 presents a mnemonic
scheme: a one-dimensional system with coordinate g
investigated at an arbitrary point ¢ = 0; we consider
the “landscape” of ¥ — Ey;, over ¢q; the “height” of
the black ball represents the local state of the system,
and the expected reaction of the ball under an imagi-
nary gravity force to a virtual displacement parallels
the expected reaction of the system state to virtual
perturbations (either away or back to the equilibrium
position it started from). If the value of the excess
potential energy is increased by the virtual perturba-
tion then the basic state should be stable, meaning
that the energy content of the system is below the
critical value; if it is decreased we should have insta-
bility, and the basic state would try to get rid of its
excess energy by putting it into the perturbation; if
it remains constant we should just have the neutral
case. We shall see below that this criterion can in-
deed be derived from a Hamiltonian formulation of
the stability problem.

In completing our picture we assume that the
overall basic state is not seriously affected by a small
perturbation and can therefore be considered to re-
main unaffected for the moment of disturbance.

If we talk about stability in case of a liquid or
gas we refer to a small element which is displaced
from its equilibrium position, and we shall examine
the subsequent flow of energy between this small ele-
ment and its environment. But wait — we have to

2If we talk about kinetic energy in this context we always
refer to the kinetic energy of the perturbed element which is
aquainted from or lost to the basic state. We do not mean
something like the kinetic energy of the displacement itself,
which doesn’t actually exist, since no variation of time is
performed.

ABBOTTAEROSPACE.CO
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take into account the conserva-
tion of mass while making the
virtual perturbation. Therefore
it will be simply assumed that
two small fluid elements of equal
mass, which are adjacent to each
other, are interchanged (see mar-
ginal fig.).

Then, if we want the system to be stable at the
point around which the interchangement has taken
place we must assure that stability is achieved by
both fluid elements. So we have to focus our atten-
tion to that element which is most “likely” to be-
come unstable. For a one-dimensional problem the
foregoing statement is equivalent to the instruction
to make a displacement of a fluid element in both
directions and to study stability in both cases.

How can we cast this concept into mathemati-
cal terms 7 The procedure just described reminds us
of D’Alembert’s principle of virtual work. Since this
principle can be derived from the Lagrangian equa-
tions, which in turn are an implication of Hamilton’s
principle of least action [10], it may be argued that
our stability considerations can be derived in a simi-
lar manner from a general “Hamilton-like” principle.

And indeed, if we displace an arbitrary fluid ele-
ment by a small amount starting from an equilibrium
position then the forces acting on the element will re-
sult from the change of its position in the potential
field ¥ and from the momentum transfer between the
particle and its environment so that

du,— _ Bu,- av
T "on,  0m )

where we have applied the tensor notation for the
Cartesian coordinates z; (with i = 1,...,3) and the
respective velocity components u; employing Ein-
stein’s summation rule.® If for the present we disre-
gard the force term deriving from a potential it can
be shown that the remaining expression du;/dt =
uxOu; /Ozk can be rewritten as (see appendix)

d 0Ekin  OFkin
dt Ou; dx;

=0 , (3)

where Ey;, is the kinetic energy of the fluid element.
Reintroducing the potential force term on the right
hand side and assuming that the potential ¥ is inde-
pendent of velocity this leads to

d 0 d
agu; e~ Y 5,

(Ekin—¥]=0 . (4)

After we have defined the general Lagrangian func-
tion to be
L= Eyin — V¥ (5)

3 The summation rule requires that a swmmnation must
be carried out over equal indices in a product, e.g.
_.

upOu; [0z = Y o_, upui/dzy and duj/dz; = V-ii.
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we are simply left with

d aL ac

m&?u; B di‘, =

0 . (6)

Notice that £ is equal to expression (1) with its sign
reversed so that a well of (1), which indicates sta-
bility, corresponds to a ridge of £. These are the
well-known Euler-Lagrange dilferential equations for
L, which are a direct implication of Hamilton’s prin-
ciple, the variational formulation of which is

5/£m:o. (7)

At

This states that the mean kinetic energy of a sy-
stem produced by external forcing is always kept at
a minimum. Stull ([11], p. 173) notes remembering
LeChatelier’s principle that “for ... many instabili-
ties it is interesting to note that the fluid reacts in
a manner to undo the cause of instability” — and
we add here: this is accomplished by the fluid in the
most effective way.

It also shows that the quantity given by expres-
sion (1) provides indeed a stability criterion as we
have suspected above. We conclude that the atmos-
phere is stable at a given point if £ is at a maximum.
llence we arrive at the equilibrium condition

L

0z

0 (8)

since L is at an extremum and we have the general
stability criterion

2 <0 stable
% - |6y =0 : neutral " (9)
% >0 : unstable

Although classical Hamiltonian theory only ap-
plies to finite-dimensional phase spaces spanned by
the generalized coordinates and momenta the con-
cepts can be extended to continua [13, 14]. But we
shall not go into details here.

Since the forces occuring in the atmosphere are
not purely mechanical, but also derive from ther-
modynamic processes and are a consequence of the
earth’s rotation, we must postulate the existence of
a generalized potential from which the forces can be
derived (perhaps remembering that the Lorentz-force
in electrodynamics can also be derived from a gene-
ralized potential.) This would naturally lead to a ge-
neralized Lagrangian function, which would also in-
clude thermodynamic and rotation dependent terms.
Such a generalized Lagrangian has already been used
by Ertel [15] (see also [16]).

Let us now illustrate this view in three examples:
the first may serve as an introductory one, the second

* A variational formulation has already been used by Raet-
hjen [12] to explain the dynamics of squall lines.

ROSPACE.CO

Figure 3: Incompressible fluid with stable and un-
stable density stratification.

concerns static, and the third dynamic stability in
the atmosphere. In selecting the last two examples
we have also taken into account that they ought to
be relevant to flight operation.

Consider an incompressible fluid with a linear
density profile

p(z) = po + vz (10)

and assume horizontal homogeneity (see fig. 3) so
that the problem can be reduced to one dimension
(along the vertical axis). In this case the potential
V¥ results from gravity and buoyancy forces and the
Lagrangian is simply

79 2

L(z) ' 2pgz : (11)
Stricly speaking this equation describes the poten-
tial experienced by single fluid elements starting at
z = 0 (where p = pg) whose density differs from the
surrounding liquid by vz according to eq. (10). But
this means no loss of generality since we are free to
choose z = 0 arbitrarily at our point of investiga-
tion. According to eq. (9) the system is just neutral
at z = 0 if we have

&L
e
0z2
This results in
Yo . (12)
Po

Since g and py are # 0 we conclude that v = 0 cor-
responds to the neutral state, whereas a stably stra-
tified fluid corresponds to negative values of ¥ and
vice versa, which surely is clear by our everyday phy-
sical experience. The result can also be interpreted
as follows: the parameter 7 appearing in eq. (11)
is a shape parameter of the potential function which
has a potential well if v < 0, is flat for ¥ = 0, and
has a potential hill for ¥ > 0. We can generalize this
result by saying that overall stability is guaranteed if

the density gradient is positive at every point within
a fluid.

As a second example let us consider a some-
what more complicated case: a static dry atmos-
phere which is characterized by horizontal homoge-
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neity and therefore reduces to a one-dimensional sy-
stem where no heat transfer occurs and hence re-
versible thermodynamics is assumed. The so called
“adiabatic temperature lapse rate” represents neu-
tral stability of this atmosphere. The derivation of an
equation for this lapse rate — applying the first law of
thermodynamics, the equation of state, and the hy-
drostatic equation - is standard since the early days
of geophysical thermodynamics and can be found in
almost any introductory course on meteorology (see
e.g. [17, 18]). But we can also apply the concept
stated above. In this case the generalized Lagran-

gian is .
L=—(2(2) = ,T(2)) , (13)

where ®(2) ~ gz is the geopotential height and
¢pT(z) is the enthalpy.’ The equilibrium condition
9L/0z = 0 leads to

oT ¢

9z ¢ (14)
for the temperature lapse rate and since 027/82% = 0
we conclude according to the stability criterion (9)
that this corresponds to the neutral state. Likewise
we can show that 9T/9z > —g/c, results in stable
and 0T/dz < —g/cp in unstable conditions so that
we finally get the stability criterion for a dry atmos-
phere

oT > —g/cp stable
5 =—g/cp neutral , (15)
z < —g/cp unstable

where g/c, & 1 K/100m (see fig. 4).

Often this condition may be expressed more con-
veniently in the so called p-System with pressure as a
vertical coordinate. By considering the temperature
changes within an air parcel under adiabatic pres-
sure changes we can define the so called “potential
temperature” by

Rfecp
0:=T. (BE) ,
p

which is merely a special version of Poisson’s equa-
tion relating the temperature of an ideal gas in an
adiabatic process to a reference pressure of py =
105Pa. From this formula we can derive the con-
dition that an atmosphere is in neutral equilibrium
if the potential temperature is constant for-all p, and
that it is stable for 4 increasing with p, and unstable
otherwise [18]. Since p and z are monotonous in the
atmosphere the same statement applies by replacing
p by z in the preceding statement. So if we employ

(16)

5In the early days of atmospheric thermodynamics there
has been a debate whether the “heat content” ¢pT or the inter-
nal energy ¢, T is to be used in the derivation of the adiabatic
lapse rate. It is interesting to mention that the advocates of
both approaches arrived at the same result because the error
of using ¢y T was just compensated by a second error in the
derivation (cf. e.g. [19]).
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neutral unstable neutral
z/m z
100
unstable
0
(2]

AT = 1K

Figure 4: Actual temperature profile and potential
temperature profile for different stabilities.

the potential temperature instead of the actual tem-

perature for atmospheric problems we get (see fig.
4)

>0 stable
? =0 neutral (17)
z <0 unstable

(Notice that if we replace 6 by the actual temperature
T this criterion holds for incompressible fluids! So
the atmosphere is by this view in a way “reduced”
to an incompressible fluid.)

Whereas in the preceding examples the Lagran-
gian comprises only potential energy terms, we shall
now turn to a case which involves kinetic energy, too.
We consider a stratified shear flow with a constant
gradient of density v, and horizontal velocity v, ac-
cording to

o) = (18)
v(z) = (19)
and shall study the virtual displacement of a fluid

element in the vertical. The potential of an element
displaced from z = 0 is given by

po+ 72
vg + Y2

Yrd 2
= -
2po

just as in the first example (compare eq. (11)!), and
the kinetic energy that the fluid element gains from
its “new” environment if it is displaced to a larger
value of z is

so that the Lagrangian is

2
L(z) = "7%2 + 109 2

o (20)

Fig. 5 shows an example of a stably stratified fluid
where the horizontal velocity increases with height
and a fluid element is raised to a higher level the-
reby increasing its potential energy as well as its ki-
netic energy; the decisive question is, whether the

stable
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Figure 5: Displacement of a particle in a stably stra-
tified shear flow. '

potential energy increase exceeds the kinetic energy
increase, or vice versa.

If we again apply our stability criterion (9) we

get
(9/po) < =1 : stable
_/)(Z)J ‘H =-1 neutral (21)
T > -1 unstable

In the atmosphere instead of density the potential
temperature is used to describe the buoyancy. If we
neglect pressure changes to the first order then we
have from the logarithmic version of the equation of
state of a gas and from (16)

P T~ 0

or equivalently

and we get instead of (21)

Ri:

g 00 v\ 2 >1 : stable
-2/

— =1 : neutral
0z <1 : wunstable

(22)
The fraction in expression (22) is called the Richard-
son Number Ri (after L.F. Richardson). In applica-
tions instead of the Richardson number as defined in
eq. (22) the so-called bulk Richardson number Ri,
is used which we get if we replace the differentials in
(22) by finite differences. The critical value of Ri
determined experiinentally is about 0.25 so that we

LIBRARY
arrive at the stability condition

o g AG-Az >0.25 : stable
Ry = — =0.25 : neutral
6o (Av?) < 0.25 : unstable
(23)

The “traditional” approach for deriving the Ri-
chardson number starts from the prognostic equation
for the turbulent kinetic energy where several sim-
plifying assumptions are introduced until only the
buoyancy term and the production term describing
the generation of turbulent kinetic energy from shear
are left (see fig. 6). The momentum flux occuring
in the shear term and the heat flux in the buoyancy
term are then expressed by the velocity and the po-
tential temperature gradients, respectively, employ-
ing K-theory.

i

K-Theory
y Finite

Differences
Gradient-RRi-No. I = I Bulk-Ri-No. '

Flux Richardson Number Ri,

o Start with balance equation of turbulent enesgy:

Local change of turb. energy = — divergence of fluxes
+ production
— consumption
— viscous dissipation
o Making simplifying assumptions:

o homogeneity => divergence of fluxes =0

o reversibility =  viscous dissipation =0

o production by shear ~ulu} - u;/0z;

o productlion and consuinption by buoyancy g - ugo'/ﬁ

leaves (considering only the main horizontal direction of flow)

%;2 = —vw . 0Ufdz 49 - WO [0
o Define
y w/ i
Riji=% =
V=% Ve oujor

then
defdL =0 (stationarity) = [y =1
defot < 0 (stability) = Rij>1
8c/Ot =0 (instability) = Rij<1

Figure 6: Sketch of derivation of the Ri-number from
the turbulent kinetic energy budget equation.

If the Ri-number exceeds its critical value then
turbulent fluctuations are suppressed, if it is below
the critical value then they give rise to fully develo-
ped turbulence.




TECHNICAL LIBRARY

3 Stability related phenomena
with a view to flight opera-
tion

In the following we shall show that the overall mean
state of the atmosphere is statically stable as well as
dynamically stable with respect to the Ri-criterion.
But we shall also see that there are strong deviations
from the mean state. We shall start with a simple
picture of atmospheric reality and study its implica-
tions concerning static stability. In order to come to
the result first we state that we shall arrive at an
atmosphere which is unstable, and subsequently we
shall ask ourselves why this is not in agreement with
the mean (stable) conditions found in the earth’s at-
mosphere. Finally we shall throw some light upon
the deviations from stable conditions and illustrate
the dynamic consequences.

Well now, let us start with the promised over-
simplified picture: it is widely known that the at-
mosphere is transparent for solar radiation to a large
extent (and in fact, the amount of short wave radia-
tion absorbed at the ground is approximately three
times as large as the amount absorbed in the atmos-
phere [20]). To keep our picture simple we assume
a dry clear atmosphere which is entirely transparent
to solar radiation, i.e. absorption occurs only at the
ground. Furthermore we shall ignore the (almost)
spherical surface of the earth and anticipate a plane
earth with constant insolation.® To prevent the earth
from permanent heating the heat must be taken away
from the surface. We assume that there is some “heat
transporting mechanism” in the atmosphere, which
may include short range terrestrial radiation. This
mechanism transports energy from the surface to the
upper region of the atmosphere, from where it is fi-
nally reradiated to space by long wave emission. But
regardless of what the particular nature of the trans-
port is, it i1s necessary that the potential tempera-
ture decreases with height; however, as we have seen
i the preceding section, this means that the atmos-
phere is unstable.

As already indicated above, this result is not
in agreement with the mean state observed in the
atmosphere, which is well reflected by the U.S. Stan-
dard Atmosphere [22], which is shown in fig. 7 to-
gether with its potential temperature profile for the
troposphere and lower stratosphere.

Now, what is wrong with our model? Aside
from the fact that we have neglected the differential

6To be at least to some extend realistic the insolation
should be taken as one quarter of the solar constant, since
this is the mean energy flux density onto the earth's surface
in case of an entirely transparent atmosphere (see e.g. [21],
entry: “equivalent blackbody temperature”). To be complete
we mention that the incident radiation is not equal to the ra-
diation absorbed because the reflected part must be taken into
account.
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Figure 7: U.S. Standard Atmosphere [22] (left) and
derived profile of potential temperature for the lowest
20 km (right).

heating of the earth as a consequence of its almost
spherical shape and also the earth’s rotation, the de-
cisive oversimplification was that we have neglected
the water and its phase changes within the atmos-
phere. Lifting moist air with vapour pressure below
saturation starts cooling according to the dry adiaba-
tic lapse rate until it reaches the condensation level.
Above this level a continuous release of latent heat
by condensation of water vapour takes place, thereby
heating the air. A detailed analysis shows that the
potential temperature increases above the condensa-
tion level by about 6 K/km in the lower troposphere
and by 4 ~ 3 K/km in the middle troposphere. This
is in close agreement with the potential temperature
gradient in the standard atmosphere, which is about
3.5 K/km.

But we have to be careful: the model of the
static and stably stratified atmosphere is an idealiza-
tion which reflects the mean overall conditions in the
earth’s envelope; but to maintain this mean state the
actual atmosphere cannot always be statically stable
everywhere, even then if the earth would be a resting

disk.

Fig. 8 shows a meridional cross section of the
january northern hemisphere along 80 deg W which
extends from the equator on the left to the pole on
the right. The bold solid lines indicate equal zonal
wind speed, the thin solid lines are isotherms, and
the dashed are those of equal potential temperature
(values on the right margin). We can see that the hig-
hest values of vertical wind shear of the mean zonal
wind occur at about 30 —40 deg N. To make a crude
estimation of Ri-number stability of the mean wind
we take 40 ms~' /10 km as a representative value for
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Figure 8: Meridional cross section through the nor-
thern hemisphere along 80 deg W after Landsberg
and Ratner [23]. Bold solid lines = zonal wind speed;
thin solid lines = isotherms; dashed lines = potential
temperature.

the wind shear, and for the potential temperature a
value of +3.56 K/km as indicated above. This leads
to a Ri-number of about 15 so that the mean condi-
tions must surely be considered to be stable.

The conditions on earth do not promote an
equally distributed and steady input of latent heat
into the atmosphere. Rather, we find temporary and
local phenomena, which means that the energy ex-
changes, which are necessary to maintain the overall
mean state, are highly concentrated; so the area rela-
ted power of local disturbances may exceed the over-
all mean value by orders of magnitude. This is also
true for the kinetic energy involved in these energy
exchange processes. Whereas the global mean pro-
duction rate of kinetic energy is of the order of a
few W/m?, in severe local storms we can find values
one order of magnitude larger in severe midlatitude
storms [24] and presumeably up to 100 W/m? and
more in extreme cases,

A variety of phenomena which constitute devia-
tions from the mean state is found in the planetary
boundary layer because this is the region of the at-
mosphere where the main energy conversions occur.
In the following we shall deal with some stability rela-
ted phenomena within the planetary boundary layer
which are relevant to flight.

To proceed to some flight mechanical considera-

fs(f)

longltudinal component

w-component

f.hz

Figure 9: Sketch of turbulent energy spectra (from
Panofsky & Dutton [25].

tions we shall relate the Ri-number to the turbulent
structure of the planetary boundary layer and show
how this number can be used to asses the energy
transfer between an aircraft and its atmospheric en-
vironment.

It is well known that the turbulent wind velo-
city fluctuations within the planetary boundary layer
comprise eddies covering a wide range of sizes. The
power spectra of the horizontal and vertical velocity
components, respectively, show the distribution of
energy over a certain size range. A given spectral
diagram (with proper scaling of the axes) allows us
to estimate the energy contained within a band of
eddy sizes. Usually the spectral density is related to
and plotted against the reciprocal of the eddy size,
which is called the wave number, although we are
not dealing with a periodic phenomenon. Assuming
that the turbulent elements are advected to a fixed
point with the mean wind V and that the turbulent
structure doesn’t change against the wind the wave-
number can be converted into a frequency, which is
measured by an observer at a fixed location. This
assumption is known as “Taylor’s Frozen Turbulence
Hypothesis” [25]. A typical plot of a spectral curve is
shown in fig. 9, where the abscissa is scaled logarith-
mically and the spectral density has been multiplied
by the frequency so that equal areas under the curves
correspond to equal energies.

Measurements within the planetary boundary
layer have shown that the particular shape of a spec-
tral curve depends on

— the distance from the ground

— the stability of the boundary layer air

To find out universal relations that yield the shape
of the spectral distribution of turbulent energy as a
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Figure 10: Normalized spectra of horizontal and ver-
tical wind velocity fluctuations fur the surface layer
after Kaimal [27] (reproduced by Panofsky & Dutton

[25]).

function of a single dimensionless parameter it sug-
gests itself to try a definition a length scale as a mea-
sure of stability from all quantities which are relevant
for stability . This length scale should then be used
to non-dimensionalize the distance from the ground,
thereby leading to a dimensionless height as a shape
parameter of the spectral curves.

There are different ways of scaling the boundary
layer. An example which applies for the lower part of
the boundary layer is the so-called Monin-Obukhov-
scaling [26] where a characteristic length-scale is de-
fined by

uy

W (24)

KBQ PCp
where u, is the friction velocity, k the von-Karman-
constant, and w'6’/(pc,) the kinematic heat flux.
Fig. 10 shows a number of spectral curves for the
horizontal and the vertical component of the turbu-
lent fluctuations in the surface layer, respectively.

In the convective boundary layer the influence
of large eddies goes down to the surface so that also
the inversion height z; has to be taken into account,
but we shall not go into details here.

100
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Figure 11: Normalized peak frequency for w Kaimal
[27] (reproduced by Panofsky & Dutton [25]).

It is apparent that the location of the cur-
ves’ maxima strongly depends on the dimensionless
height. Fig. 11 shows as an example the loci of
the maxima of the w-spectra as a function of z/L..
Yet for flight mechanical applications the locus of the
maximum for a given height and given stability con-
ditions is of greatest interest since it gives together
with the air speed of an aircraft the main forcing fre-
quency of the disturbances acting upon the aircraft,
from which by the aid of the transfer functions for
aeroadmittance and mechanical admittance the air-
craft response can be derived.

Unfortunately the determi-
nation of the stability-length is difficult because it
requires high-resolution instrumentation. But since
the quantities from which the stability length is de-
rived describe two phenomena, i.e.

against

o vertical heat flux { promoted by

} buoyancy

o stress )

we may argue that there is a unique relation between
the stability length and the Ri-number. If it would
be possible to apply the bulk-Ri-number Ri, as a
stability criterion we simply need to determine the
vertical gradients of the horizontal wind and of tem-
perature. And indeed, Businger [28] has given such
relationships based upon empirical data.

So to get the wavenumber (or equivalently the
wavelength) around which the maximum energy is
contained in a given height and with given stability
conditions we may follow the subsequent procedure:

o (AV/Az,A0) = Ri
e Riyz, = L.
e z/L, — choose the proper spectral curve

and determine its maximum.
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Figure 12: Maximum amplitude gust wave length for
different stabilities and different heights.

The result of this procedure can be summarized in a
diagram showing the wavelength of the most inten-
sive gusts as a function of height for different values
of Rip, which occurs as a shape parameter of the
curves. Fig. 12 shows such a diagram prepared by
Schanzer.

Another stability related phenomenon, which is
often found within the lowest few hundred meters
of the atmosphere — especially in clear nights — and
which is also relevant to flight safety, is the so-called
low level jet. It is characterized by the periodic oc-
curence of supergeostrophic windspeeds immediately
above the planetary boundary layer. These windma-
xima are of special importance to flight safety be-
cause they are often accompanied by high values of
wind shear.

To give a short explanation of the phenomenon
we start with the simple case when no friction is pre-
sent in the atmosphere and we consider horizontal
forces only. In this case the only forces acting on an
air parcel are the Coriolis force due to the rotation
of the earth and the pressure force. If a parcel starts
moving along an isobar, which for a first aprroxima-
tion we assume to be straight, then it will continue
to do so ad infinitum if its initial speed equals an
equilibrium value, which is called the “geostrophic
wind speed”. But if the initial velocity is not direc-
ted along the isobar or if its speed is different from
the uniquely determined geostrophic wind speed then
the parcel will start oscillations.

If we now allow for friction as a third force,
which occurs primarily within the planetary boun-

dary layer, then the wind must have a component
directed from high to low pressure, i.e. across the
isobars. The reason is that the pressure field is the
only energy source to overcome the friction since that
the Coriolis force can do no work, for it is always di-
rected perpendicular to the velocity. But in order
to receive energy from the pressure field the motion
must have a component along the pressure gradient.
This component is usually called the “ageostrophic
component” of the wind.

We shall now restrict ourselves to the nocturnal
low level jet. Hence we consider the diurnal evolution
of the planetary boundary layer and start e.g. with
the convective boundary layer on a nice summer day.
In this case the boundary layer may extend to heights
up to 2 km above the ground with turbulent friction
within the whole range that differs significantly from
the frictional forces above. After sunset the convec-
tion ceases, the boundary layer shrinks (possibly to
heights below 100m), and following the emission of
terrestrial radiation into space the surface cools and
stable stratification develops near the ground. As a
consequence the friction within the range above the
nighttime boundary layer becomes very small compa-
red to the daytime values; and at the same time the
layer above the nighttime boundary layer but below
the upper boundary of the daytime boundary layer
is decoupled from the ground.

Since during daytime there has been an
ageostrophic component within this layer and during
the night the only forces are Coriolis’ and pressure
the motion in the range immediately above the night-
time boundary layer is not in geostrophic balance.
This leads to inertial oscillations which are charac-
terized by a cyclic deviation of the actual wind from
the geostrophic wind. Within such a cycle under-
and super-geostrophic wind speeds occur, whereby
especially the super-geostrophic windspeeds are ac-
companied by sharp gradients of horizontal velocity.

A low level jet can extend over hundred of kilo-
meters making it like an horizontally wobbling pan-
cake. Fig. 13 shows two extreme cases of boundary
layer wind maxima which were measured by Shel-
kovnikov [29], and whose impact on aircraft during
landing approaches has been studied by Swolinsky
(30].

Nocturnal low-level-jets have also been studied
experimentally by Roth [31], Kottmeier [32] and
Kraus [33]. An elementary analytical approach to
nocturnal low level jets has been given by Blacka-
dar [34]. Numerical simulations were performed by

Thorpe [35] and Malcher & Kraus [36]
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4 Stability Phenomena, and
its influence on flight opera-

tions

We now want to know how a certain type of turbu-
lence affects the aircraft motion. A flight at a given
height in a given atmospheric environment may be
subject to the investigations. The model, we have
just seen in fig. 13 leads us to a special characteri-
stic gust-wavelength L., of the wind-field passed by
the aircraft with a given airspeed V. According to
Taylor’s hypothesis [25] a windfield can be assumed
to be time-fixed, if the windspeed is low compared
to the aircraft speed. Hence the airspeed has an im-
portant influence on the frequency of the gusts, seen
from the aircraft. The wavelength L,, can be trans-
verted to a frequency f,, by using the airspeed V

Ju=V/Ly (25)

Thus, a higher airspeed induces a higher gust-
frequency in the same windfield. Most important
for flight operations and safety are the accelerations
and flightpath-changes of the aircraft in the wind-
field. Therefore transfer-functions from windspeed
to the aircraft-response are very helpful for further
investigations. As an example we want to set up
the transfer-function from the vertical windspeed
to the vertical acceleration of the aircraft. Let us
first review the phases of an aircraft flying into a
step-shaped upwind-gust: in a stationary horizontal
flight, the aerodynamic lift equals the weight of the
aircraft (fig. 14):
W=L=LV?.5. cpo 26
=&=3 La * @St ( )
When the aircraft is penetrated by the vertical
upwind-gust, an additional angle of attack A« arises
producing additional lift AL and an upward accele-
ration H of the aircraft-mass m:

AL:m-H:sz-S-cLa-Aa (27)
with the lift coefficient assumed to be linear (cpo =
const). The pitching motion of the aircraft is neglec-
ted, to keep this model simple.

The flightpath-vector rises whereas the vertical
windspeed is chosen to be constant and the additio-
nal angle of attack Aa decreases.

Ta, Tg, Ty

Figure 14: The aircraft flies in steady conditions,
horizontal flight at an airspeed V without wind at a
certain angle of attack ag; to keep the lift L equal
to its weight W.
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Figure 15: At the time the gust of upwind w, is
reached, the flight path speed Vj initially remains
constant, whereas the airspeed is the result of V¢ and
w,, with an additional angle of attack Ac, initially
equal to the wind-induced angle o, .

i

Figure 16: The additional lift accelerates the aircraft
upwards, the longitudinal lift component, which ari-
ses when the lift-vector is turned into the new di-
rection of airstream, is assumed low and omitted for
this view.

Now we can start to develop the transfer-
function from equation (27). Assuming small angles,
from fig. 14,15,16 can be derived:

wy — H

Ac =
o %

(28)
With eq. (27):
AL=2V.Seca (ww— 1) = Aa- (wa - ) (29)
Laplace-transformed:

AL = Aq (- sﬁ') (30)
Equation (27) Laplace-transformed:

s’H=AL/m . (31)

Equations (30) and (31) together yield:

AL = A, (ww - A—f“) (32)

sm

resulting in the transfer-function from vertical wind
to additional lift:

AL ms
= (33)
Wy 1+ ﬁs
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Figure 17: The aircraft has returned to a steady, now
Aa=0 and

climbing flight. AL =0.

-
.

Figure 18: Free and bounded vortex of a wing-
circulation [37].

Which is of the form of a DT -link:

KTs
F(s) = o (34)

with
K = Aa and T=m/Aq

Looking back to the step-shaped-gust, it has to
be considered, that the lift-force on the wing does
not build up immediately, when the angle of attack
changes. An additional circulation AI' appears when
« changes. A wing-bounded and a free vortex coun-
teract, so initially no additional lift is produced. As
the free vortex is left behind, the bounded one be-
comes effective and lift rises in the same manner
(fig.18). An approximation of the time-behavior of
unsteady lift can be developed from the approach of
the Kiissner-function ¥(t) (see Schanzer [37]).

AL(t) = ALg - ¥(t) . (35)

A simple form of this model will be sufficient to
approximate gust-loads (see Schanzer [37]).

Y(t)=1—e"t/T (36)
with :
Tk = fvﬂ

The factor f can be drawn out of optimization-
calculations and is depending on aspect-ratio and
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Figure 19: Bode-Diagramm of transfer-function w,,
to AL.

Mach-number [37]. A Laplace-transformation of eq.
(36) together with eq.(35) leads to the transfer-
function from stationary to unsteady lift:
AL(s) 1
AL - 1+ Tys

(34) and (36) leads to the

(37)

Combination of egs.
transfer-function:

AL(s) KTs 1
F = = .
(s) wy(s) 14+Ts 1+4Tys (88)
with -
K= A, and = A_a

Fig 19 shows a Bode-Diagramm of this transfer-
function for the following set of aircraft data:

m = 4350 kg cra = 4.0
V =60m/s L, =20m
S =28 m? p=1.225kg/m?

The diagram shows clearly, that the additional
lift has a maximum approximately between 1 Hz and
50 Hz of gust circle-frequency. In this range the wing
structure is stressed mostly. At lower frequencies,
the aircraft is able to follow the gust waves, at higher
frequencies lift cannot build up due to the low-pass
behavior of the Kissner-function. With this kind of
transfer-functions any wind-model achieved by me-
teorological modelling can be applied to an aircraft-
model for analysing structural loads or flight path
deviations. The same effects could be shown with
longitudinal gusts. In this case the change of the air-
speed AV would cause the change in lift AL. With
this transfer-function the curves of fig. 13 can be
transverted into a diagram of additional lift, respec-
tively acceleration, depending on the height and at-
mospheric stability. Fig. 20 shows how the ratio of

RASP 87 -
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Figure 20: Unsteady lift variance as a function of
height and atmospheric stability [37].

unsteady lift variance v% to stationary lift variance
0% g, increases with height and atmospheric stability,
i.e. the Ri-number.

5 Energy budget of aircraft
and safety criteria

Facing a flying aircraft from the energetic point of
view, it can be described as a system of energy stores.
Single stores can exchange energy with each other
and across the border of the system “aircraft” with
its environment, usually the atmosphere. Depending
on the case, the exchange can take place in one or
both directions, but is combined with a transforma-
tion of the energy-form with a certain loss according
to the effectivity of the transformation process. The
energy flow E between the stores or the atmosphere
is the Power P.

Let us now take a look at the different energy
forms, stores and describing values.

A powered aircraft has stored an amount of che-
mical energy in its fuel tanks which can be transfor-
med to mechanical energy by the engines. The level
of this store can be expressed in the remaining fuel
quantity. The energy flow from the engines has to
be divided into one stream, which is needed to coun-
teract the drag. The remaining stream, if there is
one left, can be taken to feed the other stores. The
influence of the chemical energy store on flight safety
is evident, everyone knows what happens if this store
runs dry.

The level of the potential energy store can be ex-
pressed by the height. It becomes marginal for flight
safety if an impact on the ground is possible. Energy
exchange with the atmosphere takes place in vertical
winds. An upward movement of the surrounding air
delivers potential energy to the aircraft, downwind
takes energy from it.

Kinetic energy in the common physical sense is
defined by using the flight path speed. Aerodyna-



TECHNICAL LIBRARY

ABBOTTAE

14-14

mic forces are depending on the airspeed, thus the
definition of the aero-kinetic energy by using the air-
speed is of much more interest regarding to flight
safety. So the airspeed is a value for the level of ki-
netic energy. A low margin would be the aircraft
approaching stall speed, an upper limit is the design
speed. Using the aero-kinetic energy, an exchange
with the atimosphere would be a flight into a longitu-
dinal gust, e.g. in a wind-shear. Due to the inertia of
mass the aircraft initially keeps its flight path speed.
The airspeed changes with the wind, resulting in an
aerokinetic energy gain or loss until the flight path
speed reaches the new value. Most important for
flight safety is the quick exchange of kinetic to po-
tential energy or vice versa, which is possible simply
by using the elevator.

A certain level of energy can be stored by ela-
stical deformation of the aircraft-cell, especially the
wings. The upper margin could be a certain value of
the aircraft weight multiplied by the g-load, at which
structural damages are to be expected. If the aircraft
flies into a gust, a change of lift causes the wings to
bend until the aircraft mass is accelerated. In this
case energy is buffered until it is passed to the poten-
tial and kinetic energy stores. As this energy store
is not relevant for flight path applications it will be
neglected in our further considerations.

The rotation energy is of minor interest, because
its absolute value is low, compared to the kinetic and
potential energy, in addition it is not directly related
to safety. Of course a spinning aircraft is probably in
danger, but more important to its safety are the loss
of potential and excess of kinetic and elastic energy.
Rotation energy could become important, if wake-
turbulence is taken into account.

Concluding the energy considerations, we have
two main kinds of aircraft energies which are directly
influenced by wind:

o Potential energy: Epor = mgH
which is changed especially by
vertical wind: Ep,; = mg (V sin(ay —7) + wy)

e Aerokinetic energy:  Ejin = mV?%/2
which is changed especially by
horizontal wind: ,
Egin = m- (V + uy cos(ay, — 7)) /2

Now the question is, how these different energy-
stores are affected by a given wind-phenomenon and
what kind of wind brings which store to a margin.

Wind shear situations arise mostly during unsta-
ble or neutral atmospheric conditions. Typical wind
shear situations are those appearing during thunder-
storm downbursts, low level jets or due to the earth’s
surface boundary layer (see figs. 21 and 22).

In the atmosphere the flow is usually three-
dimensional. The spatial variation of the windspeed
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Figure 21: Sketch of a downburst [38].
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Figure 22: Windspeed profile in a low level jet.

vector l_/.w with its components u,, vy, w, yields a
nine element gradient tensor:

Ju, Ouy  Ouy

dz dy 0z
avw avm avw

dz dy dz (a8
Owy Owy Owy
dz dy dz

grad V,, =

Only three of these elements seem to be relevant in
wind shear accidents:

- wind variation with height Juy /02 = uy,

- wind variation along the Oy [0r = uys
flight path

— spanwise variation of the Owy [0y = wyy

vertical wind

These wind gradients change the aerodynamic
forces acting on the aircraft. The first two elements
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influence the longitudinal motion whereas the lat-
ter induces a rolling motion in the lateral-directional
mode. The ICAO classifies the wind gradient u,,, as

— dangerous if
— difficult if
— significant if

s > 0.2001/s
uy; > 0.1301/s
Uz > 0.066 1/s

Considering only the aircraft’s longitudinal mo-
tion the time dependent horizontal wind speed may
be expressed as follows:

Uy(t) = Uug - AZp — Uy, - AH . (40)

Wind variation with time leads to the following equa-
tion [38]:

Gy () = Une Vi — tue H (41)

The variation of the horizontal wind with time de-
pends on the aircraft’s kinetic velocity Vi and the
vertical speed H. Thus, if an aircraft enters a space-
variable windfield it will be transformed into a time
variable windfield, which will have an effect on the

acrodynamic flow around the aircraft. Considering

the unsteady aerodynamic loads the aircraft’s reac-
tions to a simple wind shear model are shown on
fig. 23. The airspeed changes at the time the wind-
speed decreases from —12m/s to 0m/s inducing the
phugoid motion. The deviations from the flight path
are significant (AH > 100m) and could lead to an
accident during a landing approach. The total energy
rate with its kinetic and potential components are
plotted during this procedure as well.

In order to avoid wind shear accidents, deviati-
ons from the flight path and airspeed must be held
to a minimum. Mathematically this means:

AH =10

and
AV =0

The kinetic velocity Vg is the superposition of air-
speed V and windspeed V. This is true for the time
derivatives as well:

Taking into account the requirement that the air-
speed V has to be kept precisely it results that the
kinetic velocity has to be changed with wind speed
variations:

Ve=Vy . (43)

In other words this means that the total energy (kine-
tic + potential) has to be kept constant throughout
a wind shear field. This requirement can be fulfilled
by providing or taking thrust energy. The linearized
longitudinal equations of motion yield the following
dependency of thrust from wind [30]:

ATN tyig
S o U

Auy, Aw
4y 4 wg

v % (44)
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Figure 23: Reaction of an aircraft to a simple hori-
zontal wind shear model.

Where 1ty = f(Uwz, Uw:) as shown in eq. (41). Fig.
24 shows the flight path during a landing approach
through a low level jet with and without thrust com-
pensation. The danger of a crash due to the loss
of total energy is obvious. In fig. 25 the reaction
time At of a number of pilots to compensate thrust
is plotted against the maximum wind speed depen-
dent height of a low level jet. It shows clearly the
tendency of the pilots not to react correctly with in-
creasing height.

6 Conclusions

It may be concluded that it is a matter of power
density and wavelength of the wind-phenomenon re-
sulting from the atmospheric conditions in relation
with aircraft type specifications, such as mass and
wing loading, if the wind influence results more in
a power and energy problem or in a structural one.
The first case is relevant for flight safety from the
flight dynamics point of view and was discussed by
analysing the aircraft’s flight path response to a sim-
ple wind shear model. The resulting flight safety
requirement is that the total energy of the system
“aircraft” has to be kept constant, which can be ful-
filled by providing or taking thrust energy according
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Figure 24: Flight path of a landing approach du-
ring wind shear conditions (low level jet) with and
without thrust compensation.

to the energy flow resulting from windspeed variati-
ons.

Appendix

Derivation of Equation (4)

We refer to the footnote concerning the summa-
tion rule for tensors on page 3 and start with the
equation of motion of a fluid element (2) in the form

du,— ('9u.- B\I’

?t-—u;;a—;H:—-gz—‘ . (45)
Employing the notation
U U
Egin = 121
the first term on the left hand side can be written
du; d[ad [1 d Fin
?E"a[&i(ﬁ““)]‘ﬁiaw - (49)

whereas the second term on the left hand side upon
multiplication with u; yields

t)u,— a 1
u;‘uka—zk = ukm (-'2-11;'1“) . (47)

After changing indices on the right hand side of (47)

to
e (LN 0B
i oz; \2 kUE | = Uy -

and dividing the equation by u; we substitute eqs.
(46) and (47) into eq. (45) to give

d 9 OFin oy

o0 \Pon) = o =y ¢ 9
If we assume that the potential is independent of
velocity we can add ¥ inside the brackets on the left
side of eq. (48) and get the equivalent relation

L.
dt du; [

7]
Erin — ‘I’] - E [Eiu'n = '1’] =0 , (49)

Height [m] '

vy 0l—-———- _—_‘]
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108

Figure 25: Pilot’s reaction delay during landing ap-
proaches through low level jets.

and with the Lagrangian function

L= Eyin -V
we finally have
d g 0oL
& u;  Ba; (50)
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Utilizing Quantitative Feedback Theory Design Technique For Flight Control System

Constantine H. Houpis
Air Force Institute Of Technology
Wright-Patterson AFB, Ohio, 45433, USA

ABSTRACT

Quantitative feedback theory (QFT) has achieved the status
as a very powerful design technique for the achievement of
assigned performance tolerances over specified ranges of
plant uncertainties without and with control effector
failures. This paper presents a brief overview of QFT and its
applications to advanced MIMO flight control systems.
Desired performance over varied flight conditions may be
achieved with fixed compensators (controllers), despite
failures of effectors. QFT is the only design technique that
has been able to make considerable progress in improving
the design of an overall flight control system taking into
account the man-in-the-loop specifications.

INTRODUCTION

The paper is divided into four parts, the first part presents
a qualitative overview of the theorectical concepts of QFT,
the second part presents a number of examples to which
QFT was utilized to design the control system, the third
part presents the concept of a dual reconfigurable control
system scenario, and the fourth part presents an overview
of QFT computer-aided-design (CAD) programs. A short
reference list is presented as a supplement to this list.

PART 1 -- OVERVIEW OF QFT
1.1 Introduction!*?

Quantitative feedback theory (QFT) is a unified theory that
emphasizes the use of fedback for achieving the desired
system performance tolerances despite plant uncertainty
and plant disturbances. QFT quantitatively formulates these
two factors in the form of (a) sets T ={Ty} of acceptable
tracking or command input-output relations and T, = {Tp}
of acceptable disturbance input-output relations, and (b) a
set ® = {P} of possible plants. The object is to guarantee
that the control ratio T, = Y/R is a member of T and
Tp, = Y/D is a member of T, for all P in . QFT is
applicable for both nonlinear and linear, time-varying and
time-invariant, continuous and sampled-data, uncertain
MISO and MIMO plants, and for both output and internal
variable feedback.

The representation of a MIMO plant with m inputs and ¢
outputs is shown in Fig. 1. The QFT synthesis technique for
highly uncertain LTI MIMO plants has the following
features®:

1. The MIMO synthesis problem is converted into
a number of single-loop feedback problems in
which parameter uncertainty, external
disturbances, and performance tolerances are
derived from the original MIMO problem. The
solutions to these single-loop problems are
guaranteed to work for the MIMO plant. It is not
necessary to consider the complete system

characteristic equation.

2. The design is tuned to the extent of the
uncertainty and the performance tolerances.

This frequency-domain design technique is applicable to the
following classes: (a) MISO linear time-invariant (LTD)
systems; (b) MISO nonlinear systems; (c) MIMO LTI
systems for which the performance specifications on each
individual closed-loop system transfer function and on all
the closed-loop disturbance response functions must be
specified; (d) MIMO nonlinear systems; (e) disturbed
systems; and (f) sampled-data systems as well as
continuous systems for all classes. The MIMO classes are
converted into equivalent sets of MISO systems to which the
QFT design technique is applied. The objective is to solve
the MISO problem, i. e, to find compensation functions
which guarantee that the performance tolerances for each
MISO problem are satisfied for all P in ©. The amount of
feedback designed into the system is then tuned to the
desired performance sets T and T and the given plant
uncertainty set . Also, time-varying and nonlinear
uncertain plant sets can be converted into equivalent MISO
LTI plant problems to which the MISO frequency-domain
technique can be readily applied and where the
fundamental tradeoffs are highly visible.®

1.2 MIMO Uncertain Plants'*!°

The state-space representation for a LTI MIMO system is:

*(t) = Ax(t) + Bu(t) (1)

y(t) = cx(¢t) (2)

where A, B, and C are constant matrices. The plant
transfer-function matrix P(s) is evaluated as

P(s) = ClsI - A) B (3)

il

This plant matrix P(s) [pij(s)] is a member of the set

@ = {P(s)} of possible plant matrices which are functions
of the uncertainty in the plant parameters. In practice, only
a finite set of P matrices is formed, representing the
extreme boundaries of the plant uncertainty under varying
conditions.

Figure 2 represents an mxm MIMO closed-loop system in
which F, G, and P are each mxm matrices. There are m?
closed-loop system transfer functions (transmissions) tij(s)
contained within its system transmission matrix, i.e., T(s) =
{t;(s)}, relating the outputs y;(s) to the inputs 5(s), e.g.,
yi(s) = Y (s)rj(s). In a quantitative problem statement there
are tolerance bounds on each tﬁ(s), giving a set of m?
acceptable regions 7;(s) which are to be specified in the
design, thus t;(s) € 7(s) and  T(s) = {r()}.
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From Fig. 2 the following equations can be written

y=Px x=Gu u=v-y v=Fr

In these equations G(s) and F(s) are the matrices of
compensator and prefilter transfer functions, respectively,
and are often simplified to diagonal matrices, i.e., G(s) =
diag{g,(s)} and F(s) = diag{f(s)}. The combination of
these equations yields

Y= [I+ PG]PGFr (4)

where the system control ratio relating r to y is

1'='[I+Pa]'1par , (5)

The QFT objective is to design a system which behaves as
desired for the entire range of plant uncertainty. This requir
es finding three f,(s) and three g;(s), for diagonal matrices,
such that each ty(s) stays within its acceptable region
1ij(s), no matter how pij(s) may vary. The MIMO system, in
order to simplify the design process, is converted into an
equivalent set of MISO systems, as shown in the next
section.

1.3 The MISO Equivalent Method®°

This section presents an overview of the representation of
an mxm MIMO system by m? MISO equivalent systems, each
with two inputs and one output. One input is designated as
a "desired" input and the other as a "disturbance" input. The
inverse of the plant matrix is represented by

r .
Py ¥ DPzp* = Dip*
D21* Daz* = Dan*

P‘l = : ) ) (6)
\Pm1* DPpz*  Ppg*|

where A is the diagonal part and B is the balance of P,
A Q = {q} matrix is obtained from (6) by letting q; =
1/ pij* thus ’

11 Gz Gim

D1 2 v Dom
Q = ) ) : (7)

The m? effective plant transfer functions are formed as

qij = 1/p1j* = [detP/adeIj] (8)

where is a requirement that detP be minimum phase
(m.p.). Utilizing (6), (5) is manipulated to

LIBRARY

T = [A + @' [GF - BT (9

This is is used to define the desired fixed point mapping
where each of the m? matrix elements on the right side of
(9) can be interpreted as a MISO problem. Proof of the
fact that the design of each MISO system yields a
satisfactory MIMO design is based on the Schauder fixed
point theorem.? This theorem is described by defining a
mapping Y(T) by

Y(T) a [A+@]l7[eF - BT] (10)
where each member of T is from the acceptable set T . If
this mapping has a fixed point, i.e., T ¢ T such that
Y(T) = T, then this T is a solution of (9). Figure 3 shows
the four effective MISO loops-in the boxed area) resulting
from a 2x2 system and the nine effective MISO loops
resulting from a 3x3 system.’ The control ratios for the
desired tracking of the inputs r; by the corresponding
outputs y, for each feedback loop of (10), of the MISO
equivalent systems, have the form

Yig = Wiy {vyy + dyy) 11

= Yz * Yaij (h
where w; = q;/(1 + gig;) and vy = gf;. The interaction
between the loops has the form

and appears as a "disturbance" input in each of the
feedback loops.

If the plant matrix P is not a square matrix then P is
replaced in the above equations by the "effective plant
matrix" P, where P, = PW and W is an ¢xm weighting or
a squaring down matrix.

1.4 The MISO QFT Design*

1.4.1 Performance Specifications — The overview of the
QFT design technique is best presented in terms of the
m.p. LTI MISO system of Fig. 4 since an mxm MIMO
control system can be represented by m? equivalent MISO
control systems. The control ratios for tracking (D = 0)
and for disturbance rejection (R = 0) are, respectively,

T (g) = L(5)G(s) P(s)
1 + G(g) P(s)
. _FL (s) (13)
1+L
(14)
P(s) . _P

TD= =

1 + G(s) P(s) 1+L

or
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(15)
T, = &, = a constant

The tracking thumbprint specifications, based upon
satisfying some or all of the step forcing function figures
of merit for underdamped M, t, t, t, K,) and
overdamped (t,, t, K) responses, respectively, for a
simple-second system, are depicted in Fig 5a. The Bode
plots corresponding to the time responses y(t); and y(t),
in Fig. 5b represent the upper bound B, and lower bound
B,, respectively, of the thumbprint specifications; i.e., an
acceptable response y(t) must lie between these bounds.
Note that for the m.p. plants, only the tolerance on

ITx (@)l need be satisfied for a satisfactory design. For
nonminimum-phase (n.m.p.) plants, tolerances on
£.T;(jw,) must also be specified and satisfied in the
design process.>®!! It is desirable to synthesize the
tracking control ratios corresponding to the upper and
lower bounds Tgy and Ty, respectively, so that §3(jw;)
increases as ; increases above the 0 dB crossing
frequency of Ty,. This characteristic of §; simplifies the
process of synthesizing a loop transmission L,(s) =
G(s)P,(s), where P, is the nominal plant transfer
function, that requires the determination of the tracking
bounds By (jw,) which are obtained based upon §(jw,;).
The simplest disturbance control ratio model is T(s) =
Y(s)/D(s) = e, a constant (the maximum magnitude of
the output based upon a unit step disturbance input).

1.4.2 Plant Templates of P,(s), TP(je) -- With L = GP,
(13) yields

L
= F + Lm 16
ImTy=LmF + [1+L] (16)
The change in Ty due to the uncertainty in P is
A(Lm Ty) =Lm Ty - Lm F
(17)

- in[i]

By the proper design of L = L, and F, this change in Ty is
restricted so that the actual value of Lm Ty always lies
between By, and B, of Fig. 5. The first step in synthesizing
an L, is to make templates which characterize the
variation of the plant uncertainty, as described by j =

1,2, ..., J plant transfer functions, for various values of ;
over a specified frequency range. For the simple plant

P(s) = s(s + a)

where K € {1,10} and a € {1,10}, is used to illustrate
how the templates are obtained for a plant with variable
parameters. The region of plant uncertainty is depicted in
Fig. 6. The boundary of the plant template can be
obtained by mapping the boundary of the plant para-
meter uncertainty region as shown on the Nichols chart
(NQ) in Fig. 7. A curve is drawn through the points A, B,

15-3

C, and D and the shaded area is labeled TP(il), which
can be represented by plastic a template. Templates for
other values of w; are obtained in a similar manner.

1.4.3 U-Contour -- The specifications on system
performance in the frequency domain (see Fig. 5) identify
a minimum damping ratio { for the dominant roots of
the closed-loop system which becomes a bound on the
value of M, « M,,. On the NC this bound on M,, = M,
(see Fig. 5) establishes a region which must not be
penetrated by the template of L(jw) for all w. The
boundary of this region is referred to as the universal
high-frequency boundary (UHFB), the U-contour, because
this becomes the dominating constraint on L(jw).
Therefore, the top portion, efa, of the M, contour
becomes part of the U-contour. For a large problem class,
as @ - o, the limiting value of the plant transfer function
pproaches

lim

oo (19)

[P(jw)] = -—’%
(1]

where A represents the excess of poles over zeros of P(s).
The plant template, for this problem class, approaches a
vertical line of length equal to
Li
Aa (w_,ﬂ)[z.m Prax = Lm Ppyy]  (20)
= Lm K, - Lm K, =V dB

If the nominal plant is chosen at K = K, then the
constraint M, gives a boundary which approaches the U-
contour abcdefa of Fig. 8.

1.4.4 Bounds B (jo) on L ,Gw) -- The determination of
the tracking Bg(jw,) and the disturbance Bp(jo;) bounds
are required in order to yield the optimal bounds B,(jw,)
on L (jo,). The solution for By(jw;) requires that the
actual ATy(jw,) < éz(jw;) dB in Fig. 5. Thus it is
necessary to determine the resulting constraint, or bound
B;(jw,), on L(jw,). The procedure is to pick a nominal
plant P(s) and to derive the bounds, by use of templates
or a CAD package, on the resulting nominal transfer
function L (s) = G(s)P(s). The disturbance bounds can
be determined by the method described in Reference 5.
For the case shown in Fig. 9 B, (jw,;) is composed of those
portions of each respective bound By(jw;) and By(jw;)
that have the largest dB values. The synthesized L,(jo;)
must lie on or just above the bound B jw,) of Fig. 9.

1.4.5 Synthesizing (or Loop Shaping) L (s) and F(s) --
The shaping of L (jw) is shown by the dashed curve in
Fig. 9. A point such as Lm L (j2) must be on or above
B,(j2). Further, in order to satisfy the specifications,
L,(jw) cannot violate the U-contour. In this example a
reasonable L (jw) closely follows the U-contour up to

© = 40 rad/sec and must stay below it above @ = 40 as
shown in Fig 9. It also must be a Type 1 function (one
pole at the origin). Synthesizing a rational function L (s)
which satisfies the above specification involves building
up the function where fork = 0, G, = 1£0° and K =

I, _oK,. L () is built up term-by-term or by a CAD
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L,(j0) = Ly (jo)

w
= P (jo) I [KG (o)
onk=o[kk]w]

(21)

loop shaping routine,’? in order to stay just outside the
U-contour in the NC of Fig. 9 [see (21) where k =
0,1,2,....w]. The design of a proper L (s) guarantees only
that the variation in IT; jw,)! is less than or equal to

that allowed, i.e., §p(jw,). The purpose of the prefilter
F(s) is to position Lm [T(jw)] within the frequency
domain specifications, i.e., that it always lies between B,
and B, (see Fig. 5) for all J plants. The method for
determining F(s) is given Ref. 1, 5, and 8.

1.4.6 Simulation -- By use of a QFT CAD package (see
Part 4) a verification of the "goodness of the design" can
be readily determined for all J plants.

PART 2 -- QFT DESIGN EXAMPLES
2.1 Introduction

A number of QFT design examples are qualitatively
presented in this part to illustrate the power of the QFT
design technique. The reader is referred to the references
in order to obtain the quantitative aspects of the MIMO
control system design procedure.

2.2 YF-16CCV Analog Flight Control System
Reconfiguration Design'’

A linearized 2x2 YF-16CCV open-loop unstable model is
used with 4 individually control effectors: 2 elevators and
2 flaperons (they are normally tied together, constituting
two inputs). For this QFT design, the command inputs
and the controlled outputs are pitch rate and roll rate.
The 4 step-response tolerances are shown in Fig. 10, to
be achieved over the Mach, altitude flight conditions
(F.C.): (1) 0.2, 30 ft; (2) 0.7, 30 K; (3) 0.9, 20 K; (4)
1.6, 30 K; and over as many effector failures as is
feasible. These time-domain responses are translated into
"equivalent” w-domain tolerances (a; and by, lower and
upper bounds, respectively, on the It;(jo)l tracking
responses and b; disturbance upper bounds) on the
it;Gw)l shown in Fig. 11. The design proceeds in a
manner similar to that of Sec. 1.4. The final results are
shown in Fig. 12 in which each figure gives the responses
at a single F.C. for the following failures: (1) none, (2)
an elevator, (3) a flaperon, (4) an elevator and a
flaperon on the same side, (5) as in (4) but on opposite
sides, and (6) both flaperons. The specifications of Fig.
10 are satisfied for these 6 cases and the 4 F.C. In Fig.
12a, a 50°/sec roll rate is commanded, and in Fig. 12b, a
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10%/sec pitch-rate is commanded. Note that failure of
both elevators (case 7) is omitted. The reason is apparent
from Fig. 13 which shows loop 1 effective plant set §(1)
with 4x6 = 24 elements, whose size is a measure of the
uncertainty range. Case 7, with its 4 F.C., more than
doubled this uncertainty range and its inclusion would
require about 20 dB larger l¢;(jw)l, which was consid-
ered intolerable under the bandwidth constraints. This is
an example of the transparency of QFT, revealing the
trade-off between the benefits and cost of feedback
during the course of the design, and not at the end after
the design simulation, as is done by other MIMO control
system design techniques.

2.3 F-15STOL Analog Flight Control System
Reconfiguaration Design'?

The results of an QFT design, for a linearized 2x2 F-
15STOL open-loop unstable model with forward velocity
and angle of attack as outputs, is presented in this sec-
tion. The canard, stabilator, elevator, and the top and
bottom reverser vanes are the 5 effectors. The uncertain-
ty range consists of (a) 3 F.C. (100, 120, 180 knots all at
sea level) and (b) no fail and 5 single failure cases,
inasmuch double failure provided insufficient authority
for control. The time-domain specs and their correspond-
ing frequency-domain specs are available in Ref. 13. The
5x3 W matrix is chosen and the design proceeds in a
manner similar to that of Sec. 1.4. The final design
simulation results are shown in Fig. 14 (6x3 = 18 plots
per figure) with the response tolerances being satisfied.

2.4 AFTI/F-16 Digital Flight Control System
Reconfiguration Design'*

A linearized 3x3 AFTI/F-16 unstable model is used for
this design having 3 outputs (pitch, roll, and yaw rates)
with 6 independent effectors (2 flaperons, 2 horizontal
tails, vertical canard pair, and rudder). The uncertainty
consists of (a) 4 F.C., (b) no effector failure, and (c) 5
single, 2 double, and 1 triple effector failures. A digital
design is inherently n.m.p. so is limited in its feedback
benefits*!>2?0, In the preliminary design effort, it is pos-

- sible to determine the resulting tolerance range of uncer-

tainty and if some gain scheduling may be advantageous
(rather than by repeated trial designs with simulations).
This design effort is an example of the transparency QFT
offers the designer so he can make intelligent compro-
mises in the course of his design. The pitch channel w’-
domain simulations yield robust results. The roll and yaw
channel results were robust except for rudder failure.

2.5 Unmanned Research Vehicle Digital Flight Control
System Design

2.5.1 Reconfiguration Design'® -- This example is of an
3x7 unmanned research vehicle (URV) utilizing a
sampling frequency of 60 rps, and second-order actuators
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and first-order sensor models. The effectors are rudder,
left and right elevators, ailerons, and flaps. The
uncertainty consists of 36 failure cases. For the most part,
elevators and flaps can fail up to 100%. But for one case,
2 elevators and 1 aileron fail 95% each and in another
case of an elevator failing 100%, the two flaps fail 90%
only. The 5% and and 10% residuals are necessary so
that P would remain m.p. The rudder failure can be up to
90% for P to remain m.p., but when limiters are included,
only 70% rudder failure is tolerable. Otherwise the failure
cases include all combinations of single, of 2 surfaces and
of 3 surfaces failing 100% simultaneously. The 3
responses (roll, yaw, and c*) due to roll rate command
are shown in Fig. 15. Each figure is for all 36 cases. Fig.
16 shows the responses due to yaw rate command for all
failure cases. The pulse command is not long enough in
duration for steady-state to be achieved but the 36
responses are almost identical and satisfy the speci-
fications. Fig. 17 shows the responses due to ¢* command
for the 36 failure cases. The specifications are satisfied
over the set 0. These simulations are all for the digitally
compensated system including practical effector limiters.

2.5.2 URV Robust Digital Flight Control System'” -- A 50
Hertz robust digital flight control system and an autopilot
are designed for the Lambda URV model. The control
system is built using a small perturbation 3x3 LTI plant
model P developed from flight test data. The actuators,
also modelled from aircraft (A/C) test data, are second
order in roll and in pitch and first order in yaw. 19
separate plants are used to represent the flight envelope
of the A/C resulting from variations in speed, altitude,
center of gravity location, and weight. The pitch channel
is decoupled from the lateral-directional channel resulting
in a SISO system for the pitch channel and a 2x2 MIMO
system for the lateral-directional channel. Pitch rate, roll
rate, and yaw rate controllers and prefilters are designed
to satisfy a 45° phase margin throughout the flight
envelope, and meet figures of merit including rise time
and overshoot requirements. The digital simulations,
which include limiters, show that the resulting robust
controllers met all specifications throughout the flight
envelope without gain scheduling. This design is to be
implemented and flight tested.

2.6 Man-in-the-Loop Flight Control System Design
Technique

Figure 18 is a block diagram that represents the man-in-
the-loop flight control design problem. The inner loop
represents the flight control system where P is the YF-16
A/C (plant) matrix, G is the compensator matrix, and F is
the prefilter matrix. The inner loop is represented by the
matrix P, and where F; is the pilot compensator that is to
be designed.

2.6.1 Flight Controller Design with Nonlinear
Aerodynamics, Large Parameter Uncertainty, and Pilot
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Compensation'®?' -- This initial QFT design effort, for the
man-in-the-loop the control system, is restricted to a SISO
design. Nonlinear QFT is used to design the flight control
system P, for the nonlinear YF-16 A/C model with C*, a
blend of the normal acceleration at the pilot station and
pitch rate, as the controlled output. The first step in the
design procedure is to obtain LTI plant models which are
rigorously equivalent to the nonlinear plant with respect
to the defined set of desired outputs. These equivalent
plants are generated from time histories of the input and
output from simulator data. This data is used in a
program?! to generate LTI plants that are equivalent to
the nonlinear plant in that both models give the same
output for the given input. This procedure is repeated for
the set of inputs and outputs that are to exist in the
operating region of the system. The result is a set of LTI
equivalent plants which are used in the QFT design
process. It has been proven that the solution to the
equivalent plant problem is guaranteed to solve the
original nonlinear problem. The resulting closed-loop
stability augmentation system (SAS), P,, becomes part of
the outer loop containing the pilot. The Neal-Smith pilot
model for a compensatory tracking task is used to
develope a technique which allows the designer to
synthesize compensation in the outer loop, which
includes a free compensator Fp(s) ("pilot compensator)."
The latter is chosen to minimize pilot workload, increase
system bandwidth, and improve handling qualities ratings
as per the Neal-Smith criteria, for the tracking task. The
available pilot compensation abilities are then available
for further increasing of system bandwidth to improve
overall capabilities. This approach can be used at the
early stages of flight control design, thus saving time and
money over the current practice. Simulations in the time
and frequency domains demonstrate that the desired
performance is attained.

2.62 Multiple-Input Multiple-Output Flight Control
System Design for the YF-16 Using Nonlinear QFT and
Pilot Compensation'? -- Nonlinear QFT and pilot
compensation techniques are used to design a 2x2 multi-
axis flight control system for the YF-16 A/C over a large
range of plant uncertainty. The controlled variables are
C* and roll rate. The only independent commanded
controls are symmetric horizontal tail (elevator)
deflection and aileron deflection. The design objective is
to obtain responses for step commands in both C* and
roll rate at 2 F.C.: 0.9 mach at 20K and 0.6 mach at 30K.
The design is based on numerical input-output time
histories generated with a FORTRAN implemented six
degree of freedom nonlinear simulation of the YF-16 (see
Sec. 2.6.1). The original compensation for rudder and
leading edge flaps is left in place. Based on these time
histories a set of equivalent LTI plant models are
generated to represent the nonlinear plant’®. Standard
QFT techniques are then used in the design synthesis,
based on these equivalent LTI plant models, to generate
the inner loop diagonal compensator matrix G and the
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diagonal prefilter matrix F. After the inner loop design is
completed, pilot compensation is developed to reduce the
pilot's workload. This outer loop design is based on a set
of equivalent LTI plant models. This is accomplished by
modelling the pilot with parameters that result in good
handling qualities ratings, and developing the necessary
compensation to force the desired system responses. The
designed compensator is implemented in the original non-
linear simulation and gives the desired responses over the
specified range of uncertainty and beyond.

PART 3 -- DUAL RECONFIGURATION CONTROL
SYSTEM SCENARIO

3.1 Introduction

Elevators, aeropspace vehicles, nuclear reactor plants,
and heating systems are a few examples that involve
control systems which affect the safety and comfort of
humans. One aspect of these control systems that has
been and is of much interest is the problem of maintain-
ning a stable system under a "control surface (or
effector)” failure, i.e., the design of reconfigurable control
systems.

3.2 Dual Reconfiguarable Flight Control System

Figure 19 describes the nature of the dual recon-
figurability scenario. Control system #1 utilizes QFT
designed controllers that are designed to maintain the
aircraft stable at the instant of one or more effector
failure. At the onset of the QFT design it is possible to
determine the degree of effector failure and the number
of simultaneous effector failures that can exist and yet be
able to achieve a stable system. Thus control system #1
maintains the aircraft in the air and provides time for the
"fault, detection and isolation (FDI)" control system #2 to
"reconfigure” its controllers to achieve the best possible
flying qualities under effector failure(s). A At = 30 msec
corresponds to approximately a phase margin frequency
of 30 rad/per. Decreasing this FDI At interval results in
an increase in the phase margin frequency which for
flight control systems is undesirable.

PART 4 -- QFT CAD PROGRAMS
4.1 Introduction

The first useable MISO QFT CAD package was developed,
in 1986 for the analog design and in 1991, for the
discrete design at the Air Force Institute of Technology
(AFIT). This CAD package has been a catalyst in assisting
the newcomer to QFT to understand the fundamentals of
this powerful design technique. A MIMO QFT CAD
package has been developed at AFIT this spring. These
CAD packages will accelarate the utilization of the QFT
design technique for the appropriate control problems.
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4.2.1 MISO QFT CAD -- The AFIT package is called
"ICECAP/QFT" which is designed for the VAX. Those
desiring a copy of this package can contact: Professor
Gary B. Lamont, AFIT/ENG, Wright-Patterson AFB, OH
45433. Currently Professor Lamont is developing an
extended PC version. These packages have been designed
as an "educational tool."

422 MISO QFT PC CAD -- Dr. Oded Yaniv, Tel-Aviv
University, Israel, has a MISO QFT PC CAD package for
both analog and discrete system design.

4.2.3 MIMO QFT CAD -- An AFIT graduate student, Mr.
Richard Sating, has developed a MIMO QFT PC CAD
package for both and analog and discrete designs. The
discrete design is done in the w-prime domain. This PC
CAD has been designed to be used on a SPARC station
utilizing the MATHEMATICA and MATRIXx packages.

Professor F. Bailey, University of Minnesota, Minneapolis,
Minnesota, has also developed QFT CAD packages. The
QFT CAD packages mentioned in this section will be
demonstrated at the First International Quantitative
Feedback Symposium to be held On 3-4 Aug ’92 at Hope
Hotel, Wright-Patterson AFB, Ohio. This symposium is
being sponsored jointly by Wright Laboratories and AFIT.
Non U.S. citizen must have prior clearance, through their
respective foreign office, to attend this symposium.
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ADAPTIVE RECONFIGURABLE FLIGHT CONTROLS FOR HIGH ANGLE OF ATTACK AIRCRAFT AGILITY

by

T. Sadeghi!, M. Tascillo, A, Simons and K. Lai®
Electrical Engineering Department
State University of New York
Binghamton, New York 13902-6000
United States

Abstract

Two control technologies have been developed and
integrated towards the definition of an Integrated Flight
Control for the year 2000 (IFC2000) aircraft. The control
technologies considered for IFC2000 are flight control
reconfiguration and post stall maneuvering. The
reconfiguration technique allows an aircraft to utilize the
inherent redundancy among its control effectors for
maintaining aircraft’s controllability after loss (or
degradation in effectiveness) of one or more of its control
effectors. The reconfiguration technique used in this paper
consisted of redistribution of control signais after
identification of a. control effector failure (first stage
adaptation). This technique is based on utilizing a pseudo
inverse algorithm and minimizing a performance index to
redistribute pilo’s commands to thé remaining control
effectors. Two control laws were developed for controlling
the aircraft in the post stall region where the aircraft is
flying at High Angle Of Attack (HAOA) while allowing
reconfiguration in the event of surface damage or actuator
failure. A self tuning adaptive control law was developed
for parameter estimation and control gain tuning (second
stage adaptation). The control law utilizes the Bierman’s
algorithm for estimating aircraft parameters, and a linear
quadratic regulator for tuning the gains. A neural net
control law was developed to account for nonlinearity,
parameter uncertainties, and disturbances in the flight
control system. The reconfiguration, adaptive and neural
net control laws have been partially integrated, the results
are reported in this paper. Post stall maneuvering is
configuration sensitive requiring a high performance
aircraft with relaxed static stability, thrust vectoring, and/or
additional surfaces (such as canard). A generic high
performance aircraft model was modified 1o incorporate
thrust vectoring for generating pitch and yaw moments. A
control structure was developed to fly the aircraft with high
angle of attack at low speed. The control structure can
track a, ¢, and p commands from pilot’s longitudinal and
lateral sticks and rudder pedal, respectively. The control
laws were designed to give steady state tracking for fuselage
pointing. Thrust vectoring was used to produce pitch and
yaw moments at HAOA. The control signal distribution
function of the control laws was modified to facilitate
aircraft transition from and to post stall region.

Introduction
Figure 1 represents a pictorial overview of the proposed

Integrated Flight Control 2000 (IFC2000). The upper part
of the diagram delineates the fundamental blocks of a flight

control law, and the lower part shows the promising
techniques which can be developed and integrated together
to achieve the objectives of IFC2000. The end result is
expected to be a highly nonlinear and adaptive control
system which can provide instant controls for precision
tracking of the pilot commands.

A nonlinear model of a High Performance Aircraft (HPA)
with twin engines [1] was used in this development. Thrust
Vectoring (TV) capability was added to HPA to make it
usable for HAOA control development. Thrust vectoring
moments for HAOA maneuvering were developed
analytically, and were added to the HPA model. The Bare
airframe nonlinear model was linearized at various flight
conditions to generate approximated A, B, and C matrices
of linearized aircraft models. A linear control law for HPA
was developed from its nonlinear control structure.

Thrust vectoring was assumed to be made available through
3 actuated vanes which were added to each engine at the
nozzle locations. Two sets of TV vanes were added around
the circumferences of the nozzles in a way that their
deflections into the jet streams were capable of generating
pitch and yaw moments. Through simple trigonometric
relationships and addition of appropriate columns to the
control derivative matrix (B), TV vane deflections were
translated into variations in pitch and yaw moments.
Efficiency factors of 0.5 to 0.75 were used for all TV vane
deflections and were incorporated in the appropriate
columns of the B matrix.

Mixer technologies for blending control signals after
control surface battle damage have been evolving since the
early 1980’s [2). A Control Signal Distributor (CSD)
function was developed and added to the HPA models. In
the case of battle damage causing loss of an entire effector,
the failure scenario was emulated by multiplying an
appropriate column of the B matrix with a factor y = .5.
The second order effects on the stability matrix (A) due to
battle damage were ignored. In the event of a partially
missing effector due to battle damage or an actuator soft
failure causing degradation in performance, the effect was
represented by multiplying an appropriate column of the B
matrix by the effectiveness factor y (1 > y > .5). The
damaged aircraft parameters were then estimated using the
Bierman’s algorithm. It was assumed that the flight control
redundancy management could identify failure of the
effectors. In the event of a partially missing surface or an
actuator degradation, the parameter estimator of the self
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tuning adaptive control law was used to identify the failed
surface effectiveness. The CSD was then utilized to
redistribute the pilot’s commands to the remaining
effectors.

A Self Tuning Adaptive Control (STAC) [3] law was
developed with the capability of tuning the control gains
once the control signal redistribution had taken place
through CSD. The results obtained from integration of
CSD and STAC had demonstrated the effectiveness of CSD
in making gross correction in the control laws, and the role
of STAC in estimating aircraft parameters and fine tuning
the control gains. The speed of control optimization
convergence in STAC was improved significantly when CSD
was integrated with the STAC.

A Neural Network Control (NNC) architecture [4] was
developed in concurrence with the CSD and STAC. The
NNC is capable of producing a highly nonlinear control law
for precise control of the aircraft at HAOA. This is done
by training the NNC’s hidden units with a large set of
inputs. NNC offers a means to incorporate the needed
nonlinear control and transition logic into the IFC2000
structure along with the CSD and the STAC. The NNC
also prescribes the underlying architecture for the flight
control computers.

With addition of thrust vectoring capabilities to HPA, the
aircraft equations of motion [5] were used to derive analytic
expressions for precise nonlinear control of the aircraft at
high angle of attack. This control structure has a
Proportional plus Integral (PI) feedback and feedthrough
structure. The PI control laws are capable of rejecting
disturbance and noise as well as holding the aircraft at trim
conditions in absence of pilot commands. The feedforward
block of this control structure consisted of a static gain
matrix to guarantee steady state tracking of pilot’s
commands. Later on, the feedforward gain matrix will be
replaced with either desired linear dynamic models or
precise nonlinear dynamic relationships for desired motion.

The IFC2000 must be structurally capable of reconfiguring
the control laws after failure, tuning the control gains in
real-time, and flying the aircraft at high angle of attack.

Thrust Vectoring Capability

Thrust vectoring capabilities were derived analytically and
were integrated into the HPA nonlinear model. The
nonlinear model was linearized at high angle of attack
flight conditions, and the linearized models were verified
for effectiveness of the thrust vectors at those angles
[11,12,13). The HPA’s linearized model was obtained at the
speed of Mn = .9 and the altitude of H = 10Kft while
trimming the aircraft at « = 70°% The following
modifications were applied to convert the models 10 have
Thrust Vectoring (TV) capabilities. Thrust vectoring was
assumed o be available through 3 TV vanes which were
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added to the aircraft at each engine nozzle. The TV vanes
were assumed to be equally distant around the
circumference of the nozzles, and were appropriately sized
to have sufficient clearances when they were deflected
simultaneously. The TV vanes for one engine are shown in
Figure 2. The bottom two vanes (when deflected) can
generate yaw moment. The top vane deflection can
generate pitch moment. From Figure 2, the Pitch Vane
(P,) deflection of 8, degree generates a deflected thrust
force (F,) with its component, Cg,, projected onto the Z-
body axis. ny thrust force, through its moment arm (R),
generates a moment around the Y-body axis with respect to
the aircraft’s center of rotation. Therefore,

CulV) = fi, RCy = A, RF, Sind, @

where 8 is the V_ vane deflection in degrees.
Similarly, for the Yaw Vane (Y,) deflections (Y, and Y,)),
the following relationship holds

CHV) =i, RC,
Two efficiency factors were assumed for translating vane
deflections into moments: v,=0.5 and vy =0.35. These
efficiency factors were used to create thrust moments from
what was available in terms of aerodynamic moments.
Equations (1) and (2), along with the converted aero data,
were used to modify the nonlinear model of HPA. The
modified HPA was linearized analytically to obtain analytic
expression for appropriate entries of the B columns. The
modified HPA was then linearized numerically to obtain
numerical values for the thrust vectoring coefficients. The
values of the TV parameters were approximated by
assuming that the control effectiveness of the TV vanes are
75% of their counterpart primary control surfaces in
normal conditions. These approximations can be replaced
with real data when available. Small angle approximation
was assumed for thrust vector deflections; that is,

Sin (8) = 3, 3

= fi, R F, Sind  Cos(45) 09

Sin(8) = 8, “)

It was assumed that the yaw vanes move collectively in one
direction (coupled) to generate yaw moment in that
direction. The pitch and yaw vanes can be deflected
simultaneously without colliding with each other.

Aircraft Models

The HPA linear model is represented by

. 5)
X(@® = AX@®) + BUQ); X(H)<R™, U(t)ck”'(
. 6)
Y1) = CX(@); Y®O<R:  nam; n2l, mal
where x =[pqnV.a B 64 ¥]

[bss' 845 84 8Rs avp' vy]
and = [a, $, 0, ¢, ¥
Engine lhrusts were eliminated from the input vector of the
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linear model since it was assumed no thrust modulation was
required for the design objectives. For control signal
distribution, the control elements were separated by the
individual surfaces. HPA has two stabilators which are
moved symmetrically to generate pitch moments and
differentially to generate roll (i.e., four columns in B matrix
with a rank of two). Also, HPA has two ailerons, a single
vertical rudder, a pitch thrust vectoring vane, and two yaw
thrust vectoring vanes. Therefore, the dimension of the
modified B matrix is B: 9X10, but its rank is equal to 6.
The control effectors have inherent redundancy in
generating the moments; that is, the ailerons and
differential stabilators can generate roll moments; the
symmetric stabilators and pitch vanes can generate pitch
moment; and the rudder and yaw vanes can generate yaw
moment. Therefore, this aircraft has a minimum of dual
redundancy among its effectors in all three axes. The
nonlinear model was modified by moving the engine’s
center of gravity 30% ahead of its mean aerodynamic cord
to fly the aircraft into the high angle of attack regime
without violating the « limit.

Control Signal Distributor (CSD)

CSD’s primary function is to integrate the reconfiguration
strategy with the post stall maneuvering. For
reconfiguration, once an effector damage or an actuator
failure has been identified by the flight control redundancy
management, the CSD redistributes control signals to the
remaining healthy effectors. CSD is represented by the
matrix M in the control block diagram of Figure 3. CSD’s
in-flight alteration of matrix M represents the first stage
adaptation process to accommodate failures or to transition
to and from PSR. For post stall maneuvering and as a
function of angle of attack, the CSD redistributes control
signals generated from the flight control laws to the
surfaces and the thrust vectors in order to give more
control authorities to the healthy effectors. Through CSD,
an aircraft can smoothly transition to and from high angle
of attack region by changing the thrust vectoring
effectiveness. CSD is a full time function in a flight control
system. It is represented by the matrix M in the linear
control law

U@ = - MKX(®) + MLNU (9 ™

where, K is the feedback gain matrix, M is the feedthrough
CSD gain matrix, L is the pilot’s command-to-surface
distribution block, and N is the feedforward tracking matrix.
Under normal operating conditions, the CSD matrix is set
10 identity; M=Igx¢. The closed loop model of the aircraft
is represented by

X@®) = (A - BMK)X(t) + BULNU (9 3)

In simulation, an aircraft control effector impairment is
represented by multiplying an appropriate column of the B
matrix by a factor y (1 2 y = .5). This factor alters a
surface effectiveness after an impairment. The impaired
model of the aircraft is represented by the modified B-hat
matrix
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X(® = (A - BMK)X(®) + BMLNU ) )

Note, the rank of the control matrix has not changed under
this scenario. That is,

. : 10)
Rank(By) = Rank(By), for 1 2 y » (5
The redistribution matrix is changed by either a right or a
left pseudo inverse of impaired B matrix in order to mask
out the effects. The right pseudo inverse solution to CSD
is represented by

M=(8T0B1" BT QB (11)

where Q is a diagonal matrix to be found by minimizing an
error index in the Euclidian norm. The reconfigured closed
loop system is, therefore, equal to

. S g ] (12)
X(®=(A-B[B"QB)" B QBK)X(t) +BMLNU (1)
For a perfect solution, the following equality must hold:

BiBTQBI'B"QBK = BK (13

This relationship holds only if {BK} belongs to the right
range space of {B-hatTQ}; that is,

. L. . . . 14)
BTQBIB'QB1'BTQBK1-B"Q[B Kl(

The preceding equation holds, if and only if

(I-B(B"QB1" B"Q)BKk=-0 (19

Therefore, for arbitrary and non trivial matrices Q, B and
K, the following relationship must hold

(I-BB"QBI"B"Q) =0 (16)

Defining an error equation in a Euclidean norm,

e =|1-BBTQBI" BT Q| 17

the optimized redistribution is obtained by minimizing the
error function in a least squares sense; that is,

Min p) o Miny ;o sisTobyt 87 @)WY

Q Q
This optimization must take place once after each
impairment and for all flight conditions. A fast parallel
algorithm [6] was used for computing the Moore-Penrose
pseudo inverse. This algorithm was based on Karmarker’s
algorithm [7] which was also used to minimize the

preceding performance index.

The weighting matrix Q in CSD can be also used to
represent the control couplings among the surfaces (e.g.,
aileron to rudder interconnection). Furthermore, pre-
computed Q matrices can be either scheduled as a function
of angle of attack or adaptively computed in real time as
the aircraft transition from and to post stall region. The
entries of the Q matrix represent the emphasis placed on
effectiveness of an effector with respect to other effectors.
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A left pseudo inverse solution may be obtained only if the
number of columns in the B matrix is greater or equal to
the number of rows. A solution for matrix M is obtained by

M=QBT (BB B (19
The closed loop system in this case has the form

20
X(t)=(A-BQBT[BQB"I' BE)X(t) +I§MLNUc(t)( )

or

X(® = (A - BK)X() + BLU () @1

which is the original closed loop dynamics before
impairment.

In general, employing the left pseudo inverse requires a
reduction in the model’s order to satisfy the condition on
matrix B’s dimension. The least squares solution must be
upgraded to a larger dimension model by minimizing the
effects of the matrix M (i.e., the spillover) on the states that
were eliminated through model reduction.

Self Tuning Adaptive Control (STAC)

A Self Tuning Adaptive Control (STAC) was developed for
controlling the aircraft at high angle of attack and fine
tuning the controller’s gains every time the CSD matrix was
changed. The STAC law’s block diagram shown in Figure
4 relies on its ability to identify the stability and control
parameters of the aircraft and tuning the feedback control
gains to compensate for any changes that may have
occurred in aircraft states during a flight. STAC laws
operate continuously to automatically compensate for the
aircraft parameter variations due to: changes in flight
conditions, changes due to failure of its redundant
components, and changes in transitioning to and from PSR.

For reconfiguration after a failure of a redundant effector,
the STAC relies on the flight control’s redundancy
management and Fault Detection/Isolation (FDI) to detect
and isolate failures. A positive identification allows
adaptation and reconfiguration procedures to take
corrective action in controlling the aircraft. For example,
should the actuator belonging to a stabilator fail in flight
(while in normal flight condition or in post stall region),
sensors dedicated to that actuator would indicate that the
actuator being out of tolerance. Upon comparing the
impaired performance of the aircraft to that of an
unimpaired model on-board the flight control computers,
a discrepancy would be detected and the underlying failure
isolated. The failure or battle damage may result in: 1) loss
of an entire surface, 2) partially missing surface, 3)
actuator/surface floating, 4) actuator failing in fail-safe
position, or 5) actuator failing hardover. The failure/battle
damage scenarios 1, 3, and 4 require zeroing out the
corresponding column in B matrix. Scenario 2 requires an
on line estimation of surface effectiveness. Scenario 5 may
require either deflection of another surface (out of a pair)
to restore aircraft symmetry, or may require re-computing
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the M matrix in CSD to account for a hardover failure.

Upon an occurrence of one of the preceding failure
scenarios, the first stage adaptation is achieved through
feedthrough CSD matrix for redistributing the control
signals to the remaining healthy surfaces. As shown in
Figure 4, the STAC and CSD are integrated together to
realize an optimum performance. The Bierman Estimator
block in Figure 4 is the heart of the second stage
adaptation, and instrumental in making the first stage
effective in the case of a partially missing surface. The
STAC is capable of estimating effectiveness of surface after
a battle damage (i.e., the factor y). The adaptive law block
in Figure 4 is a linear quadratic regulator which computes
the necessary adjustments to the feedback gains after matrix
M has been modified by the first stage adaptation. The
Bierman Estimator updates the entries of A and B matrices
in the System’s Truth Model (STM). The CSD modifies the
error signals used to command the actuators and to deflect
the effectors. This function utilizes the redundancy among
the effectors to restore the aircraft’s stability and tracking
characteristics.

The feedforward block can easily be replaced with
linearized ( or nonlinear) dynamic models of the aircraft
for implementing a model reference adaptive control
structure to guarantee a fully integrated reconfiguration and
high angle of attack control law. The linear quadratic
regulator can be replaced with the Optimal, Proportional
plus Integral control techniques [10] which were specifically
developed for self repairing flight control of an aircraft with
dual redundant effectors.

The STAC is structured around the Bierman’s algorithm
which is known for its numerical stability. The equations
governing the Bierman’s algorithm are delineated in [3].
The STAC law corresponding to Figure 4 has the following
structure:

a a ¢

u@ = -K,M_X(®) + L, M,N U (22)

where subscript "a" denotes on line adaptation of the
corresponding matrices, B, represents the B matrix
effectively in place after the first stage adaptation through
CSD, and K, is the adaptive discrete Kalman gain matrix
computed by solving the discrete Riccati equation:

P,=A[P,-P,B (BIP B +R)'PJA,+S (23)
and
K,=(BPB +R)'B]PA, @9

Referring to Figure 4, the first stage adaptation is
represented by CSD, the Bierman’s Estimator by BE, and
the second adaptation law by AL. The integrated
CSD/STAC law implementation is represented by the
following steps:

1- Estimate Impairment and Aircraft Parameter Variations:
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(A,.B,.C,)=BE(UX Y-Y ) (25
2- Update Truth Model Paramieters:

(A,.B,.C,) = (4,,B,,C,) (26)
3- Minimize Control Signal Distributions:

Min

=|1-8,[B]Q,B,1"B]Q,B) @7

4- Update CSD Matrix, M,;:
M,=[8]Q,B,1"8]0,B, (28)
5- Compute Pilot-to-Surface Command Distributions:
L= [l..j] as a function of a 29)
6- Compute Discrete Riccati Solution:
P,=ATtP,-P B (B]P.B,+R)'PA,+s (0
7- Update Feedback Gain:

K,=(B]P,B,+R)'B]P A G

a” a"a

8- Update Feedforward Tracking:

N, =[C,(-A,+B,M,K)"'B M, L)" (32)

In the event of a partially missing surface where the
remaining portion of a surface is still functional or in the
case of a soft actuator failure which results in performance
degradation, it may be desirable to utilize that effector in
the reconfigured control law. The effectiveness of the
effector is estimated by the Bierman’s on-line recursive
algorithm which continuously updates the current estimate
of the surface parameters with each control loop iteration.
The Bierman U-D factorization algorithm [3] is numerically
robust with fast recursive steps. This algorithm has an
advantage over standard Recursive Least Squares (RLS)
algorithms in that instead of recursively computing a square
matrix, it calculates a factor of that square matrix.

The estimator structure is based on the following equations

Bl
The input and output measurements are represented by

QT()=[UG-1), ... ,UG-n,-1), ... Y@-1), ... Y(t-n)]

(33)
The parameters 0 be estimated (A, B, and C Matrix
entries) are represented by

07={a,, ... Ay, by o by €4p o i€ (34)

The measurement at discrete time t and the estimates of
the measurement are

Y®) = Q70) 8Q) + e(r) (35
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Y0 = Q@7 60 + é0) (36)
The error in estimate is represented by
e(t+1) = Y(t+1) - XT () 37

The parameter estimate is obtained by minimizing a
quadratic performance in error terms with respect to the
estimated parameters

]
The new estimates are obtained by solving the following
equations recursively

A% (38)

Q+DQE+1)TP (39
A+ QE+DTPOQE+D)

P@+1) = AP (I, -

8(t+1) = 6() + Pa+1)R(t+1)e(t+1) (40)

Bierman’s recursive algorithm for finding P(t) {3] generates
a solution to equation (39) in the form P(t) = S(t)TS(l),
where S(t) is an upper triangular matrix. S(t) corresponds
to the square root of P(1). A factorization algorithm
updates S(t) with each iteration. As this operation is
essentially based on the square root of P(t), the precision
of the calculation is effectively doubled over that of
operating upon P(t).

The magnitude of the state error between the aircraft
measurement vector and the model is monitored by the
fault detection/isolation function which activates the
Bierman’s Estimator (BE) and the Adaptive Law (4L)
blocks when a large value of state error indicates that a
damage/failure has occurred.  When the parameter
estimation scheme is invoked, a jitter signal consisting of 30
Hz square waves with an amplitude equal to 1% of the
input signal is added to the input 10 assure convergence of
the estimation algorithm. The estimate of B is updated
with every iteration of the estimator. In many
implementations it would be required that matrix M in
CSD be updated only when the system identification
algorithm has fully converged and the state error has been
reduced 1o an acceptable level. When the state error is
reduced below a threshold, the parameter estimator stops
and the jitter signal is removed from the control inputs.

Neural Network Control (NNC)

With recent development in massively parallel and high
speed computer technologies, application of Neural
Network Architectures (NNA) in developing a precise and
highly nonlinear flight control system capable of performing
complex and integrated control functions has become a
reality. Once it is properly trained, a Neural Network
Control (NNC) can fly a high performance aircraft with self
repairing and high angle of angle of attack features within
its expanded flight envelope.



[ECHNICAL

16-6

The NNA principles are founded on Rosenblatt’s [8]
theorem that if a training set of linearly independent matrix
inputs were introduced to a NNA, then the NNA in a finite
number of iterations would learn the function that is
generating the inputs. A basic NNA shown in Figure 5
represents a function gy(x) = x * wTi, where x is a vector
of inputs and w; is a vector of weighting functions. The
NNC architecture for the HPA flight control law is based
on ANYANET [4] with 108 hidden units (2 hidden units
per feedback entry for a feedback gain matrix, K¢.g) as
shown in Figure 6. The hidden units are those that are not
directly accessible as an input or output. They represent
either trained or exact nonlinear functions of the control.
The weights of the hidden units in NNA are adjusted by
utilizing the aircraft actuator commands, its state
information, and the derivative of the states. The
adjustments are done by comparing the desired feedback
entries to the outputs of NNA. The weight adjustments
proceed by minimizing the error between the measured and
the estimated parameters of NNC.

The NNC in Figure 6 was developed to accurately represent
the feedback gain matrix, K, for the aircraft through
incremental addition of hidden units which, beyond the
original inputs, are trained by other hidden units devoted
to the same output vector. If a particular output does not
need a highly nonlinear adjustment, its hidden units will
have relatively small values. The NNC does not make any
preferential assumptions about the inputs or the outputs,
but allows the net to decide if there are any preferences.
It continues to implement Fahlman’s [9] incremental
hidden units to eliminate unnecessary connections for on-
line updates, but accommodates outputs which exhibit
varying degrees of nonlinear behavior. The ultimate goal
here is to convolute the NNC with the STAC in developing
a neural net adaptive flight control system capable of
controlling a high performance aircraft at high angle of
attack while providing the aircraft with self repairing
capabilities.

‘Successful utilization of two NNAs controlling linear
models of the HPA and a F-16 [10] are represented in the
simulation section. The NNC laws for the linear F-16
model required 12 inputs, 42 hidden units to represent
entries of A, and.B matrices, and 6 outputs representing
the entries of the state feedback gain matrix, K. The same
NNA architecture was trained with the HPA linear data
with 9 states, 6 inputs and 6 outputs. The performance of
the NNC for both models were simulated, and the resuits
are discussed in [16].

Nonlinear Control Structure (NLC)

Flying an aircraft in the Post Stall Region (PSR) with a
High Angle Of Attack (HAOA) requires a precise
" nonlinear control that accounts for large angle variations as
well as the dynamic couplings exist between -the aircraft
states. The Post Stall Maneuvering (PSM) for the
conventional fighter aircraft is usually limited to 25 to 30
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degrees. Expanding the flight envelope for higher angle of
attack at higher speeds than Mn=.3 is not of interest. This
is because handling aircraft at higher « and Mn is beyond
the control of a human pilot. At low speeds (Mn = 0.1 -
0.3) and an aititude range of H = 10K ft - 40K ft, the flight
envelope may be expanded up to a theoretical limit of « =
90°. In practice it is reasonable to develop control for
PSM of about ¢ = 70°. Many assumptions used in aircraft
modeling do not hold for PSM. This inspires motivation
for developing a nonlinear control system for highly
nonlinear and dynamically coupled aircraft motion.

A fundamental difference between a HAOA control and
conventional controls is the small angle assumption which
does not hold for HAOA aircraft; that is,

« = Tan™} %, 4-%’ 41)
B = Sin™! % + %, (42)

Another important difference is that a conventional aircraft
with conventional surfaces cannot fly in PSR with an angle
of attack greater than 30°. This means modifications must
be made to an existing aircraft configuration in order to
make it fly beyond its stall margins. PSM requires aircraft
configurations that are either statically unstable such as the
experimental X29 and X31, or modified with additions of
surfaces and thrust vectors such as the F15 and Fi8
research test beds. Another fundamental change to an
existing aircraft - requires moving the aircraft’s center of
gravity 20 to 30 percent ahead of its Mean Aerodynamic
Cord (MAC). This modification is done easily in an
aircraft’s dynamic model. In the real aircraft, weight must
be added to the noseboom. This change would allow
commanding an aircraft to higher angles of attack without
violating the aircraft’s stall margin or its angle of attack
limiter.

Another fundamental modification to the aircraft
configuration is due to loss of rudder’s effectiveness and
reduced capability to pitch down the aircraft from a HAOA
orientation with conventional surfaces. An aircraft’s
controllability is greatly improved when additional control
surfaces such as canard or thrust vectoring vanes are added
to its control effector suite.. Such effectors can provide
additional yaw and pitch moments at HAOA.

The HPA nonlinear and linear models were modified to
have thrust vectoring vanes for this purpose. At HAOA, an
aircraft is encountered with increased drag and reduced
effectiveness of its conventional surfaces for generating yaw,
roll or pitch moments. A three dimensional visualization
of an aircraft orientation, as shown in Figure 7, considering
the aircraft flying at low speed and high angle of attack is
indicative of the moment losses from deflection of its
conventional surfaces. Furthermore, ineffectiveness of the
rudder can cause unwanted and uncontrollable yaw and
sideslip angles if the aircraft were to fly with conventional
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controls into this region. The control laws and structures
that are developed using linearized models under small
angle assumptions are deemed to fail at HAOA. It is,
therefore, logical to address HAOA maneuvering by
nonlinear controls derived directly from nonlinear model of
the aircraft. Such a control structure can cope with non-
linearity and coupling of equations of motion at HAOA.
Linear models and control laws should then be modified to
reflect the nonlinear control structure before any analysis
or synthesis of the control laws are performed.

As shown in Figure 7, it is desired to fly a modified HPA
to a high angle of attack and be able to roll it around its
velocity vector. It is realized from this objective that a
control system based on acceleration command (g-
command) is not feasible for this application. The NLC
must be developed to command a, ¢, and B as these
angles are critical in acquiring precise control of the aircraft
and meeting the PSM objectives. This can be realized by
carefully by visualizing the aircraft’s motion in Figure 7
under the conditions specified.

Due to increased drag and reduced control effectiveness of
the conventional surfaces, a number of issues may be
encountered when developing NLC structures and laws for
HAOA maneuvers. These issues are outlined in Table 1 in
terms of cause, effects, and remedies.

To handle flight regimes other than HAOA, it is desired to
develop a NLC structure capable of transitioning the flight
control, for example, from a a-command to a g-command
control system when exiting PSM and entering a high speed
flight condition, or from ¢-command to ¢'-command and
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p-dot-command for landing, takeoff, and cruise. These
flight control transitions can be constructed in the Controi
Signal Distribution (CSD) function which goes into effect
automatically without requiring any pilot intervention.

In consideration of the issues discussed in Table 1, the
nonlinear control (NLC) structure must incorporate the
following provisions:

1- NLC structure must have a C./B-dot structure modified
to have capability of controiling the aircraft at HAOA and
low speed.

2- Modifications to the C'/B—dot structure must be faded in
and out through transition logic in the CSD as the aircraft
goes into the PSM region and comes out of it.

3- NLC at HAOA must have a fuselage pointing
characteristics in order to assume tracking of commanded
angles with maximum decoupling of aircraft states.

4- NLC at HAOA must command angles: Longitudinal
stick commanding «, lateral stick commanding ¢, and
rudder pedal commanding P-dot with minimizing ¢
departure from zero.

5- NLC signals must be distributed to the effective control

effectors at HAOA.

6- Stall prevention logic and departure prevention logic
must be superimposed on the distributed control signals
before reaching the actuators.

7- NLC Laws at HAOA must be of Proportional + Integral
(PI) type to assure holding of a commanded angle in the

Table 1: Issues in Developing NLC Laws for HAOA Maneuvers

Cause Effects

Unanticipated roll (9)
X-spin & steep spin
Unanticipated yaw W)

Unanticipated SideSlip (B) Flat spin

Unanticipated AOA () Inverted Spin

Stall Uncontrollable ‘

Limited Sensor Measurement
Limited Schedule Divide by zero
Loss of control
Oscillatory Spin
Flat Spin

Wing Rock
Nose Slice
All angle departure

Oscillatory (dutch roll), & roil

Slow yaw rate spin, Z-Spin

Opens Control Loops

Rock, roll and tumble

Remedy

Increase loop gain in roll

Adjust Dutch roll damping
Adjust ARI gains

Increase loop gain in yaw

Use yaw TV to compensate
increase yaw TV authority
Coordinate yaw TV with aileron
Use PI control and «-Command
increase integral gain

Adad stall prevention logic

Add g-command and roll feedback
Add Pitch TV for pitch down
Modify air data computer, angle
of attack and sideslip vanes to
Wind tunnel and flight tests
Expand flight envelope database
Increase dutch roll damping
Increase Yaw authority
Redesign NLC law and structure
Add departure prevention logic
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absence of feedback error signal, and must reject unwanted
noise and disturbance which could be promoting stall or
departure. The integral gains must be adjusted to assure
aircraft being capable of pitching into the wind (pitch
down) and not contributing to spin tendency of the aircraft.

8- NLC at HAOA must include feedback from «, §, ¢, and
Y, and their derivatives where possible.

9- NLC at HAOA must be digitized and analyzed for the
effects of digital time delay on the phase margins of the
aircraft’s control loops.

10- The candidate gains for NLC at HAOA must be
optimized to assure best performance in this sensitive and
highly critical region.

STAC Simulation

The CSD/STAC structure of Figure 4 was simulated in
discrete time with a control sampling rate of 100 Hz. The
discrete state space system of linear F-16 model was used
to represent the airframe, actuators and sensors. Actuator
dynamics of 20/(s +20) were augmented into the continuous
system before converting into discrete form. The actuator
limits incorporated during simulation were:

Maximum Range: + 20°% Maximum Rate: 240/sec,

Each simulation run consisted of 6 seconds of flight time
responding to the following step control inputs:

bEl = '.1; 652 = -.1; 6F1 = 1.0; 6F2 = 1.0.

A subset of the simulation results from [14, 15] is shown
here. The feedforward gain matrix, N, was computed to
have the 0 and a angles track the elevator and the flap
commands in steady state. All angles in the simulation were
measured in degrees and plotted as a function of time in
seconds as shown in Figure 8. In all simulations, the
commands were made of a 1 second ramp to the desired
value with a 1 Hz sinusoidal function superimposed to
represent pilot’s stick motion.

Figure 8a shows the unimpaired response of the aircraft to
the commanded «, and Figure 8b represents the aircraft’s
response to the commanded 6. In both cases, steady state
decoupling of 6 from a was realized. Figure 8a is a
representative of commanding the aircraft to fly at 70°
angle of attack while keeping the pitch angle at zero.
Figure 8¢ represents 6 and « responses to the commanded
values of 30° and 70° for when a flaperon was totally
inoperative after 3.5 seconds. Upon correct FDI, only the
CSD was reconfigured to redistribute the control signals to
the remaining healthy surfaces. The simulation shows
successful recovery of aircraft after reconfigured CSD went
into effect at HAOA. Figure 8d represents the simulation
results for when a flaperon was partially damaged. In this
case, STAC was used to estimate the entries of the B
matrix and to update all of the appropriate gain blocks.
The impaired and adapted responses of the aircraft are
shown in Figure 8d. The results show successful adaptation
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of STAC without using the CSD function. Here the
Bierman’s algorithm was excited by the jitter signal, and
took about 1 second to estimate the entries of the impaired
B matrix. The simulation of combined STAC and CSD (not
shown here) improved the aircraft’s performance
significantly in presence of parameter variations in the A
and B matrices. Preceding failure scenarios were repeated
for a stabilator failure. The simulation results of Figures 8¢
and 8f show excellent performance recovery. Figure 8g
shows the Bierman’s algorithm convergence properties in
estimating the impaired B matrix.

NNC Simulation

The Neural Net Architecture (NNA) for controlling a
linear F-16 model required 42 hidden units (2 per
parameter). Training of the Neural Net Control (NNC)
took about 90 hours on a IBM 386 Personal Computer,
utilizing 10 training set examples [16]. These examples
represented 1% variations in the A and B matrix entries.
The objective of training NNC was to develop a robust
flight control law over an assumed flight envelope
represented. by the 20% parameter variations. Because of
small training sets and the time required to train NNC, the
simulation was stopped after 1% parameter variation
training. The step responses of the NNC system and the
corresponding gain matrix are shown in Figures 9.

The HPA model used in the simulation [17] has 9 states for
coupled longitudinal and lateral dynamics and 6 control
inputs. An optimization technique was used to minimize
the errors between the outputs of NNC and the outputs of
aircraft which, in this case, were the states. The
optimization technique in minimizing the errors was a
mechanism to train the NNC. Various limits were
incorporated in the optimization technique. They included:
maximum number of iterations, maximum allowable error,
step size per variable per iteration, and limits on the
reflect, shrink, and expand parameters. The network was
trained by 300 input training sets with calculated NNC
weights truncated by 10° and 10712 factors.

Figure 10a represents a top level NNC’s hidden unit
architecture for one output. The HPA’s NNC required 54
outputs, each with subsequent Hidden Units 1 and 2 as
shown in Figures 10b and 10c.

The linearized HPA model has a non minimum phase
transfer function for the angle of attack dynamics. The right
half plane zeros associated with the angle of attack
dynamics further complicated the NNA training and the
tuning process of the hidden units. Figures 11a to 11f
represent HPA’s transient responses to various step inputs
with the trained neural net control. Figure 11a shows the
unimpaired aircraft response to a 70° a-command, 30° ¢-
command, and 0° B-command. Figure 11b represents
aircraft responses to the same commands for when one
stabilator was lost and only the NNC was employed. Note,
this failure scenario corresponds to loss of both symmetric
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and differential stabilators. Although the aircraft remained
stable, significant degradation was noticed in the transient
responses. Figure 11c shows the aircraft responses after loss
of a stabilator, but this time both CSD and NNC were used
to control the aircraft. These transient responses show
excellent recovery from this failure scenario with minimum
failure transients. Figure 11d depicts the aircraft’s responses
to 35° a-command, 15° ¢-command, and 0° p-command
for when 50% of a stabilator was lost and only NNC was
employed. The NNA was trained to assess and use the
remaining portion of the stabilator. The training of NNA
to recover from this failure scenario showed about 15%
degradation in the aircraft’s « command response. When
50% loss of aileron was simulated with NNC only, the
aircraft response to « command was unsatisfactory as
shown in Figure 11e. As shown in Figure 11f, the combined
NNC and CSD performed effectively at high angle of attack
to provide controllability to the aircraft after loss of an
aileron.

Similar results were obtained for loss of rudder and thrust
vectors. The simulation showed that the NNC required
longer time and more input sets to train. The non-
minimum phase characteristics of aircraft’s dynamics made
it more difficult to train NNC. High gain control was
realized from current training as seen in all simulation
results.

Conclusion

The control laws presented in this paper are capable of
providing aircraft controllability at high angle of attack and
reconfiguration after an actuator failure or a damaged
effector.

The control structure contained the following constituents.
A Control Signal Distributor (CSD) capable of
redistributing control signals after an effector failure. This
capability can be extended to allow an aircraft to transition
to and from post stall region. CSD was shown to be very
effective for both self repairing and high angle of attack
flight controls. A Self Tuning Adaptive Control (STAC)
law was introduced with numerically robust estimator
capable of estimating aircraft parameter variations as well
as estimating effectiveness of a partially missing surface. It
was shown that integration of CSD with STAC helped
significantly in an aircraft’s recovery from battle damage,
and improved the convergence speed of the estimator
significantly. Although the Neural Net Control (NNC) did
not perform as well as the STAC, its development and
improvements could make the approach a viable candidate
for [FC2000. Integration of the NNC with the CSD,
however, was very successful and comparable to the STAC
with CSD. Many modeling assumptions and approximations
used in present flight controls are no longer valid for
developing high angle of attack control laws. At HAOA, an
aircraft’s characteristics are highly nonlinear and
dynamically coupled. Therefore, precise nonlinear control
laws are required to cope with the nonlinear phenomenon.
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The requirements, cause, and effects of developing such a
control law were discussed.

Integration of these promising techniques and better
understanding of aircraft behavior at high angle of attack
will pave the path to the future in developing an Integrated
Flight Control for the year 2000 aircraft.
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TOWARD INTELLIGENT FLIGHT CONTROL

by

Robert F. Stengel
Princeton University
Department of Mechanical and Aerospace Engineering
Princeton, NJ 08544
United States

ABSTRACT

Flight control systems can benefit by being designed to emu-
late functions of natural intelligence. Intelligent control func-
tions fall in three categories: declarative, procedural, and reflex-
ive. Declarative actions involve decision-making, providing
models for system monitoring, goal planning, and system/sce-
nario identification. Procedural actions concern skilled behavior
and have parallels in guidance, navigation, and adaptation. Re-
flexive actions are more-or-less spontaneous and are similar to
inner-loop control and estimation. Intelligent flight control sys-
tems will contain a hierarchy of expert systems, procedural algo-
rithms, and computational neural networks, each expanding on
prior functions to improve mission capability, to increase the re-
liability and safety of flight, and to ease pilot workload.

INTRODUCTION

Human pilots traditionally have provided the intelligence to
fly manned aircraft in numerous ways, from applying manual
dexterity through informed planning and coordination of mis-
sions. As aircraft characteristics have changed, and more impor-
tantly as the technology has allowed, an increasing share of the
aircraft's intelligent operation has relied on proper functioning of
electro-mechanical sensors, computers, and actuators. It has be-
come possible to apply machine intelligence to flight control.

It can be argued that any degree of feedback from sensed
motions to control actions instills intelligent behavior because
control actions are shaped by knowledge of the system's re-
sponse, though it was not always so. In contemplating the effects
of atmospheric turbulence, one of the Wright brothers wrote,
"The problem of overcoming these disturbances by automatic
means has engaged the attention of many ingenious minds, but to
my brother and myself, it has seemed preferable to depend en-
tirely on intelligent control” [1, 2]. The Wright brothers' piloting
actions depended on proper interpretation of visual and inertial
cues, demonstrating biological intelligent control. Later, panel
displays of compass heading, pressure altitude, airspeed, aircraft
attitude, and bearing to a radio station enhanced the intelligent

behavior of human pilots. Stability augmentation systems that

presented at the NATO-AGARD Workshop on Stability in Aerospace Systems,
Toulouse, France, June 23-26, 1992.

fed pitch rate to elevator or yaw rate to rudder were among the
first intelligent systems that did not rely on the human pilot,
while automatic bombing and landing systems carried machine
intelligence to the point of "hands-off™ flying for small portions
of the aircraft's mission.

In a contemporary context, intelligent flight control has come
to represent even more ambitious plans to

« make aircraft less dependent on proper human actions

for mission completion,

« enhance the mission capability of aircraft,

« improve performance by learning from experience,

« increase the reliability and safety of flight, and

« lower the cost and weight of aircraft systems.

This is not to say that earlier systems were not designed and im-
plemented intelligently -- in fact, it required a high degree of
human intelligence to squeeze the desired performance out of
measurement-and-control devices whose reliability and capabili-
ties were limited. Nevertheless, the march of technology has
made it possible to design computer-based control systems that
have fewer inherent limitations, that can adapt to changing phys-
ical and environmental characteristics, that are more reliable than
earlier systems, and that can perform decision-making in addition
to feedback control.

The goal of this paper is to present concepts for intelligent
flight control in the contemporary context, that is, through the aid
of what were once called "artificial" devices for sensing, compu-
tation, and control. Empbhasis is placed on alternatives for anal-
ysis and design of control logic rather than on the equipment that
makes it possible (i.e., on software rather than hardware). Asin
any complex subject, there are many ways to partition and de-
scribe intelligent control. The approach adopted here is to dis-
tinguish between control functions according to a cognitive/bio-
logical hierarchy that is bounded on one end by declarative
functions, which typically involve decision-making, and on the
other by reflexive functions, which are more-or-less spontaneous
reactions to external or internal stimuli.

In a classical flight control context, declarative functions are
performed by the control system's outer loops, and reflexive
functions are performed by its inner loops. We may also define
an intermediate level of procedural functions, which -- like re-
flexive functions -- have well-defined input-output characteristics
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but of a more complicated structure. Traditional design princi-
ples suggest that the outer-loop functions should be dedicated to
low-bandwidth, large-amplitude control commands, while the in-
ner-loop functions should have high bandwidths and relatively
lower-amplitude actions. There is a logical progression from the
sweeping, flexible alternatives associated with satisfying mission
goals to more local concerns for stability and regulation about a
desired path or equilibrium condition.

Intelligent control appeals to nature for useful design para-
digms, for ideas that have been proven to work. In some re-
spects, the field brings closure to parallel yet opposing directions
in cognitive science and control theory. On the one hand, psy-
chologists have looked to mathematics, engineering, and com-
puter science for control-theoretic and statistical models that
unify and explain observations of human behavior. On the other,
control engineers want to design systems that deal with nonlin-
earity and time variability, that are robust in the face of uncer-
tainty, and that exhibit some degree of autonomy -- that is, to
give their control systems human traits. Both groups can benefit
from knowledge gained in each other's fields.

FOUNDATIONS FOR
INTELLIGENT FLIGHT CONTROL

Intelligent flight control design draws on two apparently un-
related bodies of knowledge. The first is rooted in classical anal-
yses of aircraft stability, control, and flying qualities. The second
derives from human psychology and physiology. The goal is to
find new control structures that are consistent with the reasons
for flying aircraft, that bring flight control systems to a higher
level of overall capability.

Aircraft Flying Qualities and Flight Control

An aircraft requires guidance, navigation, and control so that
it can perform its mission. As suggested by Fig. 1, a human pilot
can interact with the aircraft at several levels, and his or her func-
tion may be supplanted by electro-mechanical equipment. The
pilot performs three distinct functions: sensing, regulation, and
decision-making. These three tasks exercise different human
characteristics: the ability to see and feel, the ability to identify
and correct errors between desired and actual states, and the abil-
ity to decide what needs to be done next. The first of these de-
pends on the body's sensors and the neural networks that connect
them to the brain. The second relies on motor functions enabled
by the neuro-muscular system to execute learned associations
between stimuli and desirable actions. The third requires more
formal, introspective thought about the reasons for taking action,
drawing on the brain's deep memory to recall important proce-
dures or data. Sensing and regulation are high-bandwidth tasks
with little time for deep thinking. Decision-making is a low-
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bandwidth task that requires concentration. Each of these tasks
exacts a workload toll on the pilot.

Pilot workload has become a critical issue as the complexity
of systems has grown, and furnishing ideal flying qualities
throughout the flight envelope has become an imperative. It is
particularly desirable to reduce the need to perform high-band-
width, automatic functions, giving the pilot time to cope with
unanticipated or unlikely events. In the future, teleoperated or
autonomous systems could find increasing use for missions that
expose human pilots to danger. Intelligent control may make it
possible to remove the pilot from the fighter/attack/reconnais-
sance cockpit altogether, allowing a single operator to supervise
the flight of one or more unmanned air vehicles, each capable of

performing a complex mission.

Human Piiot

Sensory Input

(ﬂuman.Ell.o.tHﬂuman.Eﬂm
Decision Making Regulation

Control/
Compensation

Guidance Aircraft

|

lNavigalion '4

Figure 1. Guidance, Navigation, and Control Structure,
Distinguishing Between Human-Pilot and
Computer-Based Functions.

Estimation/
Compensation

Research on the flying (or handling) qualities of aircraft has
identified ways to make the pilot's job easier and more effective,
and it provides models on which automatic systems might be
based. The first flying qualities specification simply stated, "(the
aircraft) must be steered in all directions without difficulty and
all time (be) under perfect control and equilibrium” [3, 4]. Fur-
ther evolution of flying qualities criteria based on dynamic mod-
eling and control theory has resulted in the widely used U. S.
military specification [5] and the succeeding military standard,
described in [6].

Our immediate objective is to find control systems that are
both automatic (or semi-automatic) and intelligent; we look to
experimental studies of the pilot to learn what functions should
be implemented. One fruitful result of flying qualities research
has been the development of control-theoretic models of piloting
behavior. Most of these models have dealt with reflexive, com-
pensatory tracking tasks using simple time-lag and transfer func-
tion models (7, 8] or linear-quadratic-Gaussian (LQG) optimal-
control models [9, 10]. Some of the transfer-function approaches
go into considerable detail about neuro-muscular system dynam-
ics [10, 12]). These models often show good correlation with ex-
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perimental results, not only in compensatory tracking but in more
procedural tasks: the progression of piloting actions from single-
to multi-input strategies as the complexity of the task increases is
predicted in [11], while test-pilot opinion ratings are predicted by
a "Paper Pilot” in [13]. These results imply that computer-based
control laws can perform procedural and reflexive tasks within
the fit error of mathematical human-pilot models. Models of the
human pilot's declarative actions have yet to receive the same
level of attention; however [14-16] introduce the types of deci-
sions that must be made in aerospace scenarios, as well as likely
formats for pilot-vehicle interface.

Figure 1 also portrays a hierarchical structure for stability-
augmentation, command-augmentation, autopilot, and flight-
management-system functions that can be broken into reflexive
and declarative parts. Stability augmentation is reflexive control
provided by the inner-most loop, typically implemented as a lin-
ear feedback control law that provides stability and improves
transient response through an Estimation/Compensation block.
Forward-loop control provides the shaping of inputs for satisfac-
tory command response through a ControllCompensation block,
again employing linear models. The combination of control and
estimation can be used to change the flying qualities perceived by
the pilot, or it can provide a decoupled system for simplified
guidance commands [17-20]. A basic autopilot merely translates
the human pilot's commands to guidance commands for constant
heading angle, bank angle, or airspeed, while the Guidance block
can be expanded to include declarative flight management func-
tions, using inputs from Navigation sensors and algorithms.

Intelligent functions have been added to flight control sys-
tems in the past. Many stability and command augmentation
systems have employed gain scheduling and switching for im-
proved performance in differing flight regimes and mission
phases. Navigation and flight management functions usually in-
volve significant nonlinearity related to the geometry of measure-
ments and the earth, as well as to pressure and temperature gradi-
ents in the atmosphere. Control theory, heuristics, and reduced-
order optimization have been used to achieve near-optimal trajec-
tory management in many flight phases (e.g., [21-23]).

The Guidance, Navigation, and Control (GNC) Systems for
Project Apollo's Command/Service and Lunar Modules provide
an early example of intelligent aerospace control {24-26]. These
two GNC Systems adapted mathematical structures and parame-
ters to changing flight conditions, employed nonlinear control
laws, and made low-level decisions. They used a computer that
was orders of magnitude slower than today's flight computers and
that had two programming choices: machine (assembly) code or
interpretive code. The state-of-the-art of aircraft flight control
systems has progressed to comparable levels and beyond, as rep-
resented by systems installed in modem transport and fighter air-
craft (e.g., [27, 28]).
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Intelligent flight control! can be justified only if it materially
improves the functions of aircraft, if it saves the time and/or
money required to complete a mission, or if it improves the safe-
ty and reliability of the system. A number of interesting philo-
sophical problems can be posed. Must machine-intelligence be
better, in some sense, than the human intelligence it replaces in
order for it to be adopted? We are willing to accept the likeli-
hood that humans will make mistakes; if a machine has the same
likelihood of making a mistake, should it be used? Lacking firm
knowledge of a situation, humans sometimes gamble; should in-
telligent machines be allowed to gamble? When is it acceptable
for machine intelligence to be wrong (e.g., during learning)?
Must the machine solution be "optimal,” or is "feasible” good
enough? Which decisions can the machine make without human
supervision, and which require human intervention? In a related
vein, how much information should be displayed to the human
operator? Should intelligent flight control ever be fully auto-
nomous? If the control system adapts, how quickly must it
adapt? Must learning occur on-line, or can it be delayed until a
mission is completed? All of these questions must be answered
in every potential application of intelligent control.

Cognitive and Biological Paradigms for Intelligence

Intelligence is the "ability involved in calculating, reasoning,
perceiving relationships and analogies, learning quickly, storing
and retrieving information .... classifying, generalizing, and ad-
justing to new situations” [29]. This definition does not deal with
the mechanisms by which intelligence is realized, and it makes
the tacit assumption that intelligence is a human trait.
Intelligence relates not only to intellectuality and cognition but to
personality and the environment [30].

The debate over whether-or-not computers ever will "think"
may never be resolved, though this need not restrict our working
models for computer-based intelligent control. One argument
against the proposition is that computers deal with syntax (form),
while minds deal with semantics (meaning), and syntax alone
cannot produce semantics [31]. This does not, of course, limit
the ability of a computer to mimic natural intelligence in a lim-

ited domain. Another contention is that thinking is "non-algo-
rithmic,"” that the brain evokes consciousness through a process
of natural selection and inheritance [32]. Consciousness is re-
quired for common sense, judgment of truth, understanding, and
artistic appraisal, concepts that are not formal and cannot readily
be programmed for a computer (i.e., they are not syntactic).
Conversely, functions that are automatic or "mindless" (i.e.,
that are unconscious) could be programmed, iniplying that com-
puters have more in common with "unintelligen‘t" functions.

! As used here "intelligent flight control” subsumes “intelligent guidance,
navigaticn, and control.”
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Godel's Theorem? is offered in [33] as an example of an accepted
proposition that may be considered non-algorithmic; the state-
ment and proof of the theorem must themselves be non-algorith-
mic and, therefore, not computable. However, while the human
curiosity, intuition, and creativity that led to Godel's Theorem
may not be replicable in a computer, the statement and proof are
expressed in a formal way, so they might be considered algo-
rithmic after all.

The notion that syntax alone cannot produce semantics is at-
tacked as being an axiom that is perhaps true but not knowable in
any practical sense [34]; therefore, the possibility that a computer
can "think" is not ruled out. A further defense is offered in [35],
which suggests that human inference may be based, in part, on
inconsistent axioms. This could lead to rule-based decisions that
are not logically consistent, that are affected by heuristic biases
or sensitivities, that may reflect deeper wisdom, or that may be
wrong or contradictory. For example, knowledge and belief may
be indistinguishable in conscious thought; however, one implies
truth and the other bias or uncertainty. One might also postulate
the use of meta-rule bases that govern apparently non-algorithmic
behavior. The process of searching a data base, though bound by
explicit symbolic or numerical algorithms, may well produce
results not immediately identifiable as algorithmic.

More to our point, it is likely that a computer capable of pass-
ing a flying-qualities/pilot-workload/control-theoretic equivalent
of the Turing test3 [36] could be built even though that computer
might not understand what it is doing. For intelligent flight
control, the principal objective is improved control performance,
that is, for improved input-output behavior. The computer can
achieve the operative equivalent of consciousness on its own
terms and in a limited domain, even if it does not possess the
veiled emotions of the computer HAL in the movie 2001 or the
apparent concern for human problems of the pseudo-psychoana-
lytic computer program Eliza.

Discussions of human consciousness naturally fall into using
the terminology of computer science. From an information-pro-
cessing perspective, it is convenient -- as well as consistent with
empirical data -- to identify four types of thought: conscious,
preconscious, subconscious, and unconscious [37]. Conscious
thought is the thought that occupies our attention, that requires
focus, awareness, reflection, and perhaps some rehearsal.
Conscious thought performs declarative processing of the indi-

2 As summarized in [32]: Any algorithm used to establish a mathematical
truth cannot prove the propositions on which it is based. Or another [33]:
Logical systems have to be fixed up "by calling the undecidable statements
axioms and thereby declaring them to be true,” causing new undecidable
statements to Crop up.

3 Turing suggested that a computer could be considered "intelligent” if it could
"converse” with a human in a manner that is indistinguishable from a human
conversing with a human.

4 Searle describes such a computer as a "Chinese Room" that translates
Chinese characters correctly by following rules while not understanding the
language in [31].
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vidual's knowledge or beliefs. It makes language, emotion,

artistry, and philosophy possible. Unconscious thought "de-
scribes those products of the perceptual system that go unat-
tended or unrehearsed, and those memories that are lost from
primary memory through display or displacement” {37]. Within
the unconscious, we may further identify two important compo-
nents. Subconscious thought is procedural knowledge that is
below our level of awareness but central to the implementation of
intelligent behavior. It facilitates communication with the out-
side world and with other parts of the body, providing the princi-
pal home for the learned skills of art, athletics, control of objects,
and craft. We are aware of perceptions if they are brought to
consciousness, but they also may take a subliminal (subcon-
scious) path to memory. Preconscious thought is pre-attentive
declarative processing that helps choose the objects of our con-
scious thought, operating on larger chunks of information or at a
more symbolic level. It forms a channel to long-term and implic-
it memory, and it may play a role in judgment and intuition.

Whether we adopt a single-processor model of consciousness
such as Adaptive Control of Thought (ACT* as in [38]) or a con-
nectionist model like Parallel Distributed Processing (PDP from
[39]), we are led to believe that the central nervous system sup-
ports a hierarchy of intelligent and automatic functions with
declarative actions at the top, procedural actions in the middle,
and reflexive actions at the bottom. We may assume that declar-
ative thinking occurs in the brain's cerebral cortex, which ac-
cesses the interior limbic system for memory [40]. Together,
they provide the processing unit for conscious thought. Regions
of the cerebral cortex are associated with different intellectual
and physical functions; the distinction between conscious and
preconscious function may depend on the activation level and
duration in regions of the cerebral cortex.

The working memory of conscious thought has access to the
spinal cord through other brain parts that are capable of taking
procedural action (e.g., the brain stem for autonomic functions,
the occipital lobes for vision, and the cerebellum for movement).
Procedural action can be associated with subconscious thought,
which supports voluntary automatic processes like movement
and sensing. These voluntary signals are sent over the somatic
nervous system, transmitting to muscles through the motor neural
system and from receptors through the sensory neural system.

The spinal cord itself "closes the control loop" for reflexive
actions long before signals could be processed by the brain.
Nevertheless, these signals are available to the brain for procedu-
ral and declarative processing. We are all aware of performing
some task (e.g., skating or riding a bicycle) without effort, only
to waver when we focus on what we are doing. Involuntary reg-
ulation of the body's organs is provided by the autonomic ner-
vous system, which is subject to unconscious processing by the
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brain stem. "Bio-feedback" can be learned, allowing a modest
degree of higher-level control over some autonomic functions.
Declarative, procedural, and reflexive functions can be built
The
Conscious Thought module governs the system by performing

into a model of intelligent control behavior (Fig. 2).

declarative functions, receiving information and transmitting
commands through the Subconscious Thought module, which is
itself capable of performing procedural actions. Conscious
Thought is primed by Preconscious Thought [41], which can per-
form symbolic declarative functions and is alerted to pending
tasks by Subconscious Thought. These three modules overlie a
bed of deeper Unconscious Thought that contains long-term
memory. They are capable of intellectual learning, and while
their physical manifestation may be like the PDP model, they ex-
hibit characteristics that are most readily expressed by the ACT*
model3.

Preconscious 5
Thought

Measurement
Errors

Disturbances External

Events

Controlled

it
System

Figure 2. A Model of Cognitive/Biological Control Behavior.

The Subconscious Thought module receives information
from the Sensory System and conveys commands to the Muscular
System through peripheral networks. Voluntary Reflexive Ac-
tions provide low-level regulation in parallel with the high-level

5 .. although the actual processing mechanism is not clear. In a recent
seminar at Princeton (March 9, 1992), Herbert Simon noted that if you open
the cabinet containing a sequential-processing computer, the innards look very
much like those of a parallel processor.
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functions, responding to critical stimuli and coordinating control
actions. High- and low-level commands may act in concert, or
one may block the other. Voluntary Reflexive Actions can be
trained by high-level directives from Subconscious Thought,
while the learning capabilities of involuntary Reflexive Action
are less clear. Control actions produce Body motion and can
affect an external Controlled System, as in piloting an aircraft. In
learned control functions, Body motion helps internalize the
mental model of Controlled System behavior. The Body and the
Controlled System are both directly or indirectly subjected to
Disturbances; for example, turbulence would affect the aircraft
directly and the pilot indirectly. The Sensory System observes
External Events as well as Body and Controlled System motions,
and it is subject to Measurement Errors.

There are many parallels and analogies to be drawn in com-
paring the functions of human and computer-based intelligence --
in fact, too many to detail here. However, it may be useful to
ponder a few, especially those related to knowledge acquisition,
natural behavior, aging, and control. Perhaps the most important
observation is that learning requires error or incompleteness.
There is nothing new to be gained by observing a process that is
operating perfectly. In a control context, any operation should be
started using the best available knowledge of the process and the
most complete control resources. Consequently, learning is not
always necessary or even desirable in a flight control system.
Biological adaptation is a slow process, and proper changes in
behavior can be made only if there is prior knowledge of alterna-
tives. If adaptation occurs too quickly, there is the danger that
misperceptions or disturbance effects will be misinterpreted as
parametric effects. Rest is an essential feature of intelligent bio-
logical systems. It has been conjectured that REM (rapid-eye-
movement) Sleep is a time of learning, consolidating, and pruning
knowledge® [42]. Systems can learn even when they are not
functioning by reviewing past performance, perhaps in a repeti-
tive or episodic way.

The cells of biological systems undergo a continuing birth-
life-death process, with new cells replacing old; nature provides a
means of transmitting genetic codes from cell to cell. Never-
theless, the central nervous system is incapable of functional re-
generation. Once a portion of the system has been damaged, it
cannot be replaced, although redundant neural circuitry can work
around some injuries. Short-term memory often recedes into
long-term memory, where it generally takes longer to be re-
trieved. With time, items in memory that are less important are
forgotten, possibly replaced by more important information;
hence, information has a half-life that depends upon its signifi-
cance to our lives (and perhaps to its "refresh rate"). Humans de-

6 "In REM Sleep, the brain is barraged by signals from the brain stem.
Impulses fired to the visual cortex produce images that may contain malerials
from the day's experiences, unsolved problems, and unfinished business.” [42]
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velop the capability to form chords of actions that are orches-
trated or coordinated to achieve a single goal. Response to an
automotive emergency may include applying the brakes, disen-
gaging the clutch, steering to avoid an obstacle, and bracing for
impact all at once. We develop "knee-jerk"” reactions that com-
bine declarative, procedural, and reflexive functions, like clap-
ping after the last movement of a symphony.

Nature also provides structural paradigms for control that are
worth emulating in machines. First, there is a richness of sensory
information that is hard to fathom, with millions of sensors pro-
viding information to the system. This results in high signal-to-
noise ratio in some cases, and it allows symbolic/image process-
ing in others. Those signals requiring high-bandwidth, high-reso-
lution channel capacity (vision, sound, and balance) have short,
dedicated, parallel runs from the sensors to the brain. This en-
hances the security of the channels and protects the signals from
noise contamination. Dissimilar but related sensory inputs facili-
tate interpretation of data. A single motion can be sensed by the
eyes, by the inner ear, and by the "seat-of-the-pants” (i.e., by
sensing forces on the body itself), corroborating each other and
suggesting appropriate actions. When these signals are made to
disagree in moving-cockpit simulation of flight, a pilot may ex-
perience a sense of confusion and disorientation.

There are hierarchical and redundant structures throughout
the body. The nervous system is a prime example, bringing in-
puts from myriad sensors (both similar and dissimilar) to the
brain, and performing low-level reasoning as an adjunct. Many
sensing organs occur in pairs (e.g., eyes, ears, inner ears), and
their internal structures are highly parallel. Pairing allows grace-
ful degradation in the event that an organ is lost. Stereo vision
vanishes with the loss of an eye, but the remaining eye can pro-
vide both foveal and peripheral vision, as well as a degree of
depth perception through object size and stadiametric processing.
Our control effectors (arms, hands, legs, feet) also occur in pairs,
and there is an element of "Fail-Op/Fail-Op/Fail-Safe" design
[43] in the number of fingers provided for manual dexterity.

Structure for Intelligent Flight Control

The preceding section leads to a control system structure that
overlays the cognitive/biological model of Fig. 2 on the flight
control block diagram of Fig. 1 and adds new functions. The
suggested structure (Fig. 3) has super-blocks identifying declara-
tive, procedural, and reflexive functions; these contain the classi-
cal GNC functions plus new functions related to decision-mak-
ing, prediction, and learning. The black arrows denote informa-
tion flow for the primary GNC functions, while the gray arrows
illustrate the data flow that supports subsidiary adjustment of
goals, rules, and laws.

Within the super-blocks, higher-level functions are identified
as conscious, preconscious, and subconscious attributes, not with
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disregard for the philosophical objections raised earlier but as a
working analog for establishing a computational hierarchy. The
new functions relate to setting or revising goals for the aircraft's
mission, monitoring and adjusting the aircraft's systems and sub-
systems, identifying changing characteristics of the aircraft and
its environment, and applying this knowledge to modify the
structures and parameters of GNC functions.

The suggested structure has implications for both hardware
and software. Declarative functions are most readily identified
with single-processor computers programmed in LISP or Prolog,
as decision-making is associated with list processing and the
staterment of logical relationships. Procedural functions can be
conceptualized as vector or "pipelined"” processes programmed in
FORTRAN, Pascal, or C, languages that have been developed for
numerical computation with subroutines, arrays, differential
equations, and recursions. Reflexive functions seem best mod-
eled as highly parallel processes implemented by neural net-
works, which apply dense mappings to large masses of data al-
most instantaneously. Nevertheless, parallel processes can be
implemented using sequential processors, and sequential algo-
rithms can be "parallelized” for execution on parallel processors.
The choice of hardware and software depends as much on the
current state-of-the-art as on the closeness of computational re-
quirements and GNC functions.

In the remainder of the paper, declarative, procedural, and re-
flexive control functions are discussed from an aerospace per-
spective. In practice, the boundaries between mission tasks may
not be well defined, and there is overlap in the kinds of algo-
rithms that might be applied within each group. A number of
practical issues related to human factors, system management,
certifiability, maintenance, and logistics are critical to the suc-
cessful implementation of intelligent flight control, but they are
not treated here.

DECLARATIVE SYSTEMS

Goal planning, system monitoring, and control-mode switch-
ing are declarative functions that require reasoning. Alternatives
must be evaluated, and decisions must be made through a process
of deduction, that is, by inferring answers from general or do-
main-specific principles. The inverse process of learning princi-
ples from examples is induction, and not all declarative systems
have this capability. Most declarative systems have fixed struc-
ture and parameters, with knowledge induced off-line and before
application; declarative systems that learn on-line must possess a
higher level of reasoning ability, perhaps through an internal de-
clarative module that specializes in training.
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Figure 3. Intelligent Flight Control System Structure.

Expert Systems

Expert Systems are computer programs that use physical or
heuristic relationships and facts for interpretation, diagnosis,
monitoring, prediction, planning, and design. In principal, an
expert system replicates the decision-making process of one or
more experts who understand the causal or structural nature of
the problem [44]. While human experts may employ "nonmono-
tonic reasoning" and “"common sense” to deduce facts that appar-
ently defy simple logic, computational expert systems typically
are formal and consistent, basing their conclusions on analogous
cases or well-defined rules’.

A rule-based expert system consists of data, rules, and an
inference engine [46). Tt generates actions predicated on its data
base, which contains measurements as well as stored data or op-
erator inputs. An expert system performs deduction using
knowledge and beliefs expressed as parameters and rules.
Parameters have values that either are external to the expert
system or are set by rules. An "IF-THEN" rule evaluates a
premise by testing values of one or more parameters related by
logical "ANDs" or "ORs," as appropriate, and it specifies an ac-
tion that set values of one or more parameters.

The rule base contains all the cause-and-effect relationships
of the expert system, and the inference engine performs its func-
tion by searching the rule base. Given a set of premises (evi-
dence of the current state), the logical outcome of these premises
is found by a data-driven search (forward chaining) through the
rules. Given a desired or unknown parameter value, the premises

7 Expert systems can have tree or grap# structures. In the former, there is a
single root node, and all final (leaf) nodes are connected to their own single
branch. 1n the latter, one or more branches lead to individual nodes. Reason-
ing is consistent if an individual node is not assigned differing values by
different branches [45].

needed to support the fixed or free value are identified by a goal-
directed search (backward chaining) through the rules. Querying
(or firing) a rule when searching in either direction may invoke
procedures that produce parameter values through side effects.
Both search directions are used in rule-based control systems
[47]. Backward chaining drives the entire process by demanding
that a parameter such as CONTROL CYCLE COMPLETED have
a value of true. The inference engine works back through the
rules to identify other parameters that allow this and, where nec-
essary, triggers side effects (procedural or reflexive functions) to
set those parameters to the needed values. Backward chaining
also is invoked to learn the value of ABNORMAL BEHAVIOR
DETECTED, be it true or false. Conversely, forward chaining
indicates what actions can be taken as a consequence of the cur-
rent state. If SENSOR MEASUREMENTS REASONABLE is true,
and ALARM DETECTED is false, then failure identification and
reconfiguration side effects can be skipped on the current cycle.
Rules and parameters can be represented as objects or frames
using ordered lists that identify names and attributes. Specific
rules and parameters are represented by lists in which values are
given to the names and attributes. The attribute lists contain not
only values and logic but additional information for the inference
engine. This information can be used to compile parameter-rule-
association lists that speed execution [48]. Frames provide use-
ful parameter structures for related productions, such as analyz-
ing the origin of one or more failures in a complex, connected
system [49]. Frames possess an inheritance property; thus a
particular object lays claim to the properties of the object type.
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Crew/Team Paradigms for
Declarative Flight Control

Logical task-classification is a key factor in the development
of rule-based systems. To this point, we have focused on the in-
telligence of an individual as a paradigm for control system de-
sign, but it is useful to consider the hypothetical actions of a
multi-person aircraft crew as well. In the process, we develop an
expert system of expert systems, a hierarchical structure that rea-
sons and communicates like a team of cooperating, well-trained
people might. This notion is suggested in [50] and is carried to
considerable detail in [51-53]. The Pilot's Associate Program
initially focused on a four-task structure and evolved in the direc-
tion of the multiple crew-member paradigm [54-56].

AUTOCREW is an ensemble of nine cooperating rule-based
systems, each figuratively emulating a member of a World War
IT bomber crew: executive (pilot), co-pilot, navigator, flight en-
gineer, communicator, spoofer (countermeasures), observer, at-
tacker, and defender (Fig. 4) [53]. The executive coordinates
mission-specific tasks and has knowledge of the mission plan.
The aircraft's human pilot can monitor AUTOCREW functions,
follow its suggestions, enter queries, and assume full control if
confidence is lost in the automated solution. The overall goal is
to reduce the pilot’s need to regulate the system directly without
removing discretionary options. AUTOCREW contains over 500
parameters and over 400 rules.

D

AUTOCREW
EXPERTS

EXECUTIVE
COPILOT
ENGINEER
NAVIGATOR

‘] FLIGHT CONTROL
| SUBSYSTEM-
DIAGNOSIS
HYBRID-
NAVIGATION [
RADIO/DATA LINK
WEATHER/AIR
TRAFFIC
FIRE CONTROL#1
FIRE CONTROL #2
EM RADIATION

OBSERVER

ATTACKER

DEFENDER
SPOOFER

Figure 4. AUTOCREW Configuration with Pilot/Aircraft
Interface (adapted from [52]).
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AUTOCREW was developed by defining each member ex-
pert system as a knowledge base, according to the following
principles:

« Divide each knowledge base into major task groups:

time-critical, routine, and mission-specific.

« Order the task groups from most to least time-critical to

quicken the inference engine's search.

« Break major tasks into sub-tasks according to the detail

necessary for communicating system functions.

» Identify areas of cooperation between knowledge bases.
The five main task groups for each crew member are: tasks exe-
cuted during attack on the aircraft, tasks executed during emer-
gency or potential threat, tasks ordered by the EXECUTIVE,
tasks executed on a routine basis, and mission-specific tasks.
Routine and mission-specific tasks are executed on each cycle;
emergency tasks are executed only when the situation warrants.

Operation of AUTOCREW was simulated to obtain com-
parative expert-system workloads for two mission scenarios: in-
bound surface-to-air missile attack and human pilot incapacita-
tion [52]. Results are presented for five mission phases and three
emergency conditions in Fig. 5. The Rule Fraction is the ratio of
number of rules fired during the mission phase for the specified
AUTOCREW member to the total number of mission phase rules
in all AUTOCREW knowledge bases. The Parameter Fraction
is the ratio of number of tasks performed during the mission
phase for the specified AUTOCREW member to the total number
of mission phase tasks in all knowledge bases. Such compar-
isons are helpful in allocating computer resources to component
functions. Additional perspectives on intelligent flight manage-
ment functions can be obtained from the literature on decision-
making by teams, as in [57-59]. Alternate approaches to aiding
the pilot in emergencies are given in [60, 61].

In addition to the overall AUTOCREW system, a functioning
NAVIGATOR sensor-management expert system was devel-
oped. As shown in a later section, knowledge acquisition for the
system presents an interesting challenge, because traditional
methods (e.g., domain-expert interviews) do not provide suffi-
ciently detailed information to design the system [62].

Reasoning Under Uncertainty

Rule-based control systems must make decisions under un-
certainty. Measurements are noisy, physical systems are subject
to random disturbances, and the environment within which deci-
sions must be made is ambiguous. For procedural systems, the
formalism of optimal state estimation provides a rigorous and
useful means of handling uncertainty [63). For declarative sys-
tems, there are a number of methods of uncertainty management,
including probability theory, Dempster-Shafer theory, possibility
theory (fuzzy logic), certainty factors, and the theory of en-
dorsements [64].
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Bayesian belief networks [65], which propagate event prob-
abilities up and down a causal tree using Bayes's rule, have par-
ticular appeal for intelligent control applications because they
deal with probabilities, which form the basis for stochastic opti-
mal control. We have applied Bayesian networks to aiding a pi-
lot who may be flying in the vicinity of hazardous wind shear
[66].
among meteorological phenomena associated with microburst

Figure 6 shows a network of the causal relationships

wind shear, as well as temporal and spatial information that could
affect the likelihood of microburst activity. A probability of
occurrence is associated with each node, and a conditional
probability based on empirical data is assigned to each arrow.
The probability of encountering microburst wind shear is the
principal concern; however, each time new evidence of a particu-
lar phenomenon is obtained, probabilities are updated throughout
the entire tree. In the process, the estimated likelihood of actu-
ally encountering the hazardous wind condition on the plane's
flight path is refined. Unlike other applications of hypothesis
testing, the threshold for advising a go-around during landing or
an abort prior to takeoff is a very low probability -- typically 0.01
or less -- as the consequences of actually encountering a strong
microburst are severe and quite possibly fatal.

The safety of aircraft operations near microburst wind shear
will be materially improved by forward-looking Doppler radar,
which can sense variations in the wind speed. Procedural func-
tions that can improve the reliability of the wind shear expert sys-
tem include extended Kalman filtering of the velocity measure-
ments at incremental ranges ahead of the aircraft [67].
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Figure 6. Bayesian Belief Network to Aid Wind Shear Avoidance
(adapted from [67]).

Figure 7 shows the inevitable tradeoff between the probability of
missed detection (Ppmp) and the probability of false warning
(Pgw) in processing such measurements. Monte Carlo simula-
tions are used to define the detection statistics. In the present ap-
plication, the penalty for false warning is less than for missed
detection; however, too many false warnings could cause the
crew to lose confidence in the expert system and would have a
negative effect on transport operations, so the detection threshold
must be chosen carefully.

Rule Fraction, %

Parameter Fraction, %

Task Groups

DEF
A

INCAPAC-
ITATED

Figure 5. AUTOCREW Relative Workload for Mission-Specific and Emergency Scenarios [52].
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Figure 7. Statistical Analysis of Detection Probability [67].

Probabilistic reasoning of a different sort has been applied to
a problem in automotive guidance that may have application in
future Intelligent Vehicle/Highway Systems [68-70]. Intelligent
guidance for headway and lane control on a highway with sur-
rounding traffic is based on worst-plausible-case decision-mak-
ing. Itis assumed that the intelligent automobile (JA) has imag-
ing capability as well as on-board motion sensors; hence, it can
deduce the speed and position of neighboring automobiles. Each
automobile is modeled as a simple discrete-time dynamic system,
and estimates of vehicle states are propagated using extended
Kalman filters [63]. There are limits on the performance capabil-
ities of all vehicles, and 1A strategy is developed using time-to-
collide, braking ratios, driver aggressiveness, and desired security
factors. Plausible guidance commands are formulated by
minimizing a cost function based on these factors [70]. A gen-
eral layout of the logic is shown in Fig. 8, and a partial decision
tree for lateral guidance is presented as Fig. 9. Both normal and
emergency expert systems govern the process, supported by pro-
cedural calculations for situation assessment, traffic prediction,
estimation, and control. Guidance commands are formulated by
minimizing a cost function based on these factors [70].

Top Level Executive

Controller Command

Generation

Headway Trajectory Lane
Control Planning Control
Situation Normal Emergency Traffic
Assessment Expert Expert Prediction
Normal Normal Emergency Emergency
Trajectory Trajectory Trajectory Trajectory
Generation | |Comparison Generation Comparison

Figure 8. Intelligent Guidance for Automotive
Headway and Lane Control [69].
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Alternate plausible strategies for each neighboring automo-
bile are extrapolated, with predictions of both means and covari-
ances. Expected values of plausibility, belief interval, and haz-
ard functions are calculated, scores for feasible IA actions are
computed, and the best course of action is decided, subject to ag-
gressiveness and security factors, as suggested by Fig. 9. Deter-
ministic and Monte Carlo simulations are conducted to demon-
strate system performance and to fine-tune logical parameters.
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Figure 9. Partial Decision Tree used to Model Lateral Behavior
in Intelligent Automotive Control [69].

Each of the expert systems discussed in this section performs
deduction in a cyclical fashion based on prior logical structures,
prior knowledge of parameters, and real-time measurements. It
is clear that intelligent flight control systems must deal with un-
anticipated events, but it is difficult to identify aeronautical ap-
plications where on-line declarative learning is desirable. Nev-
ertheless, off-line induction is needed to formulate the initial de-
clarative system and perhaps (in a manner reminiscent of REM
Sleep) to upgrade declarative logic between missions.

Inducing Knowledge in Declarative Systems

In common usage, "learning" may refer a) to collecting inputs
and deducing outputs and b) to inducing the logic that relates in-
puts and outputs to specific tasks. Here, we view the first process
as the normal function of the intelligent system and the second as

"learning." Teaching an expert system the rules and parameters
that generalize the decision-making process from specific
knowledge is the inverse of expert-system operation. Given all
possible values of the parameters, what are the rules that connect

them? Perhaps the most common answer is to interview experts
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in an attempt to capture the logic that they use, or failing that, to
study the problem intensely so that one becomes expert enough
to identify naturally intelligent solutions. These approaches can
be formalized [71, 72], and they were the ones used in [67] and
[68]. Overviews of alternatives for induction can be found in
[45, 46, 73, 74].

Two approaches are considered in greater detail. The first is
called rule recruitment [75), and it involves the manipulation of
"dormant rules" (or rule templates). This method was applied in
the development of an intelligent failure-tolerant control system
for a helicopter. Each template possesses a fixed premise-action
structure and refers to parameters through pointers. Rules are
constructed and incorporated in the rule base by defining links
and modifying parameter-rule-association lists. Learning is
based on Monte Carlo simulations of the controlled system with
alternate failure scenarios. Learned parameter values then can be
defined as "fuzzy functions” {76] contained in rule premises. For
example, a typical rule reads, "IF Indicator 1 is near A and Indi-
cator 2 is near B, THEN there is a good chance that Forward
Collective Pitch Control is biased from nominal by an amount
near C and that Failure Detection Delay is near D."

The second approach is to construct classification or decision
trees that relate attributes in the data to decision classes [52].
The problem is to develop an Expert Navigation-Sensor Manage-
ment System (NSM) that selects the best navigation aids from
available measurements. Several aircraft paths were simulated,
and the corresponding measurements that would have been made
by GPS, Loran, Tacan, VOR, DME, Doppler radar, air data, and
inertial sensors were calculated, with representative noise added.
The simulated measurements were processed by extended Kal-
man filters to obtain optimal state estimates in 200 simulations.
Using the root-sum-square error as a decision metric, Analysis of
Variance (ANOVA) identifies the factors that make statistically
significant contributions to the decision metric, and the Iterative
Dichotomizer #3 (ID3) algorithm [77-79] extracts rules from the
training set by inductive inference. The ID3 algorithm quantifies
the entropy content of each attribute, that is, the information
gained by testing the attribute at a given decision node. It uses an
information-theoretic measure to find a splitting strategy that
minimizes the number of nodes required to characterize the tree.
Over 900 examples were used to develop the NSM decision tree.

NSM performance was assessed at nearly 500 points on two
trajectories that differed from the training set. NSM correctly as-
sessed the error class for each navaid type (1 error class) most
of the time (see Fig. 5 of [52]), and differences between NSM
and optimal navigation solutions were found to be minimal.
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PROCEDURAL SYSTEMS

Most guidance, navigation, and control systems fielded to
date are procedural systems using sequential algorithms on se-
quential processors. Although optimality of a cost function is not
always a necessary or even sufficient condition for a "good"
system, linear-optimal stochastic controllers provide a good
generic structure for discussion. They are presented in state-
space form, they contain separate control and estimation func-
tions, and they provide an unusual degree of design flexibility.
The optimal regulator effectively produces an approximate stable
inverse in providing desired response. The nonlinear-inverse-

dynamic controller is a suitable design alternative in some cases.

Control and Estimation

We assume that a nominal (desired) flight path is generated
by higher-level intelligence, such as the human pilot or declara-
tive machine logic, or as a stored series of waypoints. The pro-
cedural system must follow the path, x*(t) in 1, <t <. Control
is exercised by a digital computer at time intervals of At. The n-
dimensional state vector perturbation at time f is Xk, and the m-
dimensional control vector perturbation is uk. The discrete-time
linear-quadratic-Gaussian (LQG) control law is formed as {63],

uk = u*g - C[Rk - x*k] = Cry*k - CeRk (1

y*k is the desired value of an output vector (‘; Hyxxx + Hyuy),
and R is the Kalman filter estimate, expressed in two steps:

R() = DRe-1(+) + Tug
R 2 Qu(+) = ) + Kz - Hopse()) @

The forward and feedback control gain matrices are Cr and Cg,
@ and I are state-transition and control-effect matrices that de-
scribe the aircraft's assumed dynamics, the estimator gain matrix
is K, and the measurement vector, zy, is a transformation of the
state through Heps. The gains Cg and K result from solving two
Riccati equations that introduce tradeoffs between control use
and state perturbation and between the strengths of random dis-
turbances and measurement error. Cp, which provides proper
steady-state command response, is an algebraic function of Cg,
@, T", and Hgps. All of the matrices may vary in time, and it may
be necessary to compute K on-line. In the remainder, it is not es-
sential that Cp and K be optimal (i.e., they may have been de-
rived from eigen-structure assignment, loop shaping, etc.), al-
though the LQR gains guarantee useful properties of the nominal
closed-loop system [63].

The control structure provided by eq. 1 and 2 is quite flexi-
ble. It can represent a scalar feedback loop if z contains one
measurement and u one control, or it can address measurement
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and control redundancy with z and u dimensions that exceed the
dimension of the state x. It also is possible to incorporate re-
duced-order modeling in the estimator. Assuming that @ and I”
have the same dimensions as the aircraft's dynamic model (n x n
and n x m), the baseline estimator introduces n*t-order compen-
sation in the feedback control loop.

The weights of the quadratic control cost function can be
chosen not only to penalize state and control perturbations but to
produce output weighting, state-rate weighting, and implicit
model following, all without modifying the dynamic model [63].
Integral compensation, low-pass filter compensation, and explicit
model following can be obtained by augmenting the system
model during the design process, increasing the compensation
order and producing the control structures shown in Fig. 10.

These cost weighting and compensation features can be used
together, as in the proportional-integral/implicit-model-following
controllers developed in [80]. Implicit model following is espe-
cially valuable when an ideal model can be specified (as identi-
fied in flying qualities specifications and standards [5, 6]), and
integral compensation provides automatic "trimming"” (control
that synthesizes u*y corresponding to x* to achieve zero steady-
state command error) and low-frequency robustness. Combining
integral and filter compensation produces controllers with good
command tracking performance and smooth control actions, as
demonstrated in flight tests [81-83]. The LQG regulator natu-
rally introduces an internal model of the controlled plant, a fea-
ture that facilitates control design [84]. It produces a stable ap-
proximation to the system inverse, which is at the heart of achiev-
ing desired command tracking.

The estimator in the feedback loop presents an efficient
means of dealing with uncertainty in the measurements, in the
disturbance inputs, and (to a degree) in the aircraft's dynamic
model. If measurements are very noisy, the estimator gain ma-
trix K is "small,"” so that the filter relies on extrapolation of the
system model to estimate the state. If disturbances are large, the
state itself is more uncertain, and K is "large," putting more em-
phasis on the measurements. Effects of uncertain parameters can
be approximated as "process noise” that increases the importance
of measurements, leading to a higher K. If the system uncertain-
ties are constant but unknown biases or scale factors, a better ap-
proach is to augment the filter state to estimate these terms di-
rectly. Parametric uncertainty introduces nonlinearity; hence, an
extended Kalman filter must be used [63].
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Figure 10. Structured Linear-Quadratic-Gaussian Regulators.

Stability and Performance Robustness

Controlled system robustness is the ability to maintain satis-
factory stability and performance in the presence of parametric or
structural uncertainties in either the aircraft or its control system.
All controlled systems must possess some degree of robustness
against operational parameter variations. The inherent stability
margins of certain algebraic control laws (e.g., the linear-quadrat-
ic (LQ) regulator [63, 85-87]) may become vanishingly small
when dynamic compensation (e.g., the estimator in a linear-
quadratic-Gaussian (LQG) regulator) is added [88]. Restoring
the robustness to that of the LQ regulator typically requires in-
creasing estimator gains (within practical limits) using the loop-
transfer-recovery method [89].

Subjective judgments must be made in assessing the need for
robustness and in establishing corresponding control system de-
sign criteria, as there is an inevitable tradeoff between robustness
and nominal system performance [90]. The designer must know
the normal operating ranges and distributions of parameter varia-
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tions, as well as the specifications for system operability with
failed components, else the final design may afford too little ro-
bustness for possible parameter variations or too much robustness
for satisfactory nominal performance. Robustness traditionally
has been assessed deterministically [91, 92]; gain and phase
margins are an inherent part of the classical design of single-
input/single-output systems, and there are multi-input/multi-
output equivalents based on singular-value analysis (e.g., [93]).
A critical difficulty in applying these techniques is relating singu-
lar-value bounds on return-difference and inverse-return-differ-
ence matrices to real parameter variations in the system.

Statistical measures of robustness can use knowledge of po-
tential variations in real parameters. The probability of instabil-
ity was introduced in [94] and is further described in [95, 96].
The stochastic robustness of a linear, time-invariant system, is
judged using Monte Carlo simulation to estimate the probability
distributions of closed-loop eigenvalues, given the statistics of
the variable parameters in the system's dynamic model. The
probability that one or more of these eigenvalues have positive
real parts is the scalar measure of robustness, a figure of merit to
be minimized by control system design. Because this metric can
take one of only two values, it has a binomial distribution; hence,
the confidence intervals associated with estimating the metric
from simulation are independent of the number or nature of the
uncertain parameters [95].

Considerations of performance robustness are easily taken
into account in Stochastic Robustness Analysis (SRA). Systems
designed using a variety of robust control methods (loop transfer
recovery, Ho optimization, structured covariance, and game the-
ory) are analyzed in [97], with attention directed to the probabil-
ity of instability, probability of settling-time exceedence, proba-
bility of excess control usage, and tradeoffs between them. The
analysis uncovers a wide range of system responses and graphi-
cally illustrates that gain and phase margins are not good indica-
tors of the probability of instability. This also raises doubts
about the utility of singular values, as they are multivariable
equivalents of the classical robustness metrics. Incorporating
SRA into the design of an LQG regulator with implicit model
following and filter compensation leads to designs that have high
levels of stability and performance robustness [98]. The reason
for improvement is that SRA measures the actual effects of pa-
rameter variations on stability and performance rather than in-
cremental changes in the nominal margins.

8 Real parameter variations affect not only the magnitude and relative phase
angle of the system's Nyquist contour but its shape as well {63]. Therefore,
the points along the contour that establish gain and phase margin (i.e., the
corresponding Bode-plot frequencies) are subject to change.
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Adaptation and Tolerance to Failures.

Adaptation always has been a critical element of stability
augmentation. Most aircraft requiring improved stability un-
dergo large variations in dynamic characteristics on a typical
mission. Gain scheduling and control interconnects initially were
implemented mechanically, pneumatically, and hydraulically;
now the intelligent part is done within a computer, and there is
increased freedom to use sophisticated scheduling techniques that
approach full nonlinear control [81, 99]. It becomes feasible not
only to schedule according to flight condition but to account for
differences in individual aircraft. Flight control systems that
adapt to changes due to wear and exposure and that report
changes for possible maintenance action can now be built.

Tolerance to system failures, such as plant alterations, actua-
tor and sensor failures, computer failure, and power supply/trans-
mission failure, is an important issue. Multiple failures can oc-
cur, particularly as a consequence of physical damage, and they
may be intermittent. Factors that must be considered in design-
ing failure-tolerant controls include: allowable performance deg-
radation in the failed state, criticality and likelihood of the fail-
ure, urgency of response to failure, tradeoffs between correctness
and speed of response, normal range of system uncertainty, dis-
turbance environment, component reliability vs. redundancy,
maintenance goals, system architecture, limits of manual inter-
vention, and life-cycle costs [43].

One épproach to failure tolerance is parallel redundancy: two
or more control strings, each separately capable of satisfactory
control, are implemented in parallel. A voting scheme is used for
redundancy management. With two identical channels, a com-
parator can determine whether or not control signals are identi-
cal; hence, it can detect a failure but cannot identify which string
has failed. Using three identical channels, the control signal with
the middle value can be selected (or voted), assuring that a single
failed channel never controls the plant. In any voting system, it
remains for additional logic to declare unselected channels failed.
Given the vectorial nature of control, this declaration may be
equivocal, as middle values of control-vector elements can be
drawn from different strings.

Parallel redundancy can protect against control-system com-
ponent failures, but it does not address failures of plant compo-
nents. Analytical redundancy provides a capability to improve
tolerance to failures of both types. The principal functions of an-
alytical redundancy are failure detection, failure identification,
and control-system reconfiguration. These functions use the con-
trol computer's ability to compare expected response to actual
response, inferring component failures from the differences and
changing either the structure or the parameters of the control
system as a consequence [47].
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Procedural adaptation and failure-tolerance features will
evolve outward, to become more declarative in their supervision
and more reflexive in their implementation. Declarative func-
tions are especially important for differentiating between normal
and emergency control functions and sensitivities. They can
work to reduce trim drag, to increase fatigue life, and to improve
handling and ride qualities as functions of turbulence level, pas-
senger loading, and so on. Gain-scheduling control can be
viewed as fuzzy control, suggesting that the latter has a role to
play in aircraft control systems [100-102]. Reflexive functions
can be added by computational neural networks that approximate
nonlinear multivariate functions or classify failures.

Nonlinear Control

Aircraft dynamics are inherently nonlinear, but aerodynamic
nonlinearities and inertial coupling effects are generally smooth
enough in the principal operating regions to allow linear control
design techniques to be used. Control actuators impose hard
constraints on operation because their displacements and rates
are strictly limited. Nonlinear control laws can improve control
precision and widen stability boundaries when flight must be
conducted at high angles or high angular rates and when the
control-actuator limits must be challenged.

The general principles of nonlinear inverse control are
straightforward [103]. Given a nonlinear system of the form,

x = f(x) + G(x)u @3
where G(x) is square (m = n) and non-singular, the control law

u=-Gf(x)+Glv @
inverts the system, since

x =f(x) + GX)[-GUx) + G lv]=v 5

where v is the command input to the system.
In general, G(x) is not square (m # n); however, given an m-
dimensional output vector,

vy 2 Hx 6
it is possible to define a nonlinear feedback control law that pro-
duces output decoupling of the elements of y or their derivatives
such that y(@ = v. The vector y(4) contains Lie derivatives of y,
y(@ = = £*(x) + G*(X)u 7
where d is the relative degree of differentiation required to iden-

tify a direct control effect on each element of y. G*(x) and £*(x)
are components of the Lie derivatives, and G*(x) is guaranteed
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to be structurally invertible by the condition that defines relative
degree [104]. The decoupling control law then takes the form

u = -[G*()IIP*(x) + [G*(X)]1v @

The control law is completed by feeding y back as appropriate to
achieve desired transient response and by pre-filtering v to pro-
duce the desired command response [105]). Because the full state
is rarely measured and measurements can contain errors, it may
be necessary to estimate x with an extended Kalman filter, sub-
stituting & for x in control computations.

Evaluating G*(x) and f*(x) requires that a full, d-differen-
tiable model of aircraft dynamics be included in the control sys-
tem; hence the statement of the control law is simple, but its im-
plementation is complex (Fig. 11). Smooth interpolators of the
aircraft model (e.g., cubic splines) are needed. Feedforward neu-
ral networks with sigmoidal activation functions are infinitely
differentiable, providing a good means of representing this model
on-line and allowing adaptation {106, 107].

There are limitations to the inverse control approach [108].
The principal concerns are pointwise singularity of G*(x), the ef-
fects of control saturation, and the presence of the nonlinear
equivalent of non-minimum-phase (NMP) zeros in aircraft dy-
namics. The command vector (eq. 6) has a direct effect on the
definition of G*(x). In [105], the singular points of G*(x) are
found to be outside the flight envelope of the subject aircraft for
all command vectors. When saturation of a control effector oc-
curs, the control dimension must be reduced by one; hence, the
command vector is redefined to exclude the least important ele-
ment of y in [105]. The command vector is returned to originai
dimension when the control effector is no longer saturated.

Whether or not NMP zero effects are encountered depends on
the command-vector definition and on the physical model. Some
command-vector definitions for aircraft control produce no NMP
zeros [105]. When NMP zeros occur in conventional aircraft
models, they are due to small force effects (e.g., lift due to eleva-
tor deflection and pitch rate); it may be possible to neglect them,
eliminating the problem.

> [G*x)] ! Aircraft -
’ Aircraft
Model
'[G"‘(X)]-1 f*(x) |-e| Estimator [|wg——-I

Figure 11. Decoupling Nonlinear-Inverse Control Law.
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REFLEXIVE SYSTEMS

Inner-loop control is a reflexive (though not necessarily lin-
ear) function. To date, most inner loops have been designed as
procedural control structures; computational neural networks
may extend prior results to facilitate nonlinear control and adap-
tation. Neural networks can be viewed as nonlinear generaliza-
tions of sensitivity, transformation, and gain matrices. Conse-
quently, compensation dynamics can be incorporated by follow-
ing earlier models and control structures. Nonlinear proportion-
al-integral and model following controllers, as well as nonlinear
estimators, can be built using computational neural networks.

Computational Neural Networks

Computational neural networks are motivated by input-out-
put and learning properties of biological neural systems, though
in mathematical application the network becomes an abstraction
that may bear little resemblance to its biological model. Compu-
tational neural networks consist of nodes that simulate the neu-
rons and weighting factors that simulate the synapses of a living
nervous system. The nodes are nonlinear basis functions, and the
weights contain knowledge of the system. Neural networks are
good candidates for performing a variety of reflexive functions in
intelligent control systems because they are potentially very fast
(in parallel hardware implementation), they are intrinsically non-
linear, they can address problems of high dimension, and they
can learn from experience. From the biological analogy, the neu-
rons are modeled as switching functions that take just two dis-
crete values; however, "switching" may be softened to "satura-
tion," not only to facilitate learning of the synaptic weights but to
admit the modeling of continuous, differentiable functions.

The neural networks receiving most current attention are
static expressions that perform one of two functions. The first is
to approximate multivariate functions of the form

y=h(x) ©

where x and y are input and output vectors and A(+) is the (possi-
bly unknown) relationship between them. Neural networks can
be considered generalized spline functions that identify efficient
input-output mappings from observations [109, 110]. The second
application is to classify attributes, much like the decision trees
mentioned earlier. (In fact, decision trees can be mapped to
neural networks [111].) The following discussion emphasizes
the first of these two applications.

An N-layer feedforward neural network (FNN) represents the

function by a sequence of operations,

r(k) = sOpwk-De(k-D) 2 500K k=110 N (10
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where y = r(N) and x = r(0). W(k-1) i5 a matrix of weighting
factors determined by the learning process, and s(K)[+] is an acti-
vation-function vector whose elements normally are identical,
scalar, nonlinear functions Gj(1;j) appearing at each node:

sK)n®)] = [61M1K) ..onmaNT (11

One of the inputs to each layer may be a unity threshold element
that adjusts the bias of the layer's output. Networks consisting
solely of linear activation functions are of little interest, as they
merely perform a linear transformation H, thus limiting eq. 9 to
the form, y = Hx.

Figure 12 represents two simple feedforward neural net-
works. Each circle represents an arbitrary, scalar, nonlinear
function oj(+) operating on the sum of its inputs, and each arrow
transmits a signal from the previous node, multiplied by a
weighting factor. A scalar network with a single hidden layer of
four nodes and a unit threshold element (Fig. 12a) is clearly

parallel, yet its output can be written as the series

y =apop(bpx + cg) + ajo(byx +c¢p) +apo2(bax + ¢2)
+a303(b3x +¢3) (12

illustrating that parallel and serial processing may be equivalent.

b) Double-Input/Single-Output Network.

Figure 12. Two Feedforward Neural Networks.

Consider a simple example. Various nodal activation func-
tions, Gj, have been used, and there is no need for each node to
be identical. Choosing og(*) = (*), 01 = ()2, 62 = ()3, 03 = (*)4,

eq. 9 is represented by the truncated power series,
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y = ap(box + ¢q) + aj(bix + c1) + az(bax + ¢2)3
+as(bax +c3) (13

and it is clear that network weights are redundant (i.e., that the
(a, b, ¢) weighting factors are not independent). Consequently,
more than one set of weights could produce the same functional
relationship between x and y. Training sessions starting at dif-
ferent points could produce different sets of weights that yield
identical outputs. This simple example also indicates that the un-
structured feedforward network may not have compact support
(i.e., its weights may have global effects) if its basis functions do
not vanish for large magnitudes of their arguments.

The sigmoid is commonly used as the artificial neuron. Itis a
saturating function defined variously as o(1) = 1/(1 + ™M) for
output in (0,1) or o(n) = (1 -e=2M)/(1 + -2M) = tanh 7 for output
in (-1,1). Recent results indicate that any continuous mapping
can be approximated arbitrarily closely with sigmoidal networks
containing a single hidden layer (N = 2) [112, 113]. Symmetric
functions like the Gaussian radial basis function (6(n) = e T 2 )
have better convergence properties for many functions and have
more compact support as a consequence of near-orthogonality
[109, 114]. Classical B-splines [115] could be expressed in par-
allel form, and it has been suggested that they be used in multi-
layered networks [116]. Adding hidden layers strengthens the
analogy to biological models, though additional layers are not
necessary for approximating continuous functions, and they
complicate the training process.

In control application, neural networks perform functions
analogous to gain scheduling or nonlinear control. Consider the
simple two-input network of Fig. 12b. The scalar output and
derivative of a single sigmoid with unit weights are shown in Fig.
13. 1f u is a fast variable and v is a slow variable, choosing the
proper weights on the inputs and threshold can produce a gain
schedule that is approximately linear in one region and nonlinear
(with an inflection point) in another. More complex surfaces can
be generated by increasing the number of sigmoids. If u and v~
are both fast variables, then the sigmoid can represent a general-
ization of their nonlinear interaction.

For comparison, a typical radial basis function produces the
output shown in Fig. 14. Whereas the sigmoid has a preferred
input axis and simple curvature, the RBF admits more complex
curvature of the output surface, and its effect is more localized.
The most efficient nodal activation function depends on the gen-
eral shape of the surface to be approximated. There may be cases
best handled by a mix of sigmoids and RBF in the same network.
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b) x-Derivative of Sigmoid.

Figure 13. Example of Sigmoid Output with Two Inputs.

b) x-Derivative of RBF.

Figure 14. Example of Radial Basis Function Qutput
with Two Inputs.
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The cerebellar model articulation controller (CMAC) is an al-
ternate network formulation with somewhat different properties
but similar promise for application in control systems {117, 118].
The CMAC performs table look-up of a nonlinear function over a
particular region of function space. CMAC operation can be
split into two mappings. The first maps each input into an asso-
ciation space A. The mapping generates a selector vector a of
dimension n4, with ¢ non-zero elements (usually ones) from
overlapping receptive regions for the input. The second map-
ping, R, goes from the selector vector @ to the scalar output y
through the weight vector w, which is derived from training:

y=wla (14
Training is inherently local, as the extent of the receptive regions
is fixed. The CMAC has quantized output, producing "stair-
cased"” rather than continuous output. A recent paper proposes to
smooth the output using B-spline receptive regions [119].

The FNN and CMAC are both examples of static networks,
that is, their outputs are essentially instantaneous: given an input,
the speed of output depends only on the speed of the computer.
Dynamic networks tely on stable resonance of the network about
an equilibrium condition to relate a fixed set of initial conditions
to a steady-state output. Bidirectional Associative Memory
(BAM) networks [120] are nonlinear dynamical systems that
subsume Hopfield networks [121], Adaptive-Resonance-Theory
(ART) networks [122], and Kohonen networks [123]. Like FNN,
they use binary or sigmoidal neurons and store knowledge in the
weights that connect them; however, the "neural circuits” take
time to stabilize on. an output. While dynamic networks may op-
erate more like biological neurons, which have a refractory pe-
riod between differing outputs, computational delay degrades
aircraft control functions.

Although neural networks performing function approxima-
tion may gain little from multiple hidden layers, networks used
for classification typically require multiple layers, as follows
from the ability to map decision trees to neural networks [111].
The principal values of performing such a mapping are that it
identifies an efficient structure for parallel computation, and it
may facilitate incremental learning and generalization.

Neural networks can be applied to failure detection and
identification (FDI) by mapping data patterns (or feature vec-
tors) associated with failures onto detector/identification vectors
(e.g., [124-126]). To detect failure, the output is a scalar, and the
network is trained (for example) with "1" corresponding to fail-
ure and "0" corresponding to no failure. To identify specific
failures, the output is a vector, with a training value of "1" in the
ith element corresponding to the ith failure mode and zeros else-
where. For M failure modes, either M neural networks with
scalar outputs are employed or a single neural network with
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M-vector output is used; there are evident tradeoffs related to ef-
ficiency, correlation, and so on. The data patterns associated
with each failure may require feature extraction, pre-processing
that transforms the input time series into a feature vector. In
[124], this was done by computing two dozen Fourier coeffi-
cients of the input signal in a moving temporal window. As an
alternative, the feature vector could be specified as a parity vec-
tor [127], and the neural network could be used for the decision-
making logic in FDI. When assessing the efficiency of neural-
network FDI logic, feature extraction must be considered part of
the total process.

Reflexive Learning and Adaptation

Training neural networks involves either supervised or unsu-
pervised learning. In supervised learning, the network is fur-
nished typical histories of inputs and outputs, and the training al-
gorithm computes the weights that minimize fit error. FNN and
CMAC require this type of training. In unsupervised learning,
the internal dynamics are self-organizing, tuning the network to
home on different cells of the output semantic map in response to
differing input patterns [128]. Dynamic networks train rapidly
and are suitable for pattern matching, as in speech or character
recognition. The remaining discussion focuses on supervised
learning, which is more consistent with control functions.

Backpropagation learning algorithms for the elements of
w(k) typically involve a gradient search (e.g., [129, 130)) that
minimizes the mean-square output error

L= [rd-r®™] [rd-r®™] (15
where r( is the desired output. For each input-output example
presented to the network, the gradient of the error with respect to
the weight matrix is calculated, and the weights are updated by
(16

K _ T
W, = W et )

new
B is the learning rate, and d is a function of the error between de-
sired and actual outputs. For the output layer, the error term is

d®) = STWN-Dr(N-D] (rq - r(N) (17
where the prime indicates differentiation with respect to r. For
interior layers, the error from the output layer is propagated from
the output error using

d® = §'[WlDr®-D] [Wk-D] ak-D (18

Search rate can be modified by adding momentum or conjugate-
gradient terms to eq. 16.
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The CMAC network learning algorithm is similar to back-
propagation. The weights and output are connected by a simple
linear operation, so a learning algorithm is easy to prescribe.
Each weight contributing to a particular output value is adjusted
by a fraction of the difference between the network output and
the desired output. The fraction is determined by the desired
learning speed and the number of receptive regions contributing
to the output.

Learning speed and accuracy for FNN can be further im-
proved using an extended Kalman filter (106, 107, 131]. The dy-
namic and observation models for the filter are

Wk = Wk.1 + Qk-1 (19
7k = h(wg, ry) + ng (20

where wy is a vector of the matrix Wy's elements, h(s) is an ob-
servation function, and gk and ng are noise processes. If the net-
work has a scalar output, then zy is scalar, and the extended Kal-
man filter minimizes the fit error between the training hypersur-
face and that produced by the network (eq. 15). It has been
found that the fit error can be dramatically reduced by consider-
ing the gradients of the surfaces as well [106, 107]. The obser-
vation vector becomes

h(wk.rk)
% = g_t(wkyrk) + ng 21

with concomitant increase in the complexity of the filter. The
relative significance given to function and derivative error during
training can be adjusted through the measurement-error covari-
ance matrix used in filter design.

Recursive estimation of the weights is useful when smooth
relationships between fit errors and the weights are expected,
when the weight-vector dimension is not high, and when local
minima are global. When one of these is not true, it may speed
the computation of weights to use a random search, at least until
convergent regions are identified. Such methods as simulated
annealing or genetic algorithms can be considered (and the latter
has philosophic appeal for intelligent systems) [132-134]. The
first of these is motivated by statistical mechanics and the effects
that repeated heating and cooling have on the ground states of
atoms (which are analogous to the network weights). The second
models the reproduction, crossover, and mutation of biological
strings (e.g., chromosomes, again analogous to the weights), in
which only the fittest combinations survive.

Statistical methods can go hand-in-hand with SRA to train
robust neural networks. Following [98], the random search
could be combired with Monte Carlo variation of system param-
eters during training, numerically minimizing the expected value
of fit error rather than a deterministic fit error.
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Problems that may be encountered in neural network training
include proper choice of the input vector, local vs. global train-
ing, speed of learning and forgetting, generalization over un-
trained regions, and trajectory-dependent correlations in the train-
ing sets. We envision an aerodynamic model that spans the en-
tire flight envelope of an aircraft, including post-stall and spin-
ning regions. The model contains six neural networks with mul-
tiple inputs and scalar outputs, three for force coefficients and
three for moment coefficients (for example, the pitch moment
network takes the form Cp, = g(x,u), where x represents the state
and u the control). If input variables are not restricted to those
having plausible aerodynamic effect, false correlations may be
created in the network; hence, attitude Euler angles and horizon-
tal position should be neglected, while physically meaningful
terms like elevator deflection, angle of attack, pitch rate, Mach
number, and dynamic pressure should be included [107].

The aircraft spends most of its flying time within normal mis-
sion envelopes. Unless it is a trainer, the aircraft does not enter
post-stall and spinning regions; consequently, on-line network
training focuses on normal flight and neglects extreme condi-
tions. This implies not only that networks must be pre-trained in
the latter regions but that normal training must not destroy know-
ledge in extreme regions while improving knowledge in normal
regions. Therefore, radial basis functions appear to be a better
choice than sigmoid activation functions for adaptive networks.

Elements of the input vector may be strongly correlated with
each other through the aircraft's equations of motion; hence, net-
works may not be able to distinguish between highly correlated
variables (e.g., pitch rate and normal acceleration). This is prob-
lematical only when the aircraft is outside its normal envelope.
Pre-training should provide inputs that are rich in frequency con-
tent, that span the state and control spaces, and that are as uncor-
related as possible. Generalization between training points may
provide smoothness, but it does not guarantee accuracy.

Control Systems Based on Neural Networks

Neural networks can find application in logic for control, es-
timation, system identification, and physical modeling. In addi-
tion to work already referenced, additional examples can be
found in [135-140].

Figure 15a illustrates an application in which the neural net-
work forms the aircraft model for a nonlinear-inverse control
law. The aircraft model of Fig. 11 is implemented with a neural
network that is trained by a dedicated (weight) extended Kalman
filter (the thick gray arrow indicating training). The extended
Kalman filter for state estimation is expanded to estimate histo-
ries of forces and moments as well as the usual motion variables.

It is possible to conduct supervised learning on-line without
interfering with normal operation because the state Kalman filter

. produces both the necessary inputs and the desired outputs for the
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the network training algorithm. There is no need to provide an
ideal control response for training, as the form of the control law
is fixed. Procedural and reflexive functions are combined in this
control implementation, under the assumption that the direct ex-
pression of inversion is the most efficient approach.

Figure 15b shows a logical extension in which the inverse
control law is implemented by neural networks. Inversion is an
implicit goal of neural-network controllers {135, 136], and the
formal existence of inversion networks has been explored [141].
Although Fig. 15b implies that the inversion networks are pre-
trained and fixed, they, too, can be trained with the explicit help
of the network that models the system [136]. Here it is assumed
that the control networks have been pre-trained, as no desired
output has been specified.

If a desired control output is specified (Fig. 15c), then the
formal model of the aircraft is no longer needed. The control
networks learn implicit knowledge of the aircraft model. Re-
ferring to Fig. 10 and eq. 1 and 2, control and estimation gains,
state-transition and control-effect matrices, and measurement
transformations can be implemented as static neural networks
with either off-line or on-line learning.

It can be useful to divide control networks into separate feed-
back and forward parts, as this may facilitate training to achieve
design goals. A feedback neural network has strongest effect on
homogeneous modes of motion, while a forward neural network
is most effective for shaping command (forced) response. This
structure is adopted in [139], where the forward and feedback
networks are identified as reason and instinct networks. In pre-
training, it is plausible that the feedback network would be
trained with initial condition responses first, to obtain satisfac-
tory transient response. The forward network would be trained
next to achieve desired steady states and input decoupling. A
third training step could be the addition of command-error inte-
grals while focusing on disturbance inputs and parameter varia-
tions in training sets.

Once baselines have been achieved, it could prove useful to
admit limited coupling between forward and feedback networks
to enable additional nonlinear compensation. In adaptive appli-
cations, networks would be pre-trained with the best available
models and scenarios to establish satisfactory baselines; on-line
training would slowly adjust individual systems to vehicle and
mission characteristics.

Including the integral of command-vector error as a neural
network input produces a proportional-integral structure [140],
while placing the integrator beyond the network gives a propor-
tional-filter structure (Fig. 10). The principal purpose of these
structures is, as before, to assure good low- and high-frequency
performance in a classical sense. Extension of neural networks
to state and weight filters is a logical next step that is interesting
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in its own right as a means of more nearly optimal nonlinear es-

timation.
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Figure 15. Adaptive Control Structures Using Neural Networks.

CONCLUSION

Intelligent flight control systems can do much to improve the
operating characteristics of aircraft. An examination of cognitive
and biological models for human control of systems suggest that
there is a declarative, procedural, and reflexive hierarchy of func-
tions. Top-level aircraft control functions are analogous to con-
scious and preconscious thoughts that are transmitted to lower-
level subsystems through subconscious, neural, and reflex-like
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activities. Human cognition and biology also suggest models
for learning and adaptation, not only during operation but be-
tween periods of activity.

The computational analogs of the three cognitive/biological
paradigms are expert systems, stochastic controllers, and neural
networks. Expert systems organize decision-making efficiently,
stochastic controllers optimize estimation and control, and neural
networks provide rapid, nonlinear, input-output functions. It ap-
pears that many functions at all levels could be implemented as
neural networks. While this may not always be necessary or even
desirable using sequential processors, mapping declarative and
procedural functions as neural networks may prove most useful
as a route to new algorithms for the massively parallel processors
of the future.
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X-29: LONGITUDINAL INSTABILITY AT HIGH ANGLE-OF-ATTACK

Dr Lawrence A. Walchli
Wright Laboratory
Wright-Patterson AFB OH 45433-6553
United States

ABSTRACT

Relaxed static stability (RSS) was
chosen as one of the primary
technologies to be flight
demonstrated on the forward swept
wing X-29 aircraft. Development
experiences and performance benefits
of this technology in the high angle-
of-attack (AOA) regime of flight are
described. Flight test results
validate the X-29's wind tunnel
database and the updated piloted
simulation is used for parameter
variations to thoroughly explore the
potential performance of an aircraft
with high levels of static
instability.

INTRODUCTION

The X-29 integrates several different
technologies into one airframe as
depicted in Figure 1. The
aeroelastically tailored composite
wing covers cause the forward swept
wing to twist as it deflects,
successfully delaying wing
divergence. The thin supercritical
airfoil, coupled with the discrete
variable camber produced by the
double-hinged full span flaperons,
provide optimum wing performance at
all flight conditions. The aircraft
was designed to be 35 percent
statically unstable by adding a
close-coupled, variable incidence
canard, without which the wing-body
combination would be near-neutrally
stable. The canard, which has an
area about 20 percent of the wing
area, produces lift and its downwash
delays flow separation at the wing
root. The three-surface pitch
control--the canard, flaperon, and
strake flap--is used by the digital
fly-by-wire flight control system to
control an otherwise unflyable
unstable vehicle. The success of the
X-29 really rests with the
integration of these technologies
into a single synergistic
configuration built for drag
reduction in turning flight.

Two X-29 aircraft were designed and
built. The first entered flight
testing in December 1984 and
concluded in December 1988,
completing 242 flights and over 200
flight hours. A primary objective of
Sship #1 testing was to validate,
evaluate, and quantify the benefits
of RSS at subsonic and supersonic
speeds below 20 degrees AOA.

Ship #2, which was modified to allow
high AOA testing, began flying in May
1989. Its spin chute was designed to
assist the pilot in regaining control
in the event of a departure from
controlled flight. Control surface
tutorial lights mounted in the
cockpit assist in this task. The
flight control system software was
significantly modified in order to
best utilize the various surfaces in
controlling this highly unstable
aircraft in a post-stall environment.
One g envelope expansion was
completed to 67 degrees AOA and ten
degrees sideslip. Accelerated entry
high AOA expansion allowed all-axis
maneuvering to 45 degrees. The
inherent high-1lift capability of this
unstable configuration resulted in
coordinated rolls to instantaneous
rates of 70 degrees per second under
approximately 2 g conditions at 30
degrees AOA. The military utility of
this vehicle is in a class by itself.

AIRCRAFT AND FLIGHT CONTROL SYSTEM
DESCRIPTION

Two essentially identical X~-29s were
designed and built by Grumman
Aerospace Corporation, Bethpage, New
York. To reduce overall program
costs, the Air Force supplied several
major components of the aircraft to
Grumman. These included the F-5A
forebody and nosegear; F-16 main
gear, actuators, airframe-mounted
accessory drive and emergency power
unit; F-18 F404 engine; SR-71 HDP5301
flight control computers; and F-14
accelerometers and rate gyros. Use
of these time-proven components also
increased the reliability of the
flight vehicle.

The X-29 flight control system (FCS)
is a triplex digital fly-by-wire
system with triplex analog backup (as
shown in Figure 2). The fail-
op/fail-safe system used MIL-F-8785C
and MIL-F-9490D specifications as
design guides. Flying quality design
goals were Level I for the primary
digital mode and Level II for the
analog back-up mode.

Normal aircraft operation is
accomplished through the normal
digital (ND) mode with its associated
functional options such as automatic
camber control (ACC), manual camber
control (MCC), speed stability,
precision approach control, and
direct electrical 1link. ND also
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contains options in its gain tables
for power approach, up-and-away, and
degraded operation.

The normal digital mode has a pitch
rate control law with gravity vector
compensation, driving a discrete ACC
system. This mode is gain-scheduled
as a function of Mach number and
altitude and incorporates a
sophisticated redundancy management
system allowing fail-op/fail-safe
flight. MCC is a pilot-selected,
fixed flaperon sub-mode of ND
normally used for landing.

The analog reversion (AR) mode is the
back-up flight control system,
designed to bring the aircraft safely
back to base. The AR mode provides a
highly reliable, dissimilar control
mode to protect against generic
digital control failures. It
incorporates functions similar to
those of the ND mode. AR contains no
longitudinal trim capability or pitch
loop gain compensation with dynamic
pressure while the aircraft is on the
ground. In all other aspects, it
performs like the ND control system.

The Ship #2 flight control laws were
modified to permit all-axis
maneuvering to 40 degrees AOA, and
pitch-only maneuvering to as high as
70 degrees AOA. Below 10 degrees,
the control laws are identical to
those last flown on Ship #1. Between
10 and 20 degrees, the high AOA
modifications are faded in until
above 20 degrees they are fully
functional.

The high AOA changes are fairly
simple. A spin prevention logic is
active above 50 degrees or below
minus 25 degrees AOA with increasing
yaw rate. The logic increases the
authority of both the rudder pedals
and lateral stick and disconnects all
other lateral/directional feedbacks.
Besides the spin prevention logic, an
aileron-to~-rudder interconnect
provides for better roll coordination
at high AOA. Also assisting in roll
coordination is a rate-of-sideslip
feedback to the rudder. Since
substantial wing rock was predicted
for the X-29 above 30 degrees angle-
of-attack, a high gain roll rate-to-
aileron feedback loop has been added
to compensate for the unstable
rolling moment coefficient due to
roll rate. For a more detailed
description of the control system,
see Reference 1.

RELAXED STATIC STABILITY (RSS)

Longitudinal static instability has
long been recognized as having the
potential for improving the overall
performance of a high performance
fighter aircraft. Subsonically, RSS
allows for improved agility through
rapid "g" onset and nose pointing.
Care must be taken in the design of
the FCS to provide enough control
power to arrest any motions initiated
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by the pilot and overcome the
inertial coupling of the aircraft, or
in other words, design robustness.
Trim drag in the supersonic regime is
decreased through reduced control
surface deflection requirements.
Further, in the case of a canarded
vehicle such as the X-29, the
aircraft requires positive 1lift to
trim at high speed. This in turn can
improve the overall supersonic drag
polar.

Since static stability in pitch
increases with both Mach number and
angle-of-attack, it is easy to see
the juggling act which a designer
faces when designing an aircraft
suitable for air superiority as well
as high speed penetration. The
supersonic regime requires moderate
to neutral static stability for best
performance.

Figure 3 clearly shows that to
maintain a reasonable level of
longitudinal stability (positive two
percent) during supersonic flight,
the low speed range inherits a high
level of static instability (negative
35 percent).

It is projected that the air
superiority role of future high
performance fighters will encompass
all areas of the flight envelope
including low speed, very high AOA.
It is in this region that RSS
produces the most serious demands on
the aircraft flight control system.
Not only does the FCS need to offset
the severe instability, but it must
also have enough robustness to allow
the pilot to demand changes in flight
path or orientation as required in
combat.

Figure 4 depicts the longitudinal
control power typical of a fighter
operating at low speed, high angle-
of~-attack. The respective inflection
points for pitch authority occur
nominally above 30 degrees AOA for
all current fighters. The critical
value of nose down pitch authority
(Cm*) is a function of flight
condition, airframe parameters, and
the tendency of the aircraft to
inertially couple in pitch.

Because an aircraft operating at high
angle~of-attack can suffer a large
sink rate, a small value of Cm* may
not be sufficient for a timely
recovery to low AOA flight. 1In the
event that maximum nose-down pitching
moment actually becomes positive,
significant problems with departure
from controlled flight and/or deep
stall occur. Throughout the design
process, particular attention is
focused on avoiding pitch control
deficiencies. Wind tunnel data is
used to predict pitch requirements of
the flight control system, but often
this data is inadequate in the
predictive process. FCS robustness
is the most satisfactory answer to
provide adequate margins for error in




[ECHNICAL

control power, and

bandwidths.

surface rates,

EVOLUTION OF RSS FOR THE X-29

The primary design point for the X-29
was the transonic region of flight.
This low AOA condition was used to
identify the desired level of relaxed
static stability. Figure 5 depicts
transonic wind tunnel results from a
test dedicated to explore RSS on this
close-coupled canard plus forward
swept wing configuration. These
results suggested an optimum location
for the aircraft center of gravity of
negative 45 percent of the mean
aerodynamic chord of the wing. A
margin of safety was added and the
FCS designers were faced with
stabilizing a 35 percent unstable
vehicle. And, as they say, the rest
is history!

The longitudinal high AOA control
laws (architecture shown in Figure 6)
were based on wind tunnel data that
predicted the X-29's longitudinal
stability and control characteristic
trends would be as shown in Figure 7
(as reproduced from Reference 2).

The "neutral controls" curve implies
that the basic X-29 airframe is
unflyable without stability
augmentation. The large, all-movable
canards and the strake flaps provide
powerful pitching moments throughout
the flight envelope. The inherent
static instability is helpful in
initiating a rapid pitch maneuver,
and the large pitch authority allows
easy capture of a pitch attitude to
end the maneuver and re-establish
aircraft trim.

Free-flight wind tunnel tests
provided information on the dynamics
of the X-29. A simplified control
law was employed (Reference 2) which
used both angle-of-attack and pitch-
rate feedback to the canard. The
test model showed good stability and
controllability over a 13 'to 40
degree angle-of-attack range. The
level of pitch stability augmentation
was varied during the test in order
to bound the region of predicted good
flying qualities for the X-29.

FLIGHT TEST RESULTS

Stability and Control

The actual nose-up pitching
capability of the X-29 proved to be
superior to predictions. Because the
FCS specifically used the canard in a
light to moderate lifting position to
maintain maximum nose-down margin,
nothing was learned about the maximum
nose-up capability of the aircraft.
The 1 g pitch-ups to very high
angles-of-attack did provide data on
the total pitching moment
coefficient, and this data showed
clearly that the aircraft exhibited
more nose-up pitching moment at a
given AOA and canard position than
was predicted.
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The nose-down pitching moment flight
data is shown in Figure 8. As with
the pitch-up data, there is a general
shift in the curves towards more
positive Cm's. The model used for
predictions was based on high
Reynolds number wind tunnel data,
about 1.3 million per chord. Flight
Reynolds number ranged from about 13
million at 200 KEAS to 5 million at 1
g flight conditions. The flight data
was actually better predicted if
lower Reynolds number data was used.
Presumably, this peculiarity resulted
from particular tunnel or model
anomalies and has, as yet, not been
pursued. The pitch-down flight data
clearly shows that the "trouble zone"
for Cm* as described in Figure 4
occurred for the X-29. The nose-down
pitching moment was less than half of
predicted at AOA above 50 degrees at
aft c.qg.

Following the guidelines of Nguyen
and Foster (Reference 3), Figure 9
shows that the X-29's Cm* is less
than desirable at very high angles-
of-attack while operating at aft
center of gravity. For this reason,
highest AOCA test points were acquired
early in a given flight, since the
aircraft center of gravity moves aft
as fuel is consumed. It must be
emphasized here that no loss of
control was encountered in flight.
It was simply deemed wise not to
tempt fate by operating at extreme
AOA under heavy weight conditions.

During maneuvering flight, velocity
vector rolls produced inertial
coupling in the pitch axis. Cm* then
had to be treated as the minimum
nose-down pitching moment required to
overcome all pitch-up moments. With
the inertial coupling terms being in
the nose-up direction for the X-29,
further restrictions were needed for
a safe pitch recovery. Figure 10
provides data for coordinated
stability axis rolls, assuming the
roll and yaw rates as required for
coordination. Figure 11 adds
increased yaw rates as produced in
uncoordinated roll. Note that for a
coordinated roll of 20 degrees per
second, the X-29 had enough pitch-
down power to overcome the nose-up
coupling at centers of gravity ahead
of about 452 inches. For additional
yaw rate in an uncoordinated 20
degree per second roll, the combined
coupling produces a Cm* requirement
greater than available at a center of
gravity of only 450 inches. From a
different perspective, a coordinated
20 degree per second roll required a
nose-down moment coefficient of
-0.05; a simular uncoordinated roll
more than doubled the requirement’

to -1.3.

From a longitudinal stability and
control viewpoint, the X-29 exhibited
excellent maneuvering characteristics
below 50 degrees AOA, using a simple
pitch rate command FCS. The wind
tunnel predictions adequately
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predicted trends in stability and
control parameters, but were
unsuccessful in predicting accurate
Ccm* values. The aircraft was
operated safely several times to
about 55 degrees in 1 g flight, and
once to 67 degrees. However, it was
deemed prudent to limit maneuvering
to AOA below 50 degrees.

Aero Performance

What does RSS do to the lift and drag
of the aircraft? To answer this
question, a member of the test team,
Joe Krumenacker of Grumman, "flew"
the X-29 on the flight validated
simulator at various levels of
instability. The simulator model
uses a simplified thrust and ram drag
model based on specific General
Electric F404-400 data as a function
of flight condition and power
setting. Fiqgures 12-15 show the
simulator results for the three
chosen levels of instability. The
curves represent trimmed conditions
at 0.4 Mach and 30,000 feet, with
fixed center gravity. The aircraft
was actually flown in the range of
-23 to -36 percent static margin.

Figure 12 shows the canard schedule
which results from changing the level
of RSS. The curves for -15 and -35
percent static margin clearly show
that with the chosen mechanization of
the three-surface pitch control, the
canard is always a lifting surface.
But, in the extreme case of -45
percent margin, the canard stops
lifting at about 22 degrees AOA
because both the flaperon and strake
flap have saturated. The canard must
then produce a nose-down moment to
assure the trim of the aircraft.

The drag coefficients are shown in
Figure 13. The lowest drag at this
low Mach number condition results
from the lowest level of RSS. The
trim drag increases with decreasing
RSS (Figure 5). However, at -15
percent RSS, neither the strake nor
the flap on the X-29 produces much
lift; therefore, its overall drag is
low. At an RSS of -35 percent, both
surfaces saturate trailing edge down
by an AOA of 25 degrees in order to
balance the aircraft. Induced drag
reaches a maximum. For an RSS of -45
percent, the canard stops lifting and
induced drag begins to fall off.

The 1lift curve, Figure 14, shows
quite clearly that the optimum
configuration for this aircraft is
with an RSS of -35 percent. Maximum
lift coefficient occurs about 40
degrees AOA.

The drag polar shown in Figure 15 for
the negative 35 percent static margin
is excellent in both shape and
magnitude. Both the flight control
laws and the FCS mechanization were
successful in providing this aero
performance for the X-29.
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Can we improve the X-29? Two other
members of the test team, Paul
Pellicano of Grumman and Bill Gillard
of Wright Laboratory, ran a parameter
variation study on the simulator to
gain insight on the significance of
the ACC schedule in determining the
aero performance of the X-29. The
study was done for the most forward
center of gravity flown, 445 inches.
This location translates to a
negative static margin of 23 percent.
With the ACC scheduled as it was,
none of the three longitudinal
control surfaces was heavily loaded.
To increase the aero performance, the
flaperon was set to its maximum
lifting position, 20 degrees trailing
edge down. The strake was then fixed
at three positions, zero degrees and
30 degrees up and down. Figure 16
provides the resulting trimmed canard
positions. It is intuitively obvious
that to force more lift from the flap
and strake, the canard must 1ift more
to keep the aircraft balanced, and so
the canard schedule is shifted
trailing edge down.

Figure 17 shows the significant drag
polar improvement achieved by forcing
all control surfaces to be more
heavily loaded at this forward center
of gravity condition. The resulting
turn rate capability of the aircraft
is significantly enhanced.

CONCLUDING REMARKS

The X-29 has successfully
demonstrated that a very large
negative static margin can be safely
flown on a fighter aircraft and
provide the benefits predicted from
ground test results. The total
pitch-up performance exceeded
expectations up to the 1 g, 67 degree
AOA condition that was flown.
However, this "natural ability" of
the aircraft to increase its pitch
attitude created some concern above
50 degrees AOA in generating enough
nose-down moment to recover to low
angle-of-attack. This forced. an aft
center of gravity prohibition on the
aircraft above 50 degrees AOA beyond
fuselage station 450 inches (-29
percent static margin). With "“only"
29 percent RSS, the X-29 was able to
perform coordinated velocity vector
rolls at 50 degrees AOA of 20 degrees
per second.

Performance studies were done on the
flight validated X-29 simulator using
both control surface scheduling and
level of RSS as variables. The
results showed that a negative static
margin of about 35 percent was near
optimum. However, the ACC canard
schedule was designed at a fixed RSS
(=30 percent). A more efficient
scheduling of the control surfaces
would have included adjusting the
surface positions as a function of
RSS.
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Discussion

SESSION III - QUESTIONS & ANSWERS (PAPERS 13, 15, 16, 17, 18)

PAPER 13: J E JENKINS

Question:

Can you briefly explain what you meant by the bad
effect of using higher-order derivatives being to
introduce extraneous roots?

Answer:

The stability derivative approach can be shown to be
equivalent to the first representing the aerodynamic
reactions by indicial responses and summing these
through the superposition (convolution) integral. Second,
the superposition integral is approximated by an
asymptotic expansion (valid for sufficiently slow
motions). The terms of the expansion have a one-to-one
correlation with terms of the Taylor series expansion of
the aerodynamic forces with respect to the motion
variables (stability derivatives). Thus, when this
representation is put into the equations of motion, the
effect is to change the characteristic equation for the
system from a transcendental equation to a polynomial.
Increasing the number of terms retained in the expansion
increases the polynomial degree and thus the number of
roots. Therefore, extraneous roots (not belonging to the
transcendental equation) can be introduced. Some of
these will be in the right-half plane and the solution will
"blow-up”.

PAPER 15: C H HOUPIS

Question:

How do you choose W, the squaring down matrix?
Answer:

By an understanding of the physical nature of the plant
to be controlled. Currently positive and/or negative or
zero values are used for the elements of W -- a "trial and
error” approach. Research needs to be done on
developing an "optimum" technique for choosing these
elements.

Question:

How do you generate the bonds on Yii/3ii for MIMO
systems?

Answer:

As seen from Eq (11) the output is composed of two
components: a "tracking” and a "disturbance" output.

Tracking and disturbance bands are obtained for each
component, based on the specifications (see References 8
& 10).

Question:

How complex are the compensations G and F? Do they
cancel the non-minimum phase poles in P?

Answer:

The order of the compensations are very reasonable when
the nominal plant is the starting point for synthesizing
the loop transmission function. Right-half-plane poles are
not cancelled.

PAPER 16: T SADEGHI

Question:

Have you done any work regarding real-time
implementations of the Bierman estimator, since there is
a large computational overhead?

Answer:
No. We are in the process of putting together a real-time

simulator with flight control laws in external and
dedicated R3000 CPUs with quadruple redundancy.

Question:

When does ¥ drop below 0.5, does this influence the
rank of B?

Answer:

Y drops below 0.5 when both surfaces of a pair have
been failed or damaged. When y = 0 (i.e., both surfaces
in a pair failed), then rank of B is droped by 1. Y =0 or
Y < 0.5 represents very rare failure scenarios and often
the multiple failure cases.

Question:
How efficient is the pseudo inverse computation?
Answer:

Using the Moore-Penrose algorithm outlined by
Karmarker has proven to be very reliable and fast.
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PAPER 17: R F STENGEL

Question:

How difficult is it to generate G*(x) for an aircraft
system? Does it have to match G(x) closely?

Answer:
The original system equation is
X = f(x) + G(X)u

In general, x has dimension (n X 1), u has dimension
(m X 1), and G(x) is non-square (n X m). Consequently,
G(x) is not strictly invertible, although various pseudo-
inverses can be defined. Given an m-dimensional output
vector,

y = Hx
it is possible to define an output derivative equation,
¥ == *x) = G*x)u

for which G*(x) is square (m X m) and invertible.
Equations for G*(x) are given for alternate definitions of
the output matrix H in Ref. 105 (where G*(X) is called
B*(x) and H is called C). These relationships are
straightforward; however, on-line evaluation is based on
a full, diferentiable, nonlinear model of aircraft
aerodynamics. Unless H is the identity matrix and m = n,
G(x) and G*(x) are quite different, both in dimension
and numerical definition; therefore, they do not match
each other in any obvious way.

Question:(about the film)

I have been surprised at the amount of numerical data
which appears on the HUD. This reminds me of a report
I read, some 5 years ago, on an F-18 accident. One
conclusion of the report was that the attention of the
pilot was called by numerical values (here the IAS,
because he experienced a minor problem on the
afterburner). The report justifies its recommendation by
the following fact: to read numerical values you need the
foveal vision which is controlled by the brain, and the
information goes to it; it needs 1/10 to 1/5 of a second;
the "analog-type" data are extracted by the peripheral
vision and do not "mobilize" the brain. I am prepared to
share this conclusion; however, the pilot has to know its
speed!

Answer:

Many tests of human control reveal that experienced
pilots perform well with a minimal amount of displayed
information and, where possible, that this information
should be displayed in analog fashion. The pilots find
additional data to be extraneous and distracting. Less

LIBRARY

experienced pilots can benefit from explicit display of
more information, but as their skills increase, they too
tend to favor sparse, analog displays. Furthermore, it can
be shown that there is a workload/opinion tradeoff
between display and control-system complexity for a
fixed task: given a more complex controller, the pilot
performs as well with simpler displays. It appears to be
desirable to reduce the pilot’s need to perform
compensatory tracking tasks, particularly those that can
be performed as well or better by automatic systems.
When that is not possible, information display should be
tailored to the likely skill levels of the human operator.

PAPER 18: L A WALCHLI

Question:

You mentioned an instability of 35% for the X-28. High
instability has aerodynamic advantages, but requires high
control power and high rate activators. Others suggest
15-20% instability is closer to optimum. Can you
comment?

Answer:

The X-29 is a technology demonstrator and was
specifically designed to explore the limits of relaxed
static stability. The aircraft was configured to safely fly
-35% margin. It produced significant performance
benefits - reduced drag, high lift, and excellent
manoeuvrability. However, the integration of RSS with
the specific X-29 technology suite produced these results.
An RSS of -15 to -20% on some other configuration may
be optimal for that specific configuration.

Question:

You showed jets or blowing for control at High AoA.
How does it compare with thrust vectoring?

Answer:

The Vortex Flow Control (VFC) concept is being flown
on the high AoA X-29 testbed as a proof-of-concept
experiment. To date it is performing well and is
supplying the data necessary to incorporate this new
control effector into the flight control system. Multi-axis
thrust vectoring is more mature and may be superior.
VFC uses a lightweight system, a small amount of
engine bleed air through an accumulator, is not totally
dependent on engine operation (emergency consideration)
and should be simpler to incorporate into the flight
control system.

COMMENT ON PAPER 17:

My comment is that with all the new technology, why do
we still crash aircraft? There was the SAAB Viggen and
recently the YF-22 in the USA. There is a large data

* base of what pilots like and what they do not like. I see
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experiment. To date it is performing well and is
supplying the data necessary to incorporate this new
control effector into the flight control system. Multi-axis
thrust vectoring is more mature and may be superior.
VEC uses a lightweight system, a small amount of
engine bleed air through an accumulator, is not totally
dependent on engine operation (emergency consideration)
and should be simpler to incorporate into the flight
control system. ‘
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