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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: 

1st 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. 

... 
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Thkme 

Les problkmes de stabiliti dans l’optique du guidage et du pilotage peuvent &tre iLlustris par les exemples suivants: 

- Vihicules airiens soumis aux instabilitis atmosphiriques (particulierement les cisaillements de vents) incluant le contrBle du 
vol dans un “downburst” ainsi que la detection de ceux-ci, soit du sol, soit bord de l‘avion, et le guidage de l‘avion pour ki ter  
ces phinomknes. 

- ContrBle des chasseurs a des trks grandes incidences qui peuvent devenir instables a cause de “bifurcations” demkre 
lesquelles le comportement des vehicules devient imprivisible, bien qu’appartenant au domaine “determint”. 

- Contrble de la transition laminaire-turbulent pour les avions a hautes performances (subsoniques ou supersoniques), 
incluant l’amtlioration de la stabiliti grlce au contrBle de la transition et l’impact d‘un icoulement totalement laminaire sur le 
comportement de l’avion. 

Le concept de stabiliti doit &re tgalement considiri d’un point de vue thiorique, par exemple, en examinant les constquences 
des incertitudes sur les conditions initiales sur le comportement du systeme. Ce problkme est lie, d‘ailleurs, au concept plus 
giniral de la “robustesse” d’un modkle. 

Le programme de l’atelier a 6t6 le suivant: 

Itre Session. ‘Aspects fondamentaux de la stabiliti et exemples” 
Le dilemme stabilitUmanoeuvrabilit6 et ses consiquences sur la stabiliti des aironefs civils et militaires; la stabiliti et la 
pilotabiliti des systkmes non-lintaires; diffirents types de stabiliti d’un “point” d‘iquilibre (Ctat). 

22me Session. “Aspects thionques fondamentaux et chaos” 
Micanique newtonienne et thermodynamique; transition stabilitUchaos; contrble de la couche limite sur une aile ou un 
fuselage, stabilisation d’un avion instable (dicouplage des commandes dans un avion, un hklicoptkre ou un convertible). 

32me Session. ‘Applications aux techniques airospatiales” 
a) Les paramktres extemes: l‘atmosphkre, la turbulence, les cisaillements de vents et les “downbursts”; leurs dttecteurs et leur 

modilisation (mithode de detection - sol ou airoportie - et traitement de l’information collectie); lois de contrBle en vol 
en atmosphkres trks turbulentes; critkres. 

b) ContrBle de l’icoulement autour des ailes et du fuselage; C, et Cx lorsqu’on prend en compte la couche limite; stabiliti d’un 
avion en vrille; prkdiction de l’instabilitt et constquences pour le guidage du vihicule. 
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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 lms 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 Face 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. 

Poincark 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 (Poincark) 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, noimally of a small amplitude. around 
the stability point (in the phase plane or space). 

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 Poincark'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 theimodynamics, 
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 Bemard'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 2, 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 4 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'OUVEKTUKE 

Marcel Benichou 
President de 1'Office National 

&Etudes e t  de Recherches Aerospatiales 
BP 72 - 92322 Chltillon Cedex 

France 

Mesdames, Messieurs, 

Des la fin du 198me siecle, l e  probleme de la 
s t a b i l i t e  d e s  a e r o p l a n e s  a e t6  a u  c e n t r e  d e s  
preoccupations des concepteurs de machines e t  des 
scientifiques qui se penchaient sur  leurs projets. 

Cet intkr&t ne s'est pas dementi au  cows du siecle 
Bcoulb depuis, passant de la recherche de la stabilite 
"naturelle" des aeronefs, h la recherche dq  contrble de 
machines instables, en d'autres termes h la recherche de 
la stabilitk artificielle ; passant de la nCcessit.4 de reunir 
les conditions d'un pilotage praticable, puis shr, & des 
ambitions plus diverses. 

En fonction des missions des aeronefs, des criteres 
empiriques de stabilitk ont dii &tre definis, differents 
pour les avions de transport e t  pour les aeronefs de 
combat, du fait d'exigences contradictoires en termes de 
maniabilitk e t  de stabilitk. On se contentera de citer la 
recherche relativement recente du meilleur compromis 
maniabilite-stabilite aux  tres hautes  incidences - 
depassant 50" - pour accroitre les possibilitks du combat 
aerien. 

D'autre part, les vehicules reels etant flexibles e t  
non rigides, la maitrise de l'aeroelasticite es t  vite 
devenue un defi majeur, avec des aspects statiques, e t  
dynamiques tels que le flottement, defi d'autant plus 
grand que le domaine de vol s'elargissait sans cesse. 

Enfin, les phenomenes de buzz d'entree d'air ont 
mettre en limitk les excursions h Mach eleve ou oblige 

place des dispositifs permettant de les Cviter. 

On voit qu'h beaucoup d'egards, e t  bien plus que 
d'autres secteurs d'activitk, l'aeronautique a dii e t  doit 
prendre en compte la notion d'instabilitk. 

J'ai dit "l'aeronautique", je devrais dire bien shr 
"l'aeronautique et l'espace" puisque les instabilites de 
combustion des propergols dans les propulseurs des 
lanceurs spatiaux ont cause bien des soucis, e t  puisque 
dans la conquete de l'espace, en raison des delais de 
transmission qui peuvent atteindre plusieurs minutes, 
les systkmes spatiaux doivent etre dotes d'une large 
autonomie e t  donc avoir recours A des architectures de 
contrale boucle fermee dont l a  stabilite doit &tre 
assuree. 

Pour surmonter les difficult&, e t  parallelement h 
la recherche de palliatifs empiriques, les tentatives de 
modelisation des phenomenes, pour mieux les maitriser, 
se sont developpees, en prenant appui sur la theorie e t  
les simulations, ce qui est une demarche classique. Mais 
a u  fur  e t  h mesure que  les  diff icul tes  e t a i e n t  
surmontees, l'accroissement recherche du domaine de 
vol, en vitesse, altitude e t  incidence, necessitait de 
nouveaux efforts. 

Les  p rouesses  d u  c a l c u l  n u m e r i q u e ,  l a  
m i n i a t u r i s a t i o n  des  o r g a n e s  de  pu i s sance  e t  
l'augmentation de leur bande passante sont venues h 
point nomme pour permettre effectivement de contrBler 
l'instabilitk dans ces domaines elargis. 

Un vaste champ d'analyse reste neanmoins h 
defricher en grande partie ; celui du comportement 
humain e t  de l'interface homme-machine. La ttlche de 
pilotage la plus frequente est une tgche de poursuite de 
cible : au  sens propre lorsqu'il s'agit de combat aerien, 
au  sens figure 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 l imitat ions 
na ture l les  de  l'homme e t  l a  va r i ab i l i t e  de  s e s  
caracteristiques (fatigue, sommeil, distraction, etc.) font 
qu'on n'a pas fini de parlerde pompage pilote. 

De grands progrcs ont donc et6 accomplis selon un 
processus faisant de plus en plus appel h la recherche 
appliquee. 

Neanmoins, e t  en parallele, on a assiste e t  on 
continue h assister h un effort soutenu dans le domaine 
de la recherche fondamentale e t  en particulier dans la 
recherche  des  reg les  du  "chaos dbterminis te" ,  
auxquelles peuvent obeir les systemes non lineaires, 
avec en particulier l'ambition de mieux comprendre au  
niveau le plus fin les phenomenes de turbulence et les 
ecoulements instationnaires, sans  se limiter A les 
modeliser a u  niveau macroscopique, ou h repousser 
l'apparition de la turbulence de couche limite par  
recours h des moyens empiriques. 

Votre ordre du jour reflete les deux tendances: 
recherche fondamentale e t  recherche appliquee, de 
facon assez equilibree d'ailleurs ; le chaos tient une 
place tres importante dans les deux premieres sessions. 
La troisieme session, consacrbe aux applications, se 
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preoccupe essentiellement des problemes de contrble du 
vol e t  de turbulence avec un fort accent sur  le vol A tres 
haute incidence, domaine oh les ex-sovietiques peuvent 
apporter demain le fruit de leur experience, e t  qui 
repond A un besoin explicite des utilisateurs militaires. 

*** 
Cependant, deux questions surgissent, A l'examen 

de cet ordre du jour. 

La premiere  concerne le  passage  a u  s t ade  
appl icat i f  d a n s  l ' ae ronaut ique  e t  l 'espace, d e s  
recherches concernant les phenomenes chaotiques : 
cette CchCance est-elle proche ou lointaine ? 

Si l'on considere par  exemple la t rans i t ion  
laminaire-turbulent, l'amelioration des connaissances, 
par la voie experimentale, ne s'est pas accompagnee 
d'une amelioration des methodes pratiques de prevision, 
qu'il s'agisse des transitions par by-pass, ou pour les 
transitions naturelles, de methodes innovatrices par 
rapport A celles bashes sur la loi dite "en en". 

Pour ce probleme et, plus genkralement, pour une 
me i l l eu re  comprehens ion  d e s  phenomenes  d e  
turbulence, faudra-t-il attendre les progres futurs de 
l'informatique pour en donner une representation de 
plus en plus fine afin d'apprehender des tourbillons de 
plus en plus fins ? Ou une autre  approche est-elle 
envisageable des aujourd'hui ? 

*** 
La seconde interrogation se situe su r  un autre  

plan. Elle est li6e A ce que j'appellerai l'intrusion de 
l'informatique dans le traitement en temps reel, sur  les 
aeronefs ,  des  problemes  d e  s t a b i l i t e  e t ,  p l u s  
generalement, de commandes de vol. 

Le progrhs apparemment  s a n s  l imi te  d e  l a  
puissance des calculateurs conduit A faire prendre en 

charge par les dispositifs automatiques, amortisseurs ou 
amplificateurs, un nombre croissant de variables (non 
seulement position des gouvernes classiques, mais  
nombre de gouvernes, regime moteur, configurations, 
etc.) dans des domaines de vol de plus en plus grands, 
pour  o p t i m i s e r  l a  m a n o e u v r a b i l i t e  ou  l e s  
consommations. 

Les risques augmentent alors : risque d'erreurs 
dans l'analyse des cas susceptibles d'&tre rencontres et 
des phenomenes susceptibles d'intervenir ; risque 
d'erreurs dans la realisation des logiciels ; A ces risques 
d'erreurs ou d'omissions s'ajoute le risque &introduction 
de fausses solutions : la simulation numerique de  
phenomenes physiques regis par des equations aux 
derivees partielles comportant des termes non lineaires, 
peut  en t ra iner ,  d u  fa i t  de l a  discret isat ion,  des  
comportement parasites, c'est-A-dire d'origine purement 
numerique. Certains centres de recherches tentent de 
progresser dans ce domaine. De faqon plus banale il y a 
le risque de converger vers une solution qui n'est pas la 
bonne du fait de la non-unicitk de solution meme si les 
calculs sont parfaits. Ces risques ne sont pas seulement 
theoriques : des accidents e t  incidents recents, qui sont 
de nature A faire mettre en cause les logiciels, ont 
sensibilise les bureaux d'etude des constructeurs. 

Un grand hebdomadaire de la presse specialisee, 
ampl i f i an t  le  mouvement  d ' inquik tude ,  t i t r a i t  
recemment, sans ambages : "La complexitk des logiciels 
embarques menace la securitk des avions". 

On peut surtout se demander s'il suf'fira de faire 
des progres dans  l a  val idat ion des  programmes 
informatiques des calculateurs de bord, suivant  les 
procedes actuellement CprouvCs, ou si des reflexions 
plus profondes ne s'imposent pas. 

J e  vous remercie de votre attention. 
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CHAOTIC TIME SERIES ANALYSIS 
Jaruslnv Stark 

Long Range Research Laboratory. 
Hmt Research Centre, 
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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 freqwntly 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 vsriety 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 hactal 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 thwreti- 
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 pedictions of chaotic time Jeries 
can be used to extract small signals from a complex determin- 
istic background. Expniments 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 lC-5:l. 

1. INTRODUCTION 
Until recently, the subject of time series analysis has been 
largely dominated by linear mathematics and the behaviour of 
time saies has been modelled by linear equations. Unfortunate- 
ly, many natural phenomena are govemed by fundamentally 
non-linear laws and hence such linear modeh are often unable 
to dewribe 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 

series has been that. in common with many other branches of 
mathematics. the passage f" 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 evm +pie deterministic 
non-linear dynamical systems can give rise to complex be- 
haviour. Such behaviour is ofien statistically indistinguishable 
from that produced by a completely random ocess and as a 
consequence has come to be referred to as cgotic. A simple 
example is given in Figure I .  which shows a time series (x.) 
obtained from the so called Henon map 

Deterministic chaos of this kind occurs naturally in many 
different non-linear mechanical. eleckical. and electronic sys- 
tems. Its existence forces us to drastically rethink our notions of 
stability and predictability. As regards the former, within the 
traditional h e a r  context stability implies bounded behaviour 
and vice versa. In particular. if we do not wish our system to 
diverge to infiity (which id likely to have unpleasant conse- 
uences). we are forced to design a linear system to be stable. 

!y mtrast .  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 thii hiefly in 87 below. 
Turning now to the issue of predictioG 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 .S. for example. an autoregressive moving we$- 
age (ARMA) model: 

.,." ~ 

0 800 1000 

Figure 1. Sample chaotic time series (xn) derived from the Hhon map in equation 1. 

m .  L c 
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Here p, is a s mce of unwrrelated random variables and the 

sumes that the complexity seen in Fig. 1 is due to the random- 
ness mesented bv the E" and hence leads to rather m o r  esti- 

ai and bi are 2 e parameters of the model. Such a model as- 

mates i f  the futurLhehav& of XI. Bv contrast as weshall 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 fmecasls of chaotic 
times series. even whenihe under1 ing dynamical equations 
(such as Eq. 1) are not known. SUCK prdction dgorithms in 
tum can be used as the basis of novel techniques for si al p- 
cessing including filtering. noise reduction ond signfxpara- 
tim 

2. CHAOS AND INSTABILlTY 
Before we &&be some of these al~orithms. we wish to exam- 
ine what exactlv we m m  when w c c d  a svstem chaotic and 
what this implk  a b u t  its stability. At first hght it might seem 
strange that a simple deterministic system, such as that given by 

Eq. 1. should lead to such a-tly complex behaviour as that 
shown in Fig. 1. The principal mechanism behind this phe- 
nomenon is the extlune Mlsitivity of such system to their ini- 
tial conditions. To illusmte this we slightly perturbed the initial 
conditions (myo) used to gmerate Fig. 1 to give (x'ay'o) w h q  
x'o = xg + 10-8 and y'o = yo + 10-8. Figure 2 shows the resulnng 
time d e s .  Although the gms features of Fig. 1 md Fig. 2 are 
very similar, careful inspection will show that x. and x ' ~  rapidly 

t idy  M correlation left between x. and x'". 
It flll118 Out that fM SuffiiCiCnty smal l  perturbations the distance 
between (xn.yn) and (X'~J'~) always grows exponentially with 
n. This effect is known as exponential divergence of traject& 
rus  and is characteristic of chaotic system. Indeed it can be 
used to defiie chaos. In system which exhibit such sensitive 
dependence on initial Fonditions my small perturbation to the 
state of the s stem is ra 'dly amplifd and leads to a complete- 
ly different h u e  evo&ion of the system. Such systems are 
thus highly unstable. 
This phenomenon also places strong limits on the lon8 term 
predictability of such systems. This is because in pracnce we 

-1.5 4 . . . 
0 m 400 8W BOO 1wo 

Figure 2. Time series derived from Eq. 1 and modified initial conditions (x'oJ'o). 

' 1  

-n -6 0 1' m 400 6w BOO 1000 

Figure 3. Behaviour of log I Xn - X'n I where Xn and X'n are as in Figures 1 and 2 respectively. 
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Figure 4. Plot of y n  against Xn for the HBnon 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 (x0,yo). Further- 
more the points (xn.yn) are severely constrained in where they 
may lie in the plane. A plot of Xn against yn 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 (x0,yo) to 
(x'0,y'o) 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 (xn.yn) and (x',,.y'"). To conclude, we thus see that 
chaotic systems exhibit an mtriguing mixture of both stable and 
unstable behaviour. 

3. EMBEDDING CHAOTIC TIME SERIES 
For the HBnon map of Eq. 1 the time evolution of Xn depends 
on both x and y. Thus to generate Fig. 1, we had to compute 
both Xn and yn for n = 1 ... 1OOO. 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 ut€ IRm whose time evolution will 
be given by a law such as ut = F(uo), where uo 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 HBnon map may be obtained by the iteration of 
some single map f from IRm to IRm. In the latter case, time will 
advance in discrete steps n = 0,1,2, ... and we have Un+1 = f(Un). 
Thus f" is just f composed with itself n times, so that P+l = foP 
with fl = f. For the HBnon map, f is given by f(u1,uz) = ((1- 
1.4(ul)ztu2), 0.3111). 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 7 and re- 
stricting time to t = 0,7,22, ... . 
In most practical situations we will have no direct knowledge of 
the state Un. or of the map f. Instead, we are confined to making 
measurements of one or more observables of the system such as 

velocity or temperature. Mathematically, such observables will 
just be given by a function q(u) of the state U. We shall only 
treat the case of a single observable, so that cp 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 dun) that we make as the system evolves in time 
will then gives us a time series xn = dun). Thus, in the example 
above the time series of Fig. 1 is obtained from the Hhon map 
using the rather simple observable q(ul.u2) = u1. 
Given that we can neither observe Un nor have any direct 
knowledge off. 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 xn, being one dimensional, can- 
not contain much information about the higher dimensional 
variable Un. Remarkably. this intuition turns out to be false due 
to a powerful result known as the Takenr Err@e&iing Theorem. 
This shows that for most systems f and most measurement 
functions cp, 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 
dimemion) and consider the map @ from IRm to lRd given by 

@(U) = ((cp(u). cp(f(u)). . . . I  cp(fd-'(u))) (3) 

Then the Takens theorem [ 1,2] states that generically if d 2 2m 
+ 1, then 0 is an embedding. This means that is it is invertible 
on its image and both @ and a1 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 [ x,). To see this, define the map F on IRd by 

F = @ofo@-1 (4) 

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(Xn-d. Xn-d+l, . . . &-I) = F(@(un)) 
= @.f.@-1.@(un) 

= @(un+l) 
= (Xn-d+l, Xn-d+2. . . .Jn) (5)  

= @f(Un) 

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 ( x,) and is thus in prin- 
ciple completely observable. In other words, despite the fact 
that Xn is one dimensional whilst Un is m-dimensional. all of the 
important information about the behaviour of Un  is actually 
contained in xn. 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 

G(Xn-d. Xn-d+l, ... , Xn-1) = Xn (7) 

G thus predicts xn 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 E,, and 
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replaced the linear combination adxn-d + ad-ixn-dtl + ... + a1xn.i 
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 HBnon map, we 
can in fact write down G for the time series in Fig. 1 in closed 
form. Thus, from Eq. lb, we have that Yn = O.3Xn-1 and substi- 
tuting this into Eq. l a  we get 

Xn+l = 1 - 1.4(~$ + O.3Xn-1 (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 = (Xn-d. Xn-d+l. .... Xn-1). 
so that F ( v n )  = V n t l .  This process is called embedding {xn} and 
is similar to the classical time series method of delays. As men- 
tioned above, the co-ordinate independent properties of ( V n )  
are the same as those of the original (unknown) state space orbit 
Un. As described in $2, the chaotic behaviour of such an orbit 
can be characterized by the exponential divergence of nearby 
trajectories. Thus if U'n is a small perturbation of Un we expect 
to see that 

(9) 

for some constant 1. In fact, there will be m different values of 
1. 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 off  and at least in principle an estimate of the exponents 
of F can be made from a sufficiently large sample of (Vn). 
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. 
41. This attempts to measure the dimension of the set in IRm on 
which the points (un) lie. In some sense it is thus a measure of 
the complexity or number of variables required to describe this 
set. If all the Un are identical (so that all the Xn are constant) 
then Dc will be zero. If they lie on some curve then Dc will 
equal 1 and if they fill a plane it will equal 2. At the other ex- 
treme, if the Un completely fill I R m  then we will have Dc = m. 
Intriguingly, Dc need not be an integer (it is about 1.21 ... for 
the HBnon map) and is thus an example of afracfal 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 (Vi,Vj) of such points. 
Calculate the Euclidean distance rij = I vi - V j  1 between each 
pair. Note that this can be defined in terms of the original time 
series (x,) by 

f d-1 \t 

Now, for a given E, let N(E) be number of pairs such that ri' E. 
Then C(E) = N(E)/N~ is the proportion of pairs of points witkn a 

distance of E of each other. A simple calculation shows that if 
all the points Vn lie randomly on some curve we have roughly 
C(E) - E for large N and small E. Similarly if the Vn lie on a sur- 
face we get C(E) - ~ 2 .  This suggests that C(E) behaves exponen- 
tially for small E with the exponent giving the dimension of the 
set on which the Vn lie. This motivates the definition of the cor- 
relation dimension 

E+O log& 
The quantity C(E) 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 Dc 
we then plot log C(E) against log E and estimate the resulting 

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 (v,) will completely fill IRd and we will get Dc(d) z d (we 
must of course always have 0 5 Dc(d) S 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 HBnon map we get Dc(1) E 1 and Dc(2) z 
Dc(3) e Dc(4) s 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 (Xn) 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 Dc = -. 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 I 10 (and hence Dc I 10). From the point of view of 
this paper, therefore, any time series with Dc 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 tum will enable us to predict the future 
behaviour of (Xn), 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. [5-91). We shall describe one 
particular method, based upon radial basis function interpola- 
tion (e.g. [lo]) which seems to work particularly well [8]. 
We are thus seeking to calculate an estimate 6 of G, based 
upon a finite sample (XI. .... XN) of the time series. The basic 
idea behind the radial basis function approach is to choose a 
finite number of points ~ ( 1 ) .  .... y!Mk-IRd called radial basis 
centres and look for an approximahon G of the form of 

slope. 

M 

i=l 

where p is the so called basis function, *I is some norm on IRd 
(typically the Euclidean-norm) and the !..i are parameters which 
determine the function G.  
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fnst 70 ints These are due to the fact that @e ki are chosen m 
make t?a& with G exactly for these pomts. The obscrved 
emn is thus simply due to the numaical e" Q i s i  from the 
num 'cal inversion of Y .  The average of the prediction enor 
A" =Tx. - ~(x,zx,t) I (ignoring these initial points) is about 
1.2xlW. This sppears to be largely due to a small number of 
very poor predictions so that the average of log A,, is in fact 
-7.1. 
Of wurse, the prediction ~ H M  shown in Fig. 5 is the result of 
only predicting forward one time step. Thus for each n, we try 
to predict xn fmm xhz and h.1. As wephaU below. this is pre- 
cisely what we need as the basis for nom reduction and signal 
extraction schemes. In o h  cases, however. we might wish m 
forecast (x.) further forward in time. As we have already re- 
marked in $2, t h m  are fundamental limiitr on how far forward 
OM can do this, due to the expnrential aepnation of trajectories 
in a chaotic system. This is ' ustnted Figure 6. where we 
plot the prediction mor R - -"I xn - R i for multi-step edic 
tions, always predicting tiom the same point (x7px7 ) &e ii 
is defmed by iterating E forward from this pomL hus in = 
E(in.z,in.t) with initial cotditions ( im,i71) = (x7px71). Other 
details are as for Fig. 5. We see that the error rapidly rim so 
that it is impossible to make any kind of prediction beyond 

I' 

In Powell's original appmnch the ye) are chosen from amongst 
the data points V". so that ye) = Vm(i) (where Vn = (Xad Xad+l. ... , xn-t) as before). Then the valw 0 takes at the ints yo) is 
known. and it is reasonable to require that €Cy(?$= G(y(i)). 
Substituting this into Eq. 12 we get the m 6 x  equpticm 

g = Y5 (13) 

where g = (gl, ... , gm) with gi= OCyCi)) = C(v.(i)) = xn(i), 5 = 
(51. .... 5~andYistheMXMmahixwithmtries 

(14) 

Note thnt using Eq. 10. this is just p(rn 3 )  Thus both g and 
Y can Rd i ly  canplted in tams of [d. i t e m m k ~ ~ y .  for a 
wide, choice of basis functions p. the mptrix Y is invettible if 
the y(i) are disjoinL This immediately leads to the solution k = 
Y-k. - 
Figure 5 gives an example of the application of this algorithm 
to the H h n  lime s u i c s  from Fig. 1. The basis function used 
h m  was p(r) = 4(P + 10). but similar results are obtaincd with 
a wide choice of other functions. We took M = 70. with n(i) = i 
fori = I .  ... . M. Note the sztificially gwd predictions for the 

-2 
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-12 
0 200 400 n 600 800 1000 

Figure 5. Logarithmic prediction error log An for H h o n  time series using simple radial basis function scheme. 

I 
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Figure 6. Multi-step logarithmic prediction error log Q, for Hhon time series. 
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about 30 time s t e p  ahead. Notice the obvious similarity to Fig. 
3. 
The disadvantage of the above approoach is that the number of 
cmIxes M is alwa 8 equal to the number of dun points and the 
computation of d'requires the inversion of an M ~ M  matrix. 
"his severely limitn the number of data points that we can use 
in the estimation of 0. Althou m the case of the Hhon time 
series it was suffcient to use fi 1 70. for which the inversion 
can be done reasonably raEy!  for,more, eom~lqx,systems 
@articularly with larger em ing dunensions ) 11 IS neces- 
sary to use much larger samples of dam to obtain a sufficiently 
accurate estimate of 0. Larger data sets an ala0 required when 
(x.) is contaminated by noise or o h  ermr and we wish to av- 
erage this out 
This can be achieved through a generalization due to 
Broomhead and Lowe [Il l .  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, withN 2 M and seek to minimize the 
difference between 6 and G OVR these pints. A natural choice 
is to minimize the least squares enor 

-2 - 

-4 . 

Thi is equivalent to finding a A such that the vector g - '4'1 has 
minimum Euclidean norm. where 'P is now given by 

and gj = 6(vj). This is a standard linear least squares problem 
(121 and a vanety of practical algorithms exist for computing A. 
Broomhead and Lowe Ill] chose to use the singulo value &- 
composition (SVD) of 'I' (e.g. see 1131) to obtain A. Recall that 
the SVD of a matrix is a decomposition of the form 'P = UEYr 
where U is an NxM matrix whose columns are orthonormal. V 
is an MxM orthogonal matrix and E is an MxM diagonal 
matrix. Then the required A is given by A = VrWg where Z+ = 
diag(al'. ... , aM+). with a,+ = a,' ifai# 0 and of = 0 if ai = 0 
where al. ... , aM are the diagonal elements of E. The matrix 
VE+W is the so called Moore-Penrose pseudoinverse of 'P (e.g. 
see 1141). 
Figure 7 shows the results of this a ach. usin the s m c  dara 
as for Fig. 5.  We again have M = r w i t h  N = !00 (so that the 
d.ts points v, were the furl 500 pairs of the time series). As one 
might expect we get much more uniform mors than in Figure 
4. Thus the mean ermr has dropped to 3.Ox107 whilst the mean 
log mor has slightly risen to -6.7. Note that the error for the 

fust 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 o b t a i d  
The above approach works extremely well in many situations. 
Its one disadvantage is that it is v much a "batch" algorithm. 
It thus calculates an estimate 6 Z G  once and for all using a 
predetermined block of observations. say XI. .... XN. There is 
then no way of updating C from funher observations XN+~.  
X N + ~ .  ... 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 numbex of data points xt. ..., xN that can be 

used in the estimation process. This is because for a iven 
value of N. we have to form and manipulate the Nxdma-  
trix 'I' and hence the above algorithm h a  a memory r e  

above. or even larger, this rapidly becomes a serious re- 
striction on the size of N. 

h) no useful predictions can be made until all the observations 
XI. ..., XN have bem made and processed. In many applica- 
tions it would be preferable to start making predictions (al- 
beit rather b d  ones) right h m  the start md have then qual- 
ity impmve as more and more data is assimilated. 

c) in many situations the function G maynot be stationary but 
will vary slowly with time, M 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 0 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 icularly for real time signal p~occss- 
ing applications to deverprediction algorithms which contin- 
uously update the estimate 6 using new observations xN+~, 
X N + ~ .  ... as they are made. It turns out that this can be done us- 
ing the hamework of recursive least squares estimation [IS]. 
Recursive least squares techniques are of course well h m  in 
linear signal processing and form the basis of most adaptive 
filter architectures [16]. Unfortunately the standard least 
squares al orithms used in such linear schemes are MI suffi- 
ciently sta%le 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 
(RMOS) algorithm of Ling et. al. [17]. This yields results 
comparable to those obtained from the SVD approach outlined 
above [IE]. 

quirement of at least MN. When M is of the or& of I02 as 

-'O i I 

-12 .I 
0 2w 400 WO BOO too0 

Figure 7. Logarithmic predaion error log An using SVD solution to least squares problem. 
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x'".i) and obtain the trivial decomposition z. = xb + (% - x'd. 
It is thus necessary to impose some additional const~amts on 
(s.).Themoam"onistominimizethesizeof (&I) withre- 
spcct to some appropriPtc norm [20]. In many cased, just rcquir- 
ing 1 &I) to be "mall" for all n is sufticient to establish unique- 
ness. To see this, note that if (x,, chaotic, then for most 
choices ofx'i. ... , xed. tha distance 
(if it is not large already). Hence if (sJ is mall. s'. = z. - xb = 
xn - x'" + s. will be large for at least some values of n. 
From now on we shall thexefm restrict ourselves to the SiNa- 
tionwhere 1s") ismdlinwmparisonto (&).The blemof 
separating la,) into its wmponents t h e n n d l y  faKOinto two 
w: 
a) Performing the decomposition when the function 0 is 

h0m. 
b) Estimating the function G from the combined time series 

(z.1 (rhexthmf" 1%)). 
We already have all the tools required to solve the sccond 
problem. The basic idea is to apply the techniques of the last 
section to a large sample of I&,), in which case, with some 
luck, most of the effects of 1%) will average out and a reason- 
able estimate of G can be made. We can then proceed item- 

- x',, I will grow rapidly 

6. SIGNAL SEPARATION 
So far we have considered the time series [xn) in isolation. In 
many .pplications. however, we are unlikely to be given such a 
pure chaotic signal. Instead. we will be asked to manipulate a 
mixture z. = xn + &I of a chaotic time series (x.) and some 
other signal (&I). The latter ma represent noise, in which case 
we want to m o v e  it from (z,,y, or it m y  be a signal that we 
wish to detect, in which case we want to extract it from (z.) 
and discard (xn). An example of the latter might be a fnint 
yeech signal 1%) masked by deterministic "noise" (k) wm- 
mg from some kind of vibrating machinery. such as an air 
wnditioner [19]. In both cases. the mathematical problem that 
we face amounts to separating (&I  into its two components 
(x.) and (&~).Severalsehrmeshavebeendevelopedinthalast 
few yeam 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 Ihc Long Range 
Research Laboratory which is particular1 appropriate when 
1%) is a relatively slowly varying signal [AI. 
Fim obseme that the dcmmposition of (4) into (4) and (&I) 
is not unique. In facscg we can chmse X'I. ... , x'd arbitrprily. de- 
tine the sequslcc (x'J recursively by x'. = G(xh.d, X'~.~+I ,  ... , 

-0.5 4 
0 2w 400 n Bw 630 1000 

Figure 8. Sample signal an used for signal separation experiments. 
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- i  1. 

Figure 9. Predciion discrepancy 6" for signal from Fig. 8. 
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tively. using this estimate of G to obtain an estimate (a.) of 
[s.). Then X. = z, - I. should be much more detsministic than 
I&) and hence we should be able to obtain a better estimate of 
0 from it. This procedure can then be repeated as often as nec- 
Mary. 
Let us thus tun our attention to the fnst pmb1e.m. namely that 
of performing the decomposition when 0 is known. The basic 
approach is to look for discrepancies between the observed 
value of 4r and lhat which is predicted by the deministic dy- 
namics G(2a.d. 2ad+l. ... , Zal). If h - d  = Sn&1 = ... = h = 0 
then this discrepancy will be zero. A non-zao value of 5. = - 
O(2ad. z,.d+i. ... , zn.1) will therefore indicate the presence of 
some non-trivial signal. This is illusuawd by Figures 8 and 9. 
The signal from Fig. 8 was added to the H h n  time mieS from 
Fig. 1 and the resulting (5.1 is shown in Fig. 9. It is clear that 
the discrepancy (h 1 is able to detect the presence of the pulse 
(1.) and even to some extent exh'BCt its qullitntive features. but 
does not yield much in the way of quantitative information. 
To pIoceed furher we expand 5. assuming hat (s,,) is smal1: 

E = k-G(4rd,Zndtl. ....&- 1) 

= Xn+b-G(Xnd+Sn.d .... ,Xn-t+Sn.l) (17) 

Allowing n to vary. Eq. 18 gives a set of simultaneous lineaz 
equations for (h). These lie at the heart of most approaches to 
signal separation. Althoo& several different techiuques can be 
used to solve these equations. peat care has to be taken when 
the dynamics of (xn) is ehMhC. Since in that case this set of 
equations becomes veq  b d y  conditioned. One possibility is to 
use the SingulPr Value Decomposition (sea above), which is 
able to cope with very badly conditioned linear pmblerm. This 
is esmtially the technque used by Fnmu and Sidaowich 
[ZO]. They, in fact, solve Eq. 18 repeatedly, regarding it aa a 
Newton step in solving the hull non-hear problem given by Eq. 
17. They also im se additional equations designed to ensure 
that the final (,%,?has minimal norm. A simpler alternative. 
which works well in prpctice (231 is to simply solve Eq. 18 us- 
ing SVD. 
Here we describe an altemative approach aimed at h e  sinration 
where (h) is slowly varying. This for instance is the case for 
the signal in Fig. 8. except m a small neighbourhood of the 

0 . 5  4 
0 2W 400 n 600 800 1000 

Figure 10. Extraded signal Sn using Eq. 21. with same data as Fig. 9. 

0 . 5  

200 400 600 800 1000 

Figure 11. Effect of improved estimate using Sm(n) instead of an. 
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umsient (md as we shall see our sche e wor reasonably 
well even there). w e  thus assume that Em - h.3 is small in 
mp"~ to I h 1 It is then reasonable to set sn-d z snd+t r ... 
z m Eq. 18. which gives 

where 

'I% gives 

a. = - A  
1-J, 

as an estimate for h. Figure 10 shows the results of using Eq. 
21 with the same data as Fig. 9. We get exuemely good rkov- 

can be quite wildly wrong. These are largely due to J. " i n g  
c ~ y  of 1%) for h s t  all II. except fa Cccasiond dUeS Which 

2 

1.5 1 
1 

0.5 
b 
x o  
U; 

F 

0.5  

1 . 5  

1. indeed t h e m  in&. 21 is invrrrclypropntional to 
This cmbe "come  to alargeexmtby making the 

obaavltion that lmdar the aS"ptiMa that hd I hd+l9 ... 2 
S,,, 4 . 2 1  is an q u d y  Valid estimate for any Of bad. %d+1. ... , 
s,,. Thus. it is r d l e  to use any of 5". 5.+1. ... , sn*d as an 
estimate for .+,.The best timale will be giyen by that Em for 
which the eomsponding~ - Jm I IS yimy l,et m(n? be 
this valw, so that n 5 m(n) 5 n+d md 1 J,b) 2 1 - Jk for 
all n 5 K n+d. Figure 11 plots Em(") for the same data as Fig. 
IO. md we see that the occasional spurious values in Fig. 10 are 
removed without any advcrse effects on the remainder of the 
signal. 
This example shows that, at least in cenain cases. it is possible 
to recover 1%) examely accurately when 0 is known exactly. 
To demonstrate that this scheme is still useful when 0 has to be 
appmximued hnn the combined sigpal[&), we present the 
results of one last expaimcnt. This tune we take the random 
two-level signal of Figure 12 as 1%). This is sdded to Fig. 1 to 
ive I&) which i vsed to estimate 0 usin the SVD as above. he m e  parameters were used as for Fig.?. except that N was 

increased to 1ooO. 10 that the whole data sample was used in 
the comptation of C. I h e  above extraction algorithm was then 
applied using this 6. The d t s  are shown in Figure 13. We 

-2 1 
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Figure 12. Sample signal sn used for s!gnal 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. ratha thm G itself, leds to 
some loss of accuracy in recovering I%,), but nevertheless a 
useful signal can still be e x d .  
O h e  that in unditional signal processing tams, if we iden- 
tify I&) as the "mise" contaminating the signal [h). we are 
able to recoyer the signal at a signal to noise ntio of -8OdB. 
This is of murse farm excess of what could be done using con- 
ventional linear filtering. In this context it should be pointed out 
ulas in common with most such &as, the above algorithm's 
pafonnance inaensea as the amplitude of 1%) decreases. down 
to some lower limit set by numerical inaccuracy. This is in 
complete conuast to conventional signal processing techniques 
where signal extraction performance demiorates with decrus- 
ing signal ampl id .  

7. CONTROLING CHAOTIC SYSTEMS 
So far, we have wnsidered the presence or ateence of chaos in 
a given system as wmuhing beyond our mntrol. In many cases 
however, we would like to avoid chaotic behaviour, or at lust 
m o d i  it in such a way as to perform a useful function. One 
approuch would be to mnke large and possibly costly alterations 
to lhe system to mmpletely 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 
altemative. due to On et. al. [U]  is to attempt to control the 
system using only small time dependent permbations of an ac- 
ecssible system parameter. The key fact behind their idea is that 
a typical chmtic system such as h H h n  ma , will conrain 
an White number of unstable p i o d i c  orbits. &r"ly, 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. whae [GI 
come8 close to unstable fmed point near to x = 0.6, at h u t  
n =  150 and again atn= 640 and n= 690. 
The effects of the unstable periodic orbits can thus be seen in an 
observed time series {x.). Several groups have shown that an 
accurate estimate of their position and eigenvalues can be de- 
rived from the time series (e,& [25.26]). Such estimates mnke 
use of many of the techniques for analysing chaotic time series 
that we have described in the previous sections. As usual. 
Tnkens's t h e "  is used to reconstruct the original dynamical 
system, whilst a local estimate to the function G m o d  a peri- 
odic orbit can be used to calculate the orbit's eigenvalues. 
The basic iden behind controlling a chaotic system is to choose 
one of these periodic orbits and aUrmpt to stabilize it by smdl 
perhubations of a parameta. This is possible precisely because 
chaotic systems are so sensitive to smdl changes. Normally. 
such sensitivity simply leads to instability and complex bs- 
haviour of the kind seen in Fig. 1. However, if the permbations 
are carefully chosen, lhey can push the system into the desired 
periodic regime and then keep it there. Ott et. al. fmt demon- 
strated the feasibility of their algorithm using numerical sim- 
ulations (241, but since then it has been a lied successfully to 
the control of a variety of real systems 12B91. Once again. this 
algorithm relies on a local approximation of the function G 
around the periodic orbit. 
One of the eat ndvantages of this approach is that there is po- 
tentially a &e 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 smdl changes in the control param- 
eter. In principle. it should thus be possible to obtain many 
substantlally 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 M 
periodic orbit. For such systems. small parameter perturbations 
can only move the orbit by a small amoum, but cnnnot gener- 
dly 1 . 4  to dramatically different behaviour. One is thus essen- 
tially restricted to whatever behnviour is given by the stable 
orbit and it is difficult to mnke substantial improvements in per- 
formance without major changes to the s y s m  
A ihnher extension to this idea is described in 1301. Here, rather 
than aiming to operate the system in a given periodic steady 
state, one is wing to direct the swte of the system to a desired 

target state in as shon a h e  as possible using only smdl pa- 
tubaions of the mnml paramem. It nuns out h t  essentdly 
the same framework as above M be used to achieve this. and 
once again a chaotic system's extreme sensitivity to small pm- 
nvbations can beused to our advantage. 
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Exploring chaos: 
A toolkit and some ways to 

exploit it. 
* ** Manuel SAMUELIDES 

Ecole Nationale de 1'Akroiiautique et de YEspace, BP 4032, 31055 
Toulouse Cedex FRANCE 

Groupement &Intelligence Artificielle, Office National &Etudes et de 
Recherches Aerospatiales, Centre dEtudes et de Recherches de Toulouse. 

* 

** 

1. First characteristics of Chaos 

2 .  Attractors (Delay reconstruction, Poincare map) 

3 .  Weak chaos and Smale's horsehoe 

4 .  Strong chaos and Liapounov exponents 

5. Controlling chaos 
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Turbulent flows (Experimental datas) 
(From Brown & Roshko , Cal Tech) 

111 a (1 c (1 t i2  cy of d c t c r  111 i 11 is t i c ni o d cl isa t i o n /  
R c l c v a n c c  of stochastic one  modcl isat ion 



Unpredic ti b i l i  ty : 

Sensitivity to Initial Conditions 

Vanishing of correlation function with time 

C(u)? I x ( t )  x ( t + u )  d t  
T 

0 

1 

Lim 
C(u) = 0 

U + m  

Continuity of Power Fourier Spectrum 

How is 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 p oint in an open neighbourhhod 

Examples : 

Asymptotically stable equilibrium 

Stable limit cycle: Van Der Pole Equation 

Strange attractor: (Lorenz Equation) 



A 

2 4 6 8 10 12 14 

c 
Per i o d i c cor r e 1 at i o n function 

Discrete spectrum: Dirac comb 

(Multiple of the fundamental frequency) 
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Almost-periodic orbit: 
ergodic orbit on a n-dimensional torus 

I 

6 

5 

4 

+ :  
1 

2 4 6 8 10 12 14 

Almost-periodic correlation function 

Point dense spectrum: 

(Multiple of n fundamental frequencies: 

High multiple are generally weak) 
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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 in 

low dimensional manifolds 

Rossler Band: 

x = -y -z  

y '=x+ay 

z'= 2+z(  x-4)  

I 

Lorenz system: 

x ' = - 3 ( x - y )  

z'=xy-z 

y'=26,5 X-y-xz 

------A 
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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>,Y ( t - W , . . . , y ( t - n A t ) l  

d dimension of the attractor & n>2d 

U 
Embedding of the attractor into R" 



Poincare section and strange attractors 

Continuous Flow 3 Transformation of the 
sect ion 

Limi t -cyc le  * Fixed point 

Doubling of period a Periodic point 

ergodic orbit 3 Irrational translation 

on 2d torus on the circle 



Weak chaos: Spreading and folding 

(fractal dimension) 

Smale's horsehoe 
d C 

- 
A' B'C' D' 

a b 
Figure 12.6 The horseshoe mapping of Smalc, taking points in a square 

onto a U-shaped region overlapping the square 

Row 100 ... 

Figurc 12.8 An approrimarc picrure oi the invariant set 
of the horseshoe mapping 



Symbolic modelization of the Horsehoe: 

Chaotic dynamics of the shift 
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Topological structure of Cantor set 

T( ... O , l , O , O  ., 1,1,0 ...)=(... 1,0,1,0,0,1,1 ...) 

2 fixed points: (...O,O,O...) &( ... 1,1,1 ...) 
Hyperbolic fixed point: a=( ... O,O,O ...) 

Stable manifold: {x /Tn(x)+a} = (( ... 00 ..., OW...)} 

Unstable manifold: { x /T-"(x)+a) = { <  ..., $$SO ,..., 0,O ... ) }  

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

Infinite number of unstable periodic orbits 

A weak chaotic dynamical system 

contains a Smale's horseoe 
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Strong chaos: 

Exponential divergence of trajectories 

Liapounov exponents 

Ergodic theorem of Ossedelets 

Let Fx = DxT , 

Fx(")= Dx(T") = FT~-~(~) . . . . .F~  

Then limn+,[Fx (n>*F  X (n)]1/2n =A X 

exists and doesn't depend on x (a.e.) I 
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: 
0 Fx is known then do Fx = QxRx 
Let px(i) be the i-th eigenvalue of RX 

Fx is 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 
log 2 

exponents are not smooth functions 

A I 

C . 0  

FIG. 12. (a) Topological cnirop cppcr cur\c! and ciiarscleris- 
tic exponenl [lo\vcr cur@ as 2 Fgncrion of !I lor rtte family 
.f-.px(l-x). (G:spli by J. C:cl:hficld.l Yore the discon- 
t inuit .y or ihc lower curve. 



3-14 

spot of fixed points 
with varying p 

Controlling chaos 

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

7' 

Principle:  

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

Close from linearization of controlled 
dynamical systems 

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 

A 

new fixed point 
5 n  for adapted parameter 

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 
per turba t ions  

(from Braiman,Goldhirsch , Plrys.Rev.Letters [ 19911 ) 

Model: The parametric oscillator 

1 0 " + G 0 ' + s i n  8 = I + A  s i n  o t  + a s i n  Bot1 

2-periodic perturbation 

widely studied for p = O  

Model of shuiited Josephson junction 

0.0 4 1 

I I 
0 4 0  080 1.m 

-00 L ' 800 
/3 

FIG. I .  Lcading Liapunov cxponcnf  1 as a function o f  Ihc  
parnmcfcr fi  (SCC t c x i )  with G-0.7. A -0.4, 1-0.905, 
w - 2 ,~ /25 .  t 2. and a -0.01 2 s .  T h e  points rcprcs&f actual  rc-  
rulrs  and ihcy a r c  c o n n c c f c d  b y  l ines io guidc t h e  eye. 

I 

0.00 
0.60 0.70 0 00 0.90 

I 

FIG 3 .  1-v characicris i ics  corresponding 10 t h c  paramcfcrs  
C-0.7. A - 0 . 4 .  ~ v - 2 n / 2 S . 1 2 .  a-0.0125. a n d  p-1.1 1 8 0 3 .  
T h c  smooth curve corrcsponds i o  a -0. i.e.. no cxtcrna l  pcrtur- 
baiion. T h c  doticd curve  corrcsponds to a-0.0125 and 
0-1.1 1803. 
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Conclusions: 

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

To control1 it one can use some good properties: 

I Structural stability -+ Robustness 

Exdoration of a large zone of the state space 

An important drawback 

I Unstability -+ difficult computation of 
charac te r i s t ics  

A research track: 

Adaptive control and learning: 

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

Favour this learning p rocess 
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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 a n  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), 

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. f is 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 xo and the initial time t o  and is written 
x(t;xo,to) or more simply x(t). 
Various stability considerations are given by the fol- 
lowing definitions [l]. 
Definition 3.1 -Without lost of generality, the point 
x = 0 is said to  be an equilibrium point of (1) if : 

f(0,t)  = 0 vt. 

Definition 3.2 - The  equilibrium point x = 0 of (1) 
is said to  be Lagrange stable or bounded if for all t o  
and some 6 > 0, the condition : 

1x01 6 

1x1 < M .  
implies the existence a finite scalar M such that  : 

Definition 3.3 - The equilibrium point x = 0 is 
said to  be Liapvnov stable if for all initial time and all 
positive parameter E there exist ,a  positive parameter 
6 ( E ,  t o )  such that  : 

1x01 < 6 + Ix(t)l < E for t 2 t o ;  
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this point is said to uniformly stable if 6 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 6 ( t o )  such that : 

1x01 < 6 j lim Ix(t)l = 0; 
t-inf 

this point is said to uniformly convergent if 6 does 
not depend on the initial time. 
Definition 3.5 - The equilibrium point x = 0 is said 
to be (uniformly) asymplotically 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 [l]); 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 attruction 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 : 

xk+l = f(xkr k) 

where xk is the n state-vector a t  instant t k .  

The point x = 0 is said to be an equilibrium point if : 

f ( O , 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) issaid 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) = 0; 

V(x) > o  V X )  E (U\O). 

This function is said to be a negative definite func- 
tion when < is substitute for > in the last item; this 
function is said to be positive (respectively negative) 
semi-definite when 2 (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 )  = LfV = [gradVITf(x), 

Liapunov stability theorem - The equilibrium 
state x = 0 of the equation (1) is stable if - in some 
neighbourhood R of the origin - there exists.a Lia- 
punov function, V(x), whose Lie derivative, V(x) is 
a negative semi-define function (in R) - 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 R .  
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 G 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 R of the origin and a 
sub-domain 521 such that : 

V is differentiable in R I  

V and V are positive in R I ,  

V = OforxEafl1, 

O E a R , ,  
then the origin is unstable. 

4.3 Liapunov lineirization 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 : 

x = Ax + N(x) (3) 

with 

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 : 

IA-SEI = 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 coefficient systems 
First, let us note that  if the order of the system is n ,  
the characteristic polynomial is of degree n with real 
coefficients written : 

f(S) = U0Sn UlS*-' + + . . . + 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 + j b ) ( s + a - j b )  = ( s + a ) 2 + b 2  (5) 

and consequently all the coefficients] ai ,  have the sign 
of ao. Without lost of generality, a0 will be assumed 
to  be positive and a necessary condition for stability 
is then : 

or j ( j w )  = h(-w2) + jwg(-w2) 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 
A = w2 - are distinct negative real and alternate, i.e. : 

A: < A; < A; < A; < . . ' . ]  

and if and only if a1 > 0 - has the sign of ao. 

5.1.2 Stunn's criterion 

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

where I : f ( w )  is called the Cauchy index of the real 
rational function f ( w )  between a and b and is equal 
to  the number of jumps of f(w) from -00 to  +CO 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 f l (w),  f2(w), f3(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 : 

f l ( W )  = Q l ( W ) f Z ( W )  - f3(w) 

ai > 0 for i = O l l l . . . l n .  

5.1.1 Argument criterion 

Writing n 

where from (5) 

s i  = -a or s i  = - a f  j b  

it is easily seen that  the argument of f(s) for s = j w  
increases monotically from 0 to  n $  when w increases 
from 0 to  00, i.e. : 

77 
Atwarg{f ( jw}  = n--; 

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 : 

2 

A+:arg{f(jw} = 2A~warg{f( jw}n7r (6) 

Further f(s) and can be written as : 

f(s) = h(s2 )+sg ( s2 )  

It  can be checked (Stunn's theorem) that  : 

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

Consequently the Hurwitz (asymptotic) stability is 
guaranteed if : 

V ( - O ~ )  - V(+CO) = n 

5 . 1 . 3  Routh' criterion 

Further V ( f 0 0 )  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 
ci  with i = 1 , .  . . ,m, have the same sign (i.e. the sign 
of ao), i.e. are positive. 
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5.1.4 Hurwitz's criterion 

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

H =  

U1 U 3  U 5  . . . . . .  
U 0  U 2  U 4  . . . . . .  
0 U1 U 3  . . . . . .  
0 U0 U 2  . . . . . .  
0 0 U1 . . . . . .  
0 0 U 0  . . . . . .  
. . . . . . . . .  
. . . . . . . . .  

Ai 
Ai- 1 

a s c i  = -, 

The stability criterion then simply reads : 

Ai > 0 for i = 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 a ~ ,  we obtained the equivalent poly- 
nomial : 

~ ( s ) = [ s "  +ais"-' + ...  + U , ]  +j[bls"-' + . . .  + b,] 

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

where 

f l  = W" - blW"-'  - u~w"- '  + b 3 ~ " - ~  + ...  , 
fg = alw"-' - bgw"-' - u ~ w " - ~  + b 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 : 

H' = 

-bg -a3 b4 ~5 . . . . . .  
1 -bl -a2 b3 a4 . . . . . .  
0 -bg -a3 b4 . . . . . .  
0 1 -bl  b3 . . . . . .  
0 0 -bg -a3 . . . . . .  
0 0 1 -bl - U Z  . . . . . .  

. . . . . . .  

. . . . . . .  

5.3 Discrete systems 
A linear discrete system is written under the form : 

xk+l = AXk 

and its characteristic polynomial is given by 

In order to  have stability, all the roots should have a 
norm smaller than one - should be located in the unit 
circle centered a t  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  : 

The  principle of the argument is also valid here and it 
is seen that  for stable systems f (eJe)  increases ' mono- 
tonically from 0 to  na when 0 increases from 0 to  a; 
here too this condition is also sufficient. 

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

or f(S) = h(z)  + g ( z )  

it  is seen that  h(z )  and g ( z )  have alternating roots on 
the unit circle. This permits t o  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 : 

X ( S )  = G ( s ) e ( s )  with 

with a constant feedback gain, k ,  i.e. with 

e = U + y with y = k x ,  

the closed loop transfer function is written : 

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

The  Popov's analysis permit to  extent these results to  
particular nonlinearities described by : 

f (S )  + k Q(S) 

with V X .  

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 : 

5 ai 5 Ei.  

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

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 : 

m 

X = f(x) + C g i u i  = 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 
Rn and controls given by : 

0 : U,, + R" 2 + z = +(x) 
U = a ( x )  + P ( X ) V  

such that the system is transformed by 0 into the lin- 
ear system 

z = A z  + B v .  

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

A(x) = span{fi(x)} or simply A = span{fj}. 

The assignment t o  each point of U of the correspond- 
ing linear subspace A(x) is called a (smooth) distri- 
bution. 
For any vector fields f l  and fz, the Lie bracket, [fl,fz], 
of these vector fields is a new vector field defined as : 

def af, af, 
ax ax [f l , f2]  - -f1 - -f2. 

Further, a distribution 2) = span{ f j  } is said to be 
involutive if [fi,fj] E 2). 

6.2 Conditions for exact linearization 
The  vectors fields f and g = {gi} ,  defined in (8), 
permits to  construct a sequence of distributions : 

2)1 = s p a n { g }  = span{adig} 
v2 = spanig, [f,d} = span{g, a d i d  

. . .  
V,, = span{ g, adig, . . . , ad;-' g }  
or 
Di = span{adig : k = 1, ..., i -  1);  
this sequence is said to be nested as clearly : 2)1 c 

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

dim{g} = m 
dimVi 

*dim?), = n 
-2)j involutive j = 1,. . . , n - 1 
It  should be noted that in the previous conditions Vn 
should be replaced by 2)k if dim2)k = n. 
The above mentioned conditions also implies the fol- 
lowing properties : 

3 {rl, . . . , rm}(ri < n) and {Ai(z), i = 1,. . . ,m} 
such that : 

*LgiLiA,(z) = 0 V i , j a n d k  = O , l , .  .. , r j -~ ;  

the matrix : 

2)2C. . .CVn 

i = 1, . . . , n constant in U,, 

is nonsingular; 

Fri = n; 
i 

U = a (x )  +p(x)v with : 

i = A Z  + B V  with A = diag{A,, , . . . , Arm} 

and B = diag{Br,, . . . , Brm} 
where 

Ari = 

0 1 0 . . .  0 
0 0 1 . . .  0 

. .  . .  . .  
0 0 0 ... 1 
0 0 0 . . .  0 

Bri = 

6.3 Construction of the new variables 
The functions X i  which permits to define the change of 
variables can be constructed from the following con- 
siderations : 

LgiLiAj(z) = 0 V i , j a n d k  = 0, l , . .  . ,rj-z 

E :  (dAi,adigj) = 0 V i , j a n d k = O , l ,  ..., rj-2 

E: dAi E Dk-l 
and also that span{dAi,dLfAi} c V k - 2 ,  as solution 
of system of (partial) differential equations. 
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7 M E C H A N I C A L  S Y S T E M S  

The n variables q 1 , .  . . , q,, 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 11 generalized coordinates vector is then given by : 

T 
q = . .. qnl 

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

X_ = Z ( q l , . . . i q n , t )  = % ( q a , t )  

and the configuration is : 

v = { X , ( & x , t ) ) .  

The velocities are then linear functions of the gener- 
alized velocities, qa ,  i.e.: 

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

1 
% - % d m  = - q T M q  + FTq + TO, 

' = ! M  2 

where the matrix M ,  the vector r and the scalar To 
are functions of the generalized coordinates and time. 

7.1 P o t e n t i a l  Power Principle 
The local equation for any material system (without 
internal momentum distribution) are given, for any 
material element (x) , by : 

& = E  ( 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 : 

/ M ( t f ) - s d m  = 0. (10) 

It should be noted that  if a_ is the (actual) velocity 
field (5 = &) the previous relation is equivalent to  
the mechanical energy relation : 

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 : 

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

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

g a A 5 d m  = f -  A j c d m .  (11) 
I M  I M  - 

The left hand side of (1l)can be expressed as : 

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  L a g r a n g i a n  mechanics 

7.2.1 Conservative sys tems 
A mechanical system is said to  be lagrangian - or con- 
servative f rom an hamiltonian point of vue - if the 
potential power of all the interactions acting onto the 
system can be expressed as : 

where U = U ( q 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 = 

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

d dT dT dU - 

T - U .  

or 
d d L  
- ( M q + F ) - -  = 0 
dt aq 

The Hamiltonian function is then defined as 

def T 
H = H ( P , + , t )  = p q - L ( q , q , t )  

where q is expressed as a function of the generalized 
momemtum 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 : 
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7.2.2 Dissipative systems 
A mechanical system is said to  be dissipative f rom 
a Rayleigh point of vue if the potential power of the 
interactions which do not "derive" from a potential 
can be expressed as : 

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

For such systems the equations of motion have the 

Further the Lie derivative of the Hamiltonian is here : 

7.2.3 Autonomous systems 
A system is said t o  be autonomous if the correspond- 
ing Lagrangian does not explicitly depend on time, i.e. 
if the matrix M, the vector r and the scalar TO - 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 : 

d - ( U - T o )  = 0 
8s 

Further, in this case, the time derivative of the Hamil- 
tonian along a trajectory is given for conservative and 
dissipative systems respectively by : 

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 : 

1 1 
L = -qTMq+ qTNTq+ -qTKq 2 2 

and R = ,qTCq 
1 
z 

where M,N,K and C are constant matrices. With 
G = N - NT = G T ,  the corresponding equations of 
motion are given by : 

def 

M q + G q + K q  = -Cq. 

The corresponding hamiltonian and its time derivative 
(expressed in terms of the generalized coordinates are 
the respectively given by : 

L L 

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]. 

Sys tems with integrals of motion o r  constraints 
When the constraints are independent algebraic func- 
tions of the generalized coordinates, some of these 
variables can be eliminated and a reduced order sys- 
tem 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 : 

Aq+b = 0, 

If A0 is a regular m x m submatrix of A (possibly 
obtained after having reordered the variables), this 
system can be rewritten as : 

A040 + Ai& + b = 0 (13) 

if the generalized coordinate vector has been parti- 
tioned as : 

T TIT 9 = [a0 q 1  . 
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 q o  - using (13) from the hamil- 
tonian or by using of a modified Hamiltonian of the 
form : 

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

whose time derivative is clearly equal to  H and where 
Q can be selected in order t o  eliminate generalized 
velocities which do not appear in H. The  stability 
with respect t o  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 : 

Qd = -(cq+ Fq) 
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and the equations of motion are then given by : 

M q + ( 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 SI MS, KS 
are skew symmetric matrices and GS is a symmetric 
matrix [9 ] .  

In this case, a modified Hamiltonian is given by : 

1 1 
2 

V = -qTMq - qTSAq + TqT(K - GS)q, (14) 

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

v = -(q + Sq)%(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. h 

tb 

Orbiting Gyrostat 

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

h 

EO = W O 5 3  = [%IT [ !o ] 
where W O  is constant. The  orbital base is the base 
{&},-with J C 1  aligned with the %cendent oca1 ver- 
tical, l C 2  tangent to  the orbit and 7 5  aligned with the 
normal to  the orbit. 

The body frame, has a relative orientation with 
respect to  the orbital base which is described by the 
orientation matrix [A] ,  i.e. : 

[g = [AI[%] 

and its rotational velocity with respect to inertial 
space is the vector w, with components w1, w2, w3 in 
the body frame or 

w, = [2JT[WI 

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 p;  the corresponding displacements will be 
assumed to  be algebraic function of these variables; 
the inertia tensor and the internal angulai 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) 

h A 
as: 

L, = w& x J,.XI. 

8.1 Equations of motion 
The general equations of rotation can be written : 

H = L _  

with e = J,.w, + h, L, = 3cw02&1 x I * g 1 ,  
where c = 1 if the gravity torque has to  considered 
and c = 0 otherwise. 

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

where pi are the moment of momentum of the rotors 
about their axes and Mi 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, i.e. : 

[AI = - [ W l ” [ A l  + [AI[wol” 

where t i lde matrices are are expressed in terms of the 
corresponding vector by the relation : 

0 -w3 w2 

-w2 w1 0 
[WI = [ E;] [U]” = [ w3 0 -U1 ] 

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 : 

h 

w_ = w,o = WOJ& 

g = I * w _ o  + h_o = H o  
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r r i  
with 

This permits to  write the following equilibrium condi- 
tions 

A 

WO53 x 8 0  = 3 W i Z 1  x K * Z 1 .  (15) 

which implies that  a t  equilibrium the inertia matrix 
has the form : 

[ I ]  = I1 0 I2 0 --";'.'I, [ - c Y J ~  -J2 13 

where CY = if the gravitational torque is considered 
and CY = 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 /3 = 0. 

8.3 Dual spin satellite 

Such systems are designed to have J1 = JZ = 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. 

1" 
w 

fi - 

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 el, 0 2  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 : 

w1 = i1 -woe2 ,  w2 = &+woel and w3 = W O + & .  

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 [lo]. 

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 : 

M i +  Gq + Kq = -Cq, 

where here 

and the matrices M, G ,  K and C are given by the 
relations : 

9 = [el 02  03 PTIT 

0 0  
M = [ ;  :] . = [ o  c , ]  

r o -G o 1 
0 
0 0 A3 

G = W O  

where 

and the matrices Ai and 17 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 Il differs 
in these two cases. 

8.3.1 Gravi ty  s ta  bilized 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 : 

13 - I2 + 53 > 0, 4(I3 - I1)  + J3 > 0, 1 2  - I1 > 0 

together with conditions on the generalized stiffnesses. 
In the above-mentioned conditions 53 can be ex- 
pressed as 

R 53 = I'-  
WO 

where R is the relative angular velocity of the rotor 
and I' is the corresponding moment of inertia. 

8.3.2 Span Stabilized free sy s t em 
For spin stabilized systems, the damping is clearly not 
complete as the system can be in equilibrium when 

/ 3 = 0  and w ~ = w ~ = O ,  

i.e., when 01 and 0 2  are solution of the system 

el - woez = o e2 +woel = 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 and Xz are identically equal to 
zero, or 

Theses relations are linear in e 1  and and these vari- 
ables can be eliminated from the Hamiltonian which 
will give stability conditions for the system without 
external perturb a t  ions. 

8.3.3 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 and P 2 .  In first approximation 
the dissipation in the body part of the bearing-shaft 
assembly can be described by the following Rayleigh 
function : 

h A 

€J.&1 = H . 3 2  = 0. 

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 RP2 
and 4 / 3 1  respectively. The corresponding Rayleigh 
function will be written under the form 

1 ’  
R,I = T C  ’ [(Pl + n/3z)2 + ( b z  - RP1)21 

where d 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 : 

C‘ 
I > 0 ,  I’ - - 

c + c’ 
where I is the global transverse moment of inertia 
(I1 = 12 = I ) .  It 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 : 

0’ = el + j0, and P’ = PI + jPz 

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

can be extended to  more complicated systems such as 
multi-ro tor 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, [ll], 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 @tal moment of mo- 
memtum on the orbital axes, €J.Xi i = 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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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 a t  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. 

-- INDEX 
Summary 
Index 
List of sympols 
$1 Introduction 
$2 Non-linear longitudinal stability in a dive 
53 Response to atmospheric wind disturbances 
$4 Comparison with flight test results 
$5 Basic aircraft for flight research (BAFR) 
$G Conclusions 
References 
Figures 1 to 14 
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$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 G-7. When the deviati- 
ons from the reference state are large, one is lead to  non-linear dif- 
ferential equations a; the non-linear problems have received much 
recent attention, e.g. in connection with flight at high-angles of 
attack and spinsg. 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’O; 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 t o  linear differential 
equation, with coefficients varying with time l l ;  i t  was a topic of 
considerable research i n  the past, and although it has gone a bit 
out of fashion, i t  has not lost its relevance. We address both ty- 
pes of non-elcinentary stability problem ‘’-I4, via. non-linear and 
unsteady, in connection with aircraft longitudinal response in a 
dive. 

LIST OF SYMBOLS 

parameters of non-linear mathematical model of 
longitudinal stability (9a, b,c) 
longitudinal, lateral and vertical acceleration 
airfoil chord or mean wing chord 
longitudinal stability coefficient (30) 
parameters of engine thrnst versus velocity 
relation ( 7 )  
acceleration of gravity 
error in airspeed measurement 
coefficient of induced drag in (5) 
lengthscale of windshear 
aircraft mass 
parameter in normalization of dive velocity (42b) 
fluid pressure 
time 
longitudinal wind velocity 
perturbation of groundspeed due to wind 
vertical wind velocity 
distance along flight path 
ai ti tilde 
magnitude of longitudinal windshear (37) 
total drag coefficient 
boundary layer drag coefficient in (5) 
lift coefficient a t  arbitrary angle-of-attack 
lift coefficient a t  zero angle-of-attack 

drag force 
total dimensionless force along flight path (8) 
groundspeed U normalized to  minimum drag speed Umd 

lift slope CLa I aCL/aa 

normalized groundspeed a t  time t = 0 or start of test 
run  1 = t o  
normalized steady dive speed 
normalized ground a t  end of test run 2 = 11 

Mach number 
perturbation of groundspeed divided by groundspeed (38a) 
perturbation of airspeed divided by groundspeed (38c) 
reference surface area for aerodynamic forces 
thrust 
thrust for flight a t  minimum drag speed 
thrust corrected for weight along flight path 
groundspeed along flight path 
initial groundspeed along flight path 
stable steady dive groundspeed 
iiristable steady dive groundspeed 
minimum drag speed 
true air speed 
stalling speed 
distance x along flight path normalized to  lengthscale 
function in stability response (35b) 
angle-of-at tack 
glide slope angle 
angle of thrust-line with flight path 
angle of thrust-line with aircraft longitudinal datum 
average value o f t  
coefficient in non-parabolic lift-drag polar (5) 
aircraft parameter for longitudinal response (38b) 
thresholds for glide slope a t  start and end of dive 

p 
T 

0 pitch angle 
8 average pitch angle 
C elevator deflection angle 

mass density of atmospheric air 
aerodynamic time scale of longitudinal response (30) 

$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(O) ,  which may 
be far removed from any of the two steady dive speeds U*. 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 t + 

CO, the aircraft Either tends to  the stable dive speed U ( t )  + U+, or 
(ii) it diveiges from the unstable dive speed (1J- - l J ( 1 )  increases, 
towards a stall U ( t , )  -+ U, at a finite time t = t s ) .  Either in 
the stable (i) or nnstable (ii) case, the problem is non-linear i f  
the grotuidspeed U ( t )  a t  some time differs considerably from both 
steady dive speeds, i.e. neither of the conditions I 11’ - U: I< U: 
or I U Z  - U! I< U! is met. From example, the problem would 
be non-linear from time t = 0, if the aircraft started the dive a t  
a ground far removed from both steady dive speeds, i.e. none of 
two conditions I U,, - U* I< 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.: (a)  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 a t  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 arbitraiy initial ground U, I U(O) ,  
how should the groundspeed U ( l )  (or angle-of-attack (a ( t ) )  vary 
with time 1, 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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O ( t ) ,  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 l6 as Lanchester's phugoid 17, and could be called 
the "inverse phugoid problem " it  was not settled as definitively 
19-z1 as the phugoid problem, for the inverse problem has been 
tho subject of later research 22-23. 

O u r  one-dimensional non-linear longitudinal stability problem is 
represented in Figure 1: the aircraft flies along a constant glide 
slope 7 witti groundspeed U = d x / d t ,  where x 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 T along the motion (in some cases the 
thrust may make an angle E with the flight path, viz. E = 0 + E,, 
where 6 is the pitch angle and c0 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: 

(1) 
1 - C L ( ~ ) ~ S U ~  = L = Wcosy  - T s i n ~ ,  2 

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

( W / g ) d U / d t  = T cos E - D - W sin 7, ( 2 )  

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

(3) 
1 
2 D = -C~(a )pSu ' ,  

replacing lift Cr. by drag CO 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/d t  = - sin y-(T/W) cos EtCosy(CD/CL)/{lt(T/L) sin E } ,  

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 CD/CL modified by glide slope cosy. The last term in 
(4) can be omitted ( T I L )  sin t << 1, if either thrust makes a small 
angle with path sine << 1, or lift-to-drag ratio is high T I L  N 

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 N 

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; (iii) the 
parabolic lift-drag polar resulting from (i) and (ii), may have a 
non-parabolic correction, proportional to lift: 

(4) 

< 

Tliust last term i n  (4) can be written, after omission of the factor 
in curly brackets: 

where in the last formula we substituted  CL(^) from ( l ) ,  ommiting 
the term - T sin t /W 
cosy z (D/L)sin << 1, as assumed before. We assume that the 
thrust-to-weight ratio has a dependence on groundspeed similar 
to (6), viz.: 

TIW = fo - flu' - fz/u2, (7) 

where fo ,  f l ,  f 2  are constants for a given engine type. 

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

g- 'dU/dt  = a - bU' - d / U Z  E F(U) ,  (8) 

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

d E f 2  COS E + k COS' y ( P W / p S ) ;  (9c) 

with two exceptions, these coefficients are constant, since they de- 
pend on aircraft parameters W,  S, aerodynamic coefficients Coj,  k ,  A,  
flight parameters y, and propulsion characteristics fo,  f1, fz  which 
are all constant. The first exception is the angle of the thrust- 
line with the aircraft6 flight path t ,  for which we take an average 
value Z = E, + 8 involving the constant angle to the aircraft6 lon- 
gitudinal datum tor and an average pitch value e; small deviati- 
ons from the latter 0 - 8, would introduce a negligible correction 
f(cos6 - cos8) N f(OZ - e2)/2 < f with f E f,,f~,fz. The 
second variable parameter is the air density, which would not be 
constant in a long dive, involving significant altitude change, Since 
i n  the following integration we treak the parameters (9a,b,c) aa 
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 5 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- 'dU/dt  = -b(U2 - U!.)(U2 - U $ ) / U 2 ,  (10 1 
where U* denote the two steady dive speeds: 

for which the total force along the flight path F(U+-) = 0 is zero, 
and hence there is no longitudinal acceleration dU/d t  = 0 for 
U = U+ 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 cost-W sin7 (two thin lines). 
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'The intersection of the lines specifies the two steady dive speeas 
U*, for which the inertia force vanishes. The steady dive speeds 
would coincide if the thrust was the minimum for steady flight, 
i.e. a t  the minimum drag speed: 

u m d  = a /2b= ( f ,cosS-s iny-  X c o s y ) / f ; c o s ~ + C ~ J p S / 2 W ) ;  

steady flight is possible only above this velocity U 2 U m d  i.e. if 
the condition a' 2 4bd in (11) is satisfied by (9a,b,c), so that the 
minimum thrust for steady dive is given by: 

(12 ) 

The simplest particular case of (12,13) is level flight -y = 0, of 
an aircraft with symmetrical lift-drag polar X = 0, with constant 
thrust f l  = 0 = fz along the flight path = 0, for which we 
obtain well-known results 2fi-27for the minimum drag speed U m d  = 
2 w  f o / c D J p s  = 2 T / c ~ j p S  and minimum thrust for steady flight 
T/W = fo 2 C ~ j / k  = Tm,n/W. 
For any groundspeed distinct from the steady dive speeds U # U,, 
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)cosc + sin7 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). I t  follows that: (a) the upper steady dive speed U+ 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 i t ,  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: 

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

1 / ~  E 2bg(U+ + U-). (20 1 
It is clear that as the elapsed time significantly exceeds the aero- 
dynamic time scale t >> T then e- t /T  -+ 0, and the groundspeed 
either approaches the upper steady dive speed U ( t  >> T )  -t U+, or 
it diverges from the lower steady dive speed, i.e. U ( t  >> T )  -+ 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 < r, 
such that the groundspeed has not deviated much from the initial 
value: 

{ U ( t  < T )  - < (U, - uoy, (21 1 
the equation (19) may be linearized with respect to groundspeed; 

. For t = 0 it follows from (22) that U ( 0 )  = U,, but for T >> r 
we do not have U ( t  >> T )  = U+ because (22) is not valid for long 
times. For long times we have to use the non-linear relation(l9), 
which expresses time t ( U )  as function of groundspeed, and cannot 
be readily inverted for U ( l ) .  Thus we plot the stability curves in 
Figure 3,  in dimensionless form, with time divided by aerodynamic 
time scaltb t / r  as abscissa and groundspeed divided by minimum 
drag speed J ( 1 )  5 u/u,,,d as ordinate. We have one curve for each 
initial velocity J ,  E U o / U m d .  The two steady dive speeds (11) 
are related to the minimum drag speed U,d (12) by: 

U: + U! = a/b = 2Ukd, (23a,b) 

so that of the two parameters J+ U*/Umd 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 J+ = u + / u m d  = 1.2, 
it follows that the unstable steady dive speed is J- = U-/Umd = 
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-  < 
J ,  < J+ = 1.2, there is excess thrust, and the aircraft accelerates 
gradually to the upper, stable dive speed ; (iii) if J ,  > J+ = 1.2, 
there is excess drag, and the aircraft decelerates gradually to  the 
stable upper steady dive speed. 

J: + Jl = 2, 

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 30-31,  Doppler radars 
32-33, airborne lasers 34,  or comparison of INS with non-inertial 
velocity measurements 32-34 . A windshear (Figure 4) is a toroi- 
dal vortex near the groundspeed, causing a downflow through its 
core, which is deflected by the groundspeed into a radial outflow. 
The effects of the downflow rombined with headwind changes on 
flight 35-36, are of particular concern during approach to land 
37-40. The safety aspect 41 is related to aircraft response and 
control in such conditions 4'-44, which, as the analysis of specific 
events 45-46 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-lineax 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 47-48. 

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-'d(U + w)/dt = F ( V ) ;  

we denote the groundspeed in the presence of wind by U + w, to 
distinguish from the groundspeed U in the absence of wind (8), 
i.e. w is the perturbation in groundspeed due to the wind: 

leading t o  an exponential dependence on time, with time scale T 
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g-’dv/dt = F ( V )  - F ( U ) .  (25 1 
We allow (Figure 1 ) for the presence of an horizontal U and vertical 
w wind, which are given functions of distance z 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 2  = ( U  + v + ucosy - wsiny)’ t (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 1 
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 1 
thus (28) will apply even if the wind components U ,  IU 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 ) d U / d z  = -b(U2 - UZ)(U’ - U;)/U’, (29 ) 

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

In conclusion, for the general problem: (i) the groundspeed for 
the non-linear mean state is given as a function along flight path 

by (30) (or as a function of time 1 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’, w2 < U’; for example, if the windspeed does 
not exceed u , w  5 20m/s, and the groundspeed exceeds U 2 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 rrgard to  the wind is consistent with the linearization with 
regard to the perturbation in groundspeed v2 << U’. 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 

glide slope -y is small y2 << 1, we have cosy = 1 - y2/2 N 1, 
and since u/U,  w/U are also small, we can neglect (U, w) sin -y N 
(U, w)y << U ,  so that: 

(31b) v = U t u t v ,  

where we have used u2,v2,w2 << U’. The equation (28) for the 
wind perturbation may also be linearized: 

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

f ( U )  E (g/U)(dF/dU) = 2 g ( d / U 4  - b). (33 1 

where (8) was used, and the coefficients b, d are given by (9b,c). 

The groundspeed perturbation (32) satisfies: 

dv/dz - f ( u ( z ) ) v  = f(U(z))u(z), (34 1 
which may be integrated for any given mean state U ( z ) ,  e.g. (30) 
and wind u(z ) ,  viz.: 

where 

2 

Y ( Z )  3 expt/f(C)dC}. (35b) 
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 t? of wind, i.e. dU/dz < U/!;  in this case we can calculate 
(37) for a constant background velocity f, E !(Uo),  so that (35a,b) 
lead to a groundspeed perturbation: 

U(.) = v,ef‘” + e f o x f o  e-fo(u(C)dC, (36 ) i 
due to  a wind u(C). 

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

U(.) = AU, sin(2m/!), (37 1 

with maximum magnitude f A U , ,  such that (./Uo) 5 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 3 v(z)/u,, = (A/(I + p2) ) {p(1  - cos(2sr/e)) - sin(2~z/e)},  

where the characteristics of the aircraft appear only through the 
parameter: 

( 3 8 4  

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

Q = V(.)/U' - 1 = {U(.) + V(.)}/LI' = 
= (A/I  + p2)){p(1 - C O S ( ~ T Z / ~ ) )  + p z  sin(nsz/e)}. (38c) 

The groundspeed and airspeed perturbations vanish both at  the 
start of the headwind u(0) = 0 = u(0)  and at the end of the 
tailwind .(e) = 0 = u(e), and they coincide, but are non-zero, at 
the change from head to  tailwind u(e/2) = O,v(e/2) = 2Ap/(1 t 
p 2 ) .  The perturbation of the groundspeed has a maximum: 

vmo2. = v ( ( e / 2 ~ ) ~ r c c o t p )  = A U , ( ~  t d i T 7 ) / ( 1  t $1, ( 3 9 4  

whereas the perturbation of the airspeed has maxima and minima: 

both dependent on the aircraft parameter. 

We plot in Figure 6 the groundspeed (top) and airspeed (bottom) 
perturbation, normalized to the groundspeed, versus X e x / e  
distance z divided by windscale e. We give curves for five values 
of the aircraft parameter p = 1,2,4,7,10 whose mining we discuss 
next. This parameter is given by (38b), where for flight at constant 
thrust fi = 0 = f2 ,  (9b,c) reduce to  the second terms; here, 
for reference conditions Wcosy  = L = ~ C L O ~ S U ;  , we have 
2 w / p s  = CLOU,2/ cosy, so: 

vanishes a t  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 y N 3" for convention, 
or y N 6' for STOL, has little effect on the acceleratio of gravity 
projected along the flight path ij = gcosy,  which retains the va- 
lue g = 9.8 m/s. Thus for a wind lengthscale e = 1000 - 2000m, 
the factor in curved brackets in (40) is rUz/ge = 0.14 - 1.54. 
For an aircraft in the landing configuration, the induced drag is 
much larger than the boundary layer drag kCio  2 C D f ,  so that 
the term in curly brackets reduces to kCL0; the lift coefficient is 
about unity a t  landing CLO N 1 - 2, and the induced drag factor 
is given 24-25 by k = (1 t 6 ) / r A  where A is the aspect ratio and 6 
measures the deviation from elliptic loading or uniform downwash. 
Taking 6 = 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 C ~ o k  = 0.1 - 0.2. Thus the aircraft 
parameter is lowest for a lightplane p N 0.1410.2 N 1, interme- 
diate for a heavy jet transport p N 1.54/0.2 N 7, and highest for 
a fighter p N 1.5410.1 N 15. We see from Figure 6 that as p in- 
creases, the groundspeed perturbation is smaller, and the airspeed 
perturbation becomes similar to the longitudinal wind; for small 
p ,  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. 

$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, > U+ above the stable steady dive speed U+ is not very 
interesting, since an aircraft would seldom be flying horizontally 
a t  a speed higher than is sought a t  the end of the dive. Thus the 
region of greater interest is that between the steady dive speeds 
U+ > U, > U-, which is represented in Figure 9, in terms of 
J I u / u m d  groundspeed U normalized to minimum drag speed 
Umd: several initial normalized velocities J, I u*/Umd should be 
tried a n  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 ordcr to comply with these conditions, the pilot was instructed 
to start. the dive from steady, straight and level Right, and then 
to kccp 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 t 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 
iLfter; (bottom left) the maintenance of an approximate constant 
glide slope a t  rapidly varying tas, implied significant excursions of 
angle-of-attack c y ,  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 a,,, in the range -0.03 g to $0.0159 was small compa- 
red with the normal acceleration, in t,he range -0.459 to +0.52g; 
(top left) the longitudinal acceleration U = ,  in the range -0.179 to 
-O.Olg, was not so small, but reflected groundspeed changes along 
the flight path uz = dU/dz; (center left) the heading x changed 
rather little, by 1' between 312.9' and 311.9'; (center right) the 
roll angle 4 remained small, i.e. between t1 .5 '  and -0.5", du- 
ring most of the test run 1 5 19s; (bottom left) the pitch angle B 
varied significantly, between f5.5" 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 C took values between -16.2' and -21.2O. 
The otily indication of significant lateral control activity, was the 
roll angle exceeding 4 >_ 1.5" for time t 2 19s (center right of 
figurc 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 

1 

I 
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certain parameters (lateral acceleration ay, heading x change, roll 
angle q5), whileleaving others (longitudinal acceleration a,. pitch 
angle 8 and elevator deflection C ) 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 (Y (or pitch angle 8 ) 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 y d z / d x  as a function of time 
~ ( 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 q5 2 1.5” (in 
center right of Figure 8), are no concern to lateral-conditional 
coupling, because they occur outside the time range of interest 
to = 5s << t << 19s 3 t l  for our study of longitudinal stability. We 
could determine this time range ( t o r t 2 ) ,  by measuring the glide 
slope y ( t )  as a function of time, and averaging it over the data  
record 7. The start of the dive is then taken as the time 1, a 
fraction U, of the mean slope is first attained y ( t  > t o )  > U”?, 
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 7 ( t  > 1 1 )  5 ~ 1 7 ,  i.e. acceleration is small and as close to 
steady dive speed. The values chosen for vorv1 << 1, determine 
the precise start and end of the test run; we can take “reasonable’’ 
initial values, e.g. v, = 0.1 = v1 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 t is normalized to the 
aerodynamic time scale r which is specified (20) by the accele- 
ration of gravity, steady dive speeds IT, and parameter 6 of the 
mathematical model (9b); the latter involves further data, such as 
the form drag coefficient C D ~  and thrust coefficient f1 and wing 
loading W / S  . If not all this data  is known accurately , then in- 
stead of calculating r 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/r = 8; thus we choose as time scale T = m(t1 - to)/8, 
where tu is the time at the start and tl the time at  the end of 
the dive, and this is equivalent to using a dimentionaless time 
( t  - t o ) / .  = 8(t - t o ) / ( t l  - t o ) .  The dependent variable is also 
re-scaled linearly, i.e. we change from the groundspeed U in k t ,  to 
the dimensionless velocity J i U/Umd normalized to the minimum 
drag speed Umd, viz.: 

J = J o t  n(U - U1);  (41 1 
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 J+ = U+/Umd from the stable steady dive speed J+, 
since this is only parameter in our non-linear longitudinal stability 
model. The tas a t  the start U, = U(t , )  and end U1 = U ( t 1 )  of the 
dive then specify the parameters: 

J ,  = J+U,/Ul ,  n = ( J +  - J o ) / ( U ,  - U o ) ,  (42% b) 

in the linear relation (41), with initial value ( J o , U o )  in (42a) and 
slope n between (JoUo)  and (51, U l )  _= ( J + ,  U+) 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 J ,  % Uo/Umd. 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 Jo, 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 
hl = 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 (53) of amplitude U,,, = U A ,  
causes deviation between ground and airspeed which is given, a t  
most, by (39b) e.g. (2p t p3 t p4) / ( l  t pz)2  = 328/289 = 1.14 
times the wind, for a light transport p N 4. Thus the strongest 
wind found 8 k t  would cause a 9kt error, which is larger than 
the calibration hl = 4 k t .  It is therefore essential to subtract the 
wind from the airspeed, to obtain the ground speed. The wind 
speed can be obtained comparing airspeed with the inertial refe- 
rence, introdncing an additional error hz = l k t .  Thus the total 
error in groundspeed is h = hl t hz = 5k t  or a maximum 5%. 
We could instead take groundspeed directly from the inertial re- 
ference, for an error hz = lkt; however, the groundspeed in the 
absence and presence of wind U,,, = 8kt; differ a t  most (39a) by 
( p +  m ) / ( l  t p z )  = O.~U,,, N 4kt N h3, leading to  an error 
hl + h3 = 5 k t ,  much as before h = 5k-t. The flight test data  points 
are all within 4kt of the theoretical curves. 

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

It iiray be worthwhile a t  this stage to mention some features of the 
aircraft used for the preceding test flights. This is 49-51 CASA 
212 Aviocar twin turboprop, fitted with an instrumentation sy- 
stem described below ( 5 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 instrnnrc~ntation system and its installation, involving 7000 
mitn-lionrb 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- 
pa.bility, an appropriate first step would be to develop a relatively 
‘coiriprehensive’ 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 a t  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 
mcasured, 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 
s t a r h r d s ,  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 RAFR 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; ( i i )  conversely, removing most equipment to avoid inter- 
ference with operations, but would imply tedious re-installation, 
Thc 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) 

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; (ii) large cabin volume, 
allowing easy installation and removal of the main rack, and work 
around i t ;  (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, m i d -  
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 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 
52-54 
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Figure 1 - Aircraft flying on a constant glide slope 7,  with weight 
W vertically downwards, lift L perpendicular to flight path, drag 
D opposite to motion and thrust T at  an angle 6 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 Umd corresponding to the minimum thrust 
Tm,, for steady dive. Below T < Tm,, steady dive is not possible, 
and above ri' > T,,,,,, there are two steady dive speeds U*; the 
lower U- is unstable, in the sense that acceleration is away from 
i t ,  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/Umd to minimum 
drag speed Umd, plotted versus time 1 normalized to  aerodynamic 
time scale T ,  for 15 values of initial groundspeed at  time 2 = 
0. The stability curves are given for an aircraft with J+ = 1.2 
stable dive speed 20% above minimum drag speed U+ = 1.20Umd; 
since the non-linear longitudinal stability model has only one free 
parameter, the unstable steady dive speed is not independent, viz. 
J: + J z  = 2 implies J -  = 0.75. 
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w < o  

F i g u r e  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 U < 0 below, with changeover 
a t  mid point. 

+ A  
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/I////// 

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 Q, 
normalized to mean state groundspeed, are plotted versus X = x/! 
distance x divided by windscale e,  for five values of the aircraft 
parameter / I  ranging from a lightplane p N 1, through a heavy jet 
transport p N 6, to  a high-performance fighter p N 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 o (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 8 - To satisfy the assumption made in the non-linear 
theory of longitudinal stability, the lateral acceleration ay (top 
left), heading x (center left) and roll angle 4 (center right) should 
be small, but the longitudinal acceleration a, (top right), pitch an- 
gle 0 (bottom left) and elevator deflection ( (bottom right) need 
not be so restricted. 
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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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Figure 10 - The list of parameters measured in the BAFR is not 
very numerous, bu t  includes a relatively wide variety of sensors 
and signals. 



sensor location 

Figure 11 - The signals from sensor8 located in each part of the 
aircraft (nose, tail, fuselage underfloor, right and left wing) are 
collected in panels connected to a. central one m the main rack. 

DAS block diagram 
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'1 Recoidcr 

DAS 
(mainkk) 

Figure 12 - The main radt is removable, and includes the central 
connector panel, and the data aqnisition system, including the 
power distribution unit. 
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notes: 
1 - pitot tube and s ta t ic  po r t  
2 - two section ci l indrical  vane 
3 - c i l indr iml  bod\/ 
4 - upper  emergeno/ exit 
5 - t empera ture  sensor  
6 - connector panel 
7 - main support  
8 - suppor ts  

Figure 13 - Another removable item is the air data boom above 
the fuselage, with inverted - V support on the nose, containing 
pressure and temperature ~ensors and vanes for angleof attack 
and sideslip. 
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Figure 14 - Sample of data. recorded for Flight F2, containing 
data corresponding to the combination of Figurea 7 and 8 for Flight 
F1. 
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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 R, 

- Reverse for absolutely unstable. 

What about a convectively unstable flow with absolutely 
unstable pockets? 

complex k. 

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 
perfoim. 

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 I 113 
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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STABILIlY OF VISCOELASTIC FLOW 
PHYSICAL AND NUMERICAL CONSIDERATIONS 

MJ. Crochet and Ch. Bodnrt 
Micanique Appliqub 

Universiti Catholique de Louvain 
Place du Levant 2 

E1348 Louvain la Nave 
Belgium 

Summary 0 Mot iuat ion 

0 Uiscoelastic f low 

0 Numerical difficulties: 
the high Weissenberg number problem 

0 Efficient algorithms fo r  smooth problems 

0 Efficient algorithms for  singular problems 

0 Experimental euidence o f  instability 

0 Numerical procedure fo r  uerifying stability 

0 Numerical results 

0 Conclusions and outstanding problems 

The notion o f  Welt tenberg o r  Deborah number 

Natural time o f  the fluid : X 

Characteristic time of  the f low : 7 = *I,  7 = l / U  

We o r  De - L I T ,  Re - p U 1 / 

Me t Uiscoelastic Change o f  
type flow 

Stokes f low laminar NS Turbulent f low 



Ulrcoelartlc effects 

Rod climbing, extrudate swelling, drag reduction, generation o f  
uortices, spurt, sharkskin and melt fracture, draw resonance... 

Conrtltutlue equatlonr for ulrcoelartlc fluldr 

General functional form: 

Differential form: T - Z T i ;  g iT i  + L T i 1 2 ~ i d  

Q - -p I + T; T - 'J ( Cdt-d ; S>o 

a 

Integral form: 

In addition: Incompresolbility, V.u = 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 

-P,y + Trry,x + Tw,y + fy = p(v,t + v,xu + v,yv) 

u,x + v*y = 0 

The high Weissenberg num,ber problem 

Early delselopments: l a te  70's with 

Typical problems: 

f in i te differences 
f in i te elements 

* f low o f  a Maxwel l  f lu id 

*extrudate swelling o f  a Maxwel l  fluid 
through a four  to  one contraction 

Difficulties: 0 lack o f  conuergence beyond We P 1 
0 lack o f  conuergence with mesh ref inements 
0 l imit points 

Proposed reasons: 0 t r ue  limit points, wrong fluid, numerical noise 

True reason: d, numerical errors generate ill-posed problems 

Cure: 0 appropriatc mixed f.e. representation (1, U, p) 

0 correct t reatment o f  hyperbolic problem 
o r  o ther  methods 
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Efficlent algorithms for ulscoelastic f low calculations 

Mixed finite elements 4x4 sub-el, streamline upwind (SU) 

Petrou-Galerkin (SUPG) 
4x4 sub-el, streamline upwind 

EUSS su 
EUSS SUPG 

EEME (explicitely elliptic momentum equations) 

SDectral method s 

Efficiency: 0 smooth problems 
9 problems with singularities 

Note on SU : 0 extremely stable at high We 
O a t  best o f  order h ! 

Smooth test problems 

Wavv tube 

R e  = 27t 6P R4/LqQ 

SDhere in tube 

K = D/67tqVR 

Journal bearing 



I 
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t t t t t  

L 
v = V e .  

t t j t t  
I 
I v = V e 2  
I T=O 

Gcumcuy d the problem and boundary conditions 
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Problems with singularities 

ExamDles: 4k abrupt contractions, corners * stick-slip flows * extrudate swelling 

Essential difficulty: 

4k the nature of the singularity is not known 
0 stresses might be non-integrable 

Present approaches: 

iy modify the fluid near the singularity * modify the constitutive equations (MUCM) 
iy 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 = Lv / Du, Weissenberg number: We = k & 



I! 
j: 

*. 
04 : ' 

e .  

- 0.8 ' S I  
: A v  - .. 4 

0. . 
0 7 

0 . . ' .  e *  - 0.4 e A d  .- 
0 . 

1.12 1.44 1.76 2.08 We - 

0 

.2 X 
11.6 contraction R a t i o  

7.67 
I 

. 1.2 

. 4.oc . 12.3 

' 14.6 

- -  . 
om . 

Dimnrionlcu v a x  length X U a hrnetion d We fa fluid El, 

Other approach: 
White-Metzner fluid for 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 comer and numerical method) 

2.202 2.209 

Outrtandlng questlon 

We obtain steady state solutions. Bre w e  on stable branches ? 

Experimental evidence: 0 measured and calculated drag 
for Boger fluid (extensional uiscosity ?) 

0 melt fracture (experiments by Piau) 

0 periodic flow through 4 1  contraction 

0 LOU obseruations by Lawler et al. 
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LASER DOPPLER VELOCIMETRY MEASUREMENTS OF VELOCI'IY 
FIELDS AND TRANSITIONS IN VISCOELASTIC FLUIDS 

J.V. LAWLER SJ. MULLER. RA. BROWN and RC. ARMSI'RONG 

Department of Chemical Engineerin& Mauachwto  Institute of Techdlog, 
Cambridge. MA 02139 (U.S.A.) 

(Received October 9,1985) 

Obteruatlonr by Lawler, Muller, Brown and l rmtt rong 

Time dependence o f  azimuthal uelocity at one point near contraction 

De - 0.85 
& . , I 7  
h . 0 . M  

: a3 
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Numerlcal procedure 

8 Fully coupled problem: constitutiue equations 
momentum equations 
incompressibility 

0 Fully implicit time marching scheme 

0 Automatic calculation o f  time step 
based on predictor-corrector estimate 

8 Swirling flow included in axisymmetric description 

8 Test o f  accuracy: time-dependent Poiseuille flow of  Maxwell fluid; 
comparison with analytical results 

Tlme-dependent Polseullle flow at  De - 1 

Geometry Axial uelocity Time step us. time 
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Plane flow through a four t o  one contractlon 

+ '"""1 r' 
+ + + + + + +  

'- 
nnle 

Plane flow through a four to one contractlon 

Galerkin method, De = 2 

## Mesh Axial uelocity lime step 
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Plane flow through a four to one contractlon 

Galerkin method, De - 3 

Axial velocity 

I -  I 

Time step 

Plane flow through a four to one contractlon 

Streamline-upwind method, De - 3 

Axial ueloclty Time step 
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0 Previous results based on Galerkin method 

0 Not optimal for  solving hyperbolic problems 

0 Are we  calculating numerical errors ? 

0 Simple test: the tensor Tn = T + k/q I must be positive definite 

0 Results at De - 4 : lack o f  positive-definiteness 

Summary o f  numerlcal results 

Numuial ksta for the flow Uvovgh an ibmpt Sontnction 

I i i  i I 
I I  

For a smooth contraction: all numerlcal results are stable 
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AHlrymmetrlc contractlon wlth rwlrllng capablllty 

l o s s  o f  stability a t  De - 7. No swirling component. 

Mesh Time step 

.5 - . 
L 

" 
L 

L 

(. 

I 

. 
I . . .* 

Conclurlonr 

0 The numerical simulation of  viscoelastic f low is well understood 

0 Conuerged results are auailable wi th  uarious techniques for smooth 
problems 

the singularity is unknown ( non-integrable forces ?I 
0 Problems wi th  singularities are much more difficult: the nature o f  

8 Stability problems are essential. However, are we obseruing a 
numerical instability due to  numerical error o r  to  physical causes ? 

0 Same i s  true for the calculation of  eigenualues 

0 Outstanding problems fo r  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 
Come11 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 lime 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 
symmetries 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 ef  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 

Lumlcy (1967) proposed a method of identification of coherent 
structures in a random turbulent flow. This uses what L&ve (1955) 
called the Proper Orthogonal Decomposition, and which is often called 
the Karhunen-L&ve expansion. An advantage of the method i s  its 
objectivity and lack of bias. Given a realization of an inhomogeneous, 
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 reconsmxted. The coefficients are uncorrelated and their mean square 

* Prepared for presentation at NATO/AGARD Workshop on Sfability 
in Aerospace System: 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 Kernel 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. Berkwz 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. 

Flow of the W a U s g i ~ ~  

The flow of interest here is three dimensional, approximately 
homogeneous in the streamwise direction (xi)  and spanwise direction 
(xj), approximately stationary in time (I), inhomogeneous and of 
integrable energy in the normal direction ( ~ 2 ) .  In the homogeneous 
directions the spechum of the eigenvalues becomes continuous, and the 
eigenfunctions 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 canied by the coefficients. We measure the two velocities 
at the same time and determine <ui(x1.x2,x3,t) uj(x'l.x'2,x'j,t)> = Rij. 
From R;, 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 coefficienui 
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 x1 and x3 
directions. The periods L1, Lj are determined by the first non-zero 
wave numbers chosen. Finally, each component of the velocity field 
can be expanded as the triple sum 

. .  on of the P p  to the 

(1) ~ i ( x 3 ~ 2 ~ 3 v t )  = 

where 

and we have to solve equation (2) for each pair of wave numbers 
(kl,k3). ai, now denotes the Fourier transform of Rij in the x l .  x3 
directions. 

EXPERIMENTAL RESULTS 

The candidate flow we are investigating is the wall region (which 
reaches x2+ =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 Henog (1986). From this 
data the autocorrelation tensor Rij 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 
energy 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-r 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. 

(3) <uijuj> = - I/p P,i + v U.jjt5il. 

(where Uij indicates the derivative with respect to xj of ui, 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 
strcss 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. 

5'10'1 I 

0.004 0.008 0.012 0.016 
Spanwlse wave - number k, 

Figure 1. Convergence of the proper orthogonal decomposition in the 
near-wall region (x2+ = 40) of a pipe flow according to experimental 
data. Turbulent kinetic energy in the first three eigenmodes. li(") (n = 
1,2,3) function of the spanwise wavenumber (from Helzog, 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 X$ 
indicates the value of x$ at the upper edge of the integration domain), 
there remains the value of the pressure term at X$, 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 1 ~ , k 3 ~ , n ~ ) ,  does not account for the 
energy tmnsfea 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 a1 as a Heisenberg parameter. We will adjust a1 
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 a2 , although in all work 
presented in this paper, we have set a1 = a2. 

Thus the Heisenberg model introduces two parameters in the 
system of equations, one, al. in the linear term, the other one, a2. in 
the quadratic term. The equations therefore have the following form: 

(4) /dt = L + (v + alvT)L' + Q + a2Q' + C 
1 3  

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 c a < 1.61, when a family of globally attracting 
double homoclinic cycles G exists, connecting pairs of saddle points 
which are x out of phase with respect to their second ( ~ 2 . ~ 2 )  
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 a b  - 
1.61. 

In Figure 2 we show the time histories of the modal coefficients 
for a = 1.45. A description of the motion of the eddies during a burst 
is given in Figure 3 for a = 1.4 by plotting u2 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 x .  Moreover it is possible to adjust the value of the Heisenburg 
parameter (a - 1.5) so that the bursting period is 100 wall uni ts  as 
experimentally observed (Kline el al., 1967). It 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 linear mean velocity profile. The streamwise velocity 
component ( u l )  is fed from the mean velocity gradient by the 
component normal to the wall (u~). However, neither u2 nor u3 has a 
s o m e  of energy. Both u2 and u3 decay exponentially from their initial 
values, with u1 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 energy does not decay, but is bounded away from zero, as is 
easily proved (Berkooz et al., 1990). providing the energy 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 u1 and u2 
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 
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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 er 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 hetemclinic 
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 bursling 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. 

V I  

X I  

v4  

x4 

v 3  

x3 

v 2  

xz 
V l  

x1 

Figure 2. Time histories of the real (xi) and imaginary (yi) parts of the 
coefficients for a value of the Heisenberg parameter of a = 1.45. 

14 (-1- Almost 
Pure 
214 mode 
shltled 
by n 12K, 

40 

0 

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 fuection) from the wall (bottom) to x2+ = 40 (top), of 
width Dx3+ = 333. 

Figure 4 .  (a) Evolution of modal components for the uncoupled model: 
bj are the streamwise and cj the cross stream components respectively. 
@) 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 E R and unresolved modes s E S, so that U = r + s. 
and P(s) = 0, P(u) = r, then Berkooz (Berkooz et al. 1990) has shown 
the correspondence P(SOLUTI0N 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 

214 mode 
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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 panicularly 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 fust 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, concemed 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. 

I lk,x3k, 1 lk ,x4k,  

I lk,x6k, k m 4  lk,xSk, 

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 stmcture. 

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 
6. 

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 hetemlinic cycle. 
In Figure 7 (upper) we see 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 &U1 = kU1 (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 k l  = 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 er 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 CM 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 too 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 er a1 (1989) tried stretching the eddy structure in the wall region, 



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 fmdings 
of Aubry et a1 (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 control 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 extemal 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. Piezoelectrically raised welts 
could produce a negative eigenfunction (see figure 9) by overturning the 
vorticity in the boundary layer. 

X . 0  I = 10.0 

Figure 7.  A model system with two sueamwise 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). n. 1:; 

4 
2 
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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 
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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 t rue 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 . 0 2 ~ 2 3  = Avogadro number = 6 . 0 2 ~  
1.66n24 = inverse of Avogadro number= 1 . 6 6 ~  

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, i t  is even very often their only 
known element. 

INTRODUCTION 

The physical laws have reversible mathematical  
expressions while t he  physical phenomena a r e  
essentially governed by the irreversibility of the second 
principle of thermodynamics ... 
A CONCRETE EXAMPLE 

Let  us open t h e  communicat ion be tween 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 Poincare 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 wi th  t h e  equal iza t ion  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 Poincar6 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 Poincar6 is right and for strictly 
isolated system there  i s  indeed th i s  mysterious 
correlation between initial and final conditions (after 
the return time of PoincarC). 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 
Poincar6 return time, even if i t  is true that they can 
modify ve much the evolution in a relatively short 

contribute to the disparition of correlations. 
interval o 7 time ( the  "Liapounov time") and thus  

THE TRUE ANSWER 

There are several other classical answers, all of them 
unsatisfactory, but the true answer is unex ected: It is 
because a system is "sensible to initial conitions" and 
because i t  depends on billions of parameters, while we 
measure only a few of them, that we ascertain almost 
no correlation between successive s ta tes  a t  large 
intervals and that  the Poincare 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 t h a t  t h i s  model satisfies practically the  
Boltzmann hypothesis of "molecular chaos" (no 
correlation between successive variations) but reaches 
opposite conclusions: the molecular chaos doesn't forbid 
the Poincar6 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 mm3 of air in "normal conditions", which is a very 
small volume, and in most experiments the effects will 
be even greater. 

These p18 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: a t  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 ressure. We will 

in B. 

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

(1) PA(0) = 1.4 bar; PJO) =0.6 bar 

for instance start with 70% of molecu P es in A and 30% 

What will be the evolution? 

EVOLUTION OF THE PRESSURES PA and PB 

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

(2) PA(t)+P,(t)=PA(0)+P,(O)=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 
hy othesis corresponds to the "molecular chaos" of 
Bo!tzmann), 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) 

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) i t  is sufficient to consider the evolution of 
P,(t). This evolution is governed by the following: 

"At each step we have the probability PA/2 of a 
variation SPA=-2n18 and the probability 1 - (PA/2) of a 
variation SPA= + 2n18" (the pressures PA and SPA are 
expressed in bars and, according to the above list of 
symbols, 2n18 means 2 x  10-l8). 
Hence the average evolution PAM(t) is given by: 
A.l. From the klh choice to the (k + l ) t h  choice: 

x=3.141592 653 589 793 238 462 643 ... 

(4) PA, ,k+l=PAM,k+( l -PAM,k)  x 2n18 

that is: 

(5) P A M , k + l - l  = ('AM,k-l)(1-2nl8) 

and thus: 

(6) PAM,k-l  = (PAM,o-1)(1-2n18)k = 

= (1 - 2n18)k x0.4 bar 

A.2. Since there are p15 choices and exchanges per 
second: 

(7) 1 PAM(t) = 1 bar + exp ( $ ) x 0.4 bar 

with t expressed in seconds 

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

B) Evolution of the variance V(t) 

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

B.l. From the kth choice to the (k+ l ) t h  choice: 

(8) V(k+l)= (1 -4n18) V, -t- 

+ 4n36.P - (PAM,k - U21 

B2. With (6) and with Vo = 0 we obtain: 

(9) Vk=[n 18.{1-(1-4n18Ik} - 
- 0.16{(1- 2n18)2k - (1 - 4n18)k}lbar2 

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 (5) }.n18bar2 
250 

Thus the evolution of the variance V(t) is monotonic, i t  
increases from 0 to n18 bar2 and a t  t=1000s i t  i s  
already at 97% of its final value. 

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

The standard deviation d t ) ,  the square root of the 
variance, will also remain forever ver small, i t s  

deci-millipascal (one pascal = 1 Pa = 1N/m2 = 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 
t h e  probability n200 ( t h a t  is to meet a 
fluctuation before the time t = 4.625~329 seconds that 
is t = 1.46513322 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 Poincar6 is purely 
theoretical, but  it can be computed. The a priori 
probability ofP, B 1.4 bar is with M=3.57350~16, 
this  of course an  extremely small  but  non-zero 
probability. 

maximum is n9 bar that is one billionth o r a bar or one 
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If we neglect events with a robability of n200 (which 
corresponds to the "threshol8 of certainty of observable 
Universe") we can write that  the first return of 
Poincark a t  PA 2 1.4 bar will occur after k, exchanges 
with: 

(11) 1/2 x 10(M-200) 5 k, 5 10Mx5x2Ln(10200) 

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

(12) 3.57349~16 5 Q s 3.573511316 

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 5 x 5 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 i r reversibi l i ty  of the second principle of 
thermodynamics agree fully with our ex eriments and 

to lead to a contradiction. However some very 
our measures that are by far neither + ong nor numerous 

smal enoufh 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 irreversibil i t ies".  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 Poincare 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 Poincarh 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 >  10 000. 

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/ 
even if i ts  laws are mathematically reversible and 
conservative." 
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1. RESUME 
Le mouvement d’un avion eut Ctre dtcrit de mapitre 

non lintaires, dependant de paramctres, liant les 
variables d’Ctat (incidence, dtrapage, wtesse ...) et les 
variables de commandes (braqua e des gouvernes) par 

du mod5le atrodynamigue et du s sttme j e  contrale 

en France et A 1’Etranger en vue d’amtliorer la com- 
prthension et de prCdire avec. prtcision le co-mporte- 
ment de I’avion dans des situations de yo1 articuhtres 

ions dif?Crentielles est insufisante ou inadaptCe. 

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

attack, sidesli angle, speed ...) with the control vector 

namic aircraft model and Eght contro1.s stem. The 

better understandmg and at the precise prediction. of 
aircraft behaviour in particular Qi ht phases for.wtuc.h 

insufficient or not valid. 

rigoureuse par une ensemb P e d’equations difftrentielles 

I’intermCdiaire des tquations de 9 a mtcani ue du vo1, 

du vol. La communication tvoque 1 es travaux rCalisCs 

our les uelles I’analyse ImCarisCe habitue R e des Cqua- 

5 o v paraneters, associatmg the state vector (angle o 

(motivators) t L ough fhght d amics equations, aerody- 

communication presents some works. w h x  K aim at a 

classical linearized analysis of di fB erential equations is 

3. INTRODUCTION 
Le mouvement d’un avion eut &tre dtcrit. de manihe 

non lineaires, dependant de paramctres, liant les 
variables d’Ctat (incidence, dtrapage, vitesse ...) et les 
variables de commandes (braqua e des gouvernes) par 

rigoureuse par une ensemb P e d’Cquations dlfftrentielles 

I’intermtdiaire des Cauations de 9 a mtcaniaue du vol. 
du modtle aCrodyna&aue et du systtnie de contr6le 
du vol. 

Depuis le dtbut de l’aviation, de nombrcux chercheurs 
se sont attachks A expliquer certains phtnomhes de la 
dynami ue du vol en appliquant,.de faCon anal ique, 

des systhes  d’C uations de dimension rCduite. IndC- 

! la coinprChension des phtnom iies, les ypothtses 
siinplificatrices adopttes nuisent souvent a la qualit6 du 
rtsultat. 

des mCt 3, odes d’analyse non lintaires. de la stabi ryt it6 sur 

cndamment de 3 intCrCt de ces a proches our aider R 

moyen d’un rocessus 
thtorie des bgurcations. 

La communication tvoque les travay rCalists en 
France et A 1’Etran er en vue d’amdiorer la com- 
prehension et de prfdire avec. prtcision IC cqmporte- 
ment de I’avion dans des situations de yo1 articulitres 

tions dif7Crentielles est insuffisante ou inadaptte. 

Aprts avoir rappelt britvement les travaux aiiterieurs 
fondCs sur des analyse simplifikes de la stabilitC, les 

pour les uelles I’analyse lintaristc habitue ii e des tqua- 

as ects thCoriques de la dtmarche mtthodologique 
a&ptCe ici et les Cltments de la thtorie des bifurcations 
indispensables A la com rChension des phCnom6nes 

sont prtscntCs. 

I1 s’a ira. tout d’abprd de retrouver les limites usuelles 
de stLihtC de I’awon nature1 en montrvt, au passage, 
qu’elles sont des approximations des bifurcations du 
systtme complet. A cette occasion on montrera que la 
mtthodologie est apte A prtdire ie com ortement du 
systtme complet au delii.de ces limites 8, stabilitC; la 
vrille et le couplage merhel en seront des exemples. 

Puis, la corrtlation avec des essais en vol obtenue dans 
le cadre d’une o Cration rCalisCe A I’ONERA en 
collaboration avec Eassault Aviation et le CEV viendra 
confirmer les prCdictions CnoncCes plus haut. 

Ensuite I’jnfluence des commandes de. vol et de ses 
non-1inkaritCs sera abordCe par le biais d’une brtve 
s nth6se bibliographique et des travaux men& A I’ONE- 
F!A. I1 sera alors montrC que la mCthodologie globale 
d’analyse des systtmes est, dans une certaine mesure, A 
mtme de fourmr des ClCments de rtponse. 

Enfin, en relation avec les probltmes posts par les non- 
linkaritts dans les commandes de vol, uelques remar- 

ues sur les mCthodes modernes de dltermination du 
iomaine d’attraction d’un .oint. d’tquilibre stable d’un 
systtme diffkrentiel non Entaire wendront conclure 
cette communication. Sur ce derruer point, des rtsultats 
obtenus A l’ONERA et dans la litterature seront prCsen- 
tCs. 

4. ANALYSE NON LINEAIRE SIMPLIFIEE DU 

La rtdiction et I’analyse des pertes de contrale et des 
vrilfis sont des problemes anciens qui rcmontent au 
dtbut de l’aviation. Cependant, faute de moyens numt-  
riques adkquats, les chercheurs out ttudit ces problt- 
mes en les sim lifiant siiffisaniment pour, ensuite, 
pouvoir utiliser f arsenal des nitthodes analytiques, 
exactes ou appronmatives, d’analyse d’tquations non 
lintaires. 

Parmi les rCcurseurs, il convient de citer les travaux de 
Phillips [t sur le couplage inertiel dont la difficult6 
reside dans la rise en compte des couples gyroscopi- 
ques dans les tquations du mouvement. En nCgligeant 
la pesanteur et en ne considtrant que les C uations de 
mouvcment, 11 a pu &gager un crittre %e stabilitC 
encore utihsC de nos jours. Repris et ttendus 
Pinsker [2], ces travaux sont dtcrits en dttail dans 

A incidcnce plus Clevte, les phtnoniCnes qui apparais- 
scnt sont gtnkralement assocites B des inst abilitts de 
nature aerodynamique. 11s en rcsulte des pertes de 
stabilitC sur les mouvements longitudinaux c t  transver- 
saux ou siir les deux en mCme temps [4]. Parmi ceux ci, 
I’instabilitC de I’oscillation de dtrapage a C t t  l’objet de 
trts nombreuscs communications dont [5,6] dans 
lesquelles les non-linearjtts atrodynamiques sont 
introduites dans les tquations sont la forme de non- 

rencontrCs dans son app P ication ii la dynamique du vol 

COMPORTEMENT DE L’AVION 
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lintaritts polynomiales. 

A grande incidence, la vrille cal.me a rapidemcnt t t C  
identifite comme un Ctat d’tquilibre du systtme com- 
plct. Ces etudes avaicnt montrt que la vrille ttait un 
mouvement sur line hthce d’axe vertical pendant lequel 
la portance et la trainee tquilibrent respectivement la 
force centrifuge et le poids. Cependant, inalgrk I’appa- 
rition de moyens de calcul puissants 71, et la siinilaritt 

certains avions de combaj 81 les rtgimes de vrille 
agitte ttaient encore considkrks comme dtpendre en 
grande partie du hasard. 

En mar e de ces travaux consacrts individuellement h 
I’ttude %‘un scul phtnomtne, Schy et Hannah [9,10] 
ont montrt I’existcnce de solutions multiples au 
bl&me de la dttermination de I’tquilibre du.s stg;; 

la mtcanique 8, vol. certaines solutions Ctant stables, 
les autres instables. kes derniers travaux sont li la base 
de la methode d’analyse globale prtsentte dans cette 
communication. 

entre le mouvement d’Eulcr-Poiso I et la vrille de 

non lintajre re rtsentant des Equations simpli fy ites de 

5. METHODE GLOBALE D’ANALYSE NON LI- 
NEAIRE DU COMPORTEMENT 

Des anal ses sim lifites, gtntralement analytiques sur 
un mod& T P  e rtdlii sont souvent suffisantes pour a!der h 
la comprthension de certains phtnomknes non lint&- 
res. Cependant, pour etre appliqutes, ces techniques 
nCcessitent. des hypothtses simp!ificatrices sur. le 
modble qui ne sont pas toujours faciles h faire a priori 
odet qui ne sont pas souhaittes. 

En vue de lever .les h pothbses simplificatrices et 
d‘accroitre la prtcision dk I’analyse des phtnombnes, 
une nouvelle approche a ttt dtveloppke. 

5.1 Mdthodologie 
La mtthodologie globale d’analyse du comportement 
est fondte sur l’analyse des ttats asymptoti ues des 
systtmes d’equations difftrentielles non L t a i r e s  
autonomes, dependant de parambtres et exprimts sous 
la forme: 

@=F(X,U) 
dt 

dans laquelle: 

- X : vecteur d’ttat de dimension.n, 
- U : vccteur de paramttres de dimension m 
- F : n fonctions non lintaires de X et U. 

Par opposition aux systbmes differentick lintaires, un 
ensemble d’tquations difftrentielles non lintaires peut 
prtsenrer pluseurs ttats as m totiques diffkrcnts pour 
une  combinaison donnee (b,fdes param&tres. 

Dans les cas lcs plus simples, notamment c y  rencon- 
trCs au cows des ap lications li la dyriamique du vol 

gtntralement aux solutions de I’&iiation algtbrique 
non lintaire: 

des avions, les t t a  P s asymptoti ucs correspondent 

F(X, UJ =o 

lorsque le systbme est immobile ou aux solutions de 
l’tquation : 

T 

(3) X ( l )  =X(O) +/F(X,UJdt 
0 

dans le cas d’orbites ptriodiques (cycles limites) dont 
il convient de noter que la ptriode (T) est a priori 

inconnue puisque le systtme considtrt est supposC 
autonome. 

Lorsque I’analyse lintariste des petits mouvements 
autour de ces ttats as n toti ues a un sens, la caractC- 
risation de leur stabirtzest aonnte par un calcul de 
valeurs propres. 

La stabilitC des ttats d’tquilibres onctuels” (2 , est 
assurte si toutcs lcs valeurs pro res 2 U systtme lin k arise 
sont A artie rtelle n t  ative. #our les orbites ptriodi- 
ques (3, la thtorie de%loquet indique que la stabilitt 
est assurte si toutes les valeurs pro res.de la matrice de 
transition sauf une) ont un mo&e inferieur li 1; la 

module tgal h funit6 pour assurer la ptriodicite du 
mouvement. 

Lors ue I’analyse lintariste des ctits mouvements est 
insugsante (liniites de stabilitC) Fa thtorie des bifurca- 
tions ermet de conclure sur la stabilitt de I’ttat 
asymprotique considkrt . et sur la modification du 
comportement asymptotique global du systbme sous 
I’effet de la variation du parambtre. 

5.2 A 
La tR&rie des bifurcations est constitute par un 
ensemble de rCsultats mathtmatiques ui visent h 
analyser et li expliquer des chan ements & comporte- 
ment as mptotique d’un systtme 8iffCrentiel non ljntaire 

Bien entendu, il n’est pm dans I’esprit de cette c0,xnr.n~- 
nication de se substituer aux ouvra es sptcialists 

tun d’en rappeler quelques aspects qui recouvrent 
quasiment tous les phtnombnes rencontrts au cours de 
son application particulibre h la dynamique du vol. 

5.2. I Bifurcatiotis des points d’kquilibre 
Les phtnomtnes .rencontrts le plus couramment avec 
des points d’tqudibre apparaissent lorsqu’une valeur 
propre reelle (JL) negative devient positive sous I’effet 
d’une variation du parambtre. Deux cas peuvent alors se 
produire. 

Si le point d’equilibre est rtgulier, le thtortme des 
fonctions implicites est applicable et un point de 
retournenlent apparait (figure 1). Ce point est structu- 
relleincnt stable VIS li vis de perturbations du systbme 
difftrentiel. 

derniCre va \ eur ropre de la matrice de transition. li son 

o j  de la tlifiorie des bifurcations 

quand r es parambtres varient de faCon quasistatique. 

traitant du sujet [11,12,13]. Cependant, I 5 parait oppor- 

Figure 1 : Point de retournement. 
- tquilibres stables, - - - Cquilibres instables 

Si le ioint d’tquilibre est singulier, de nouvelles bran- 
ches h’tquilibres apparaissent. Suivant les particularitks 

fronce ou un point de bifurcatio~retournement ( point igiire 
du systbme, IC point de bifurcation peut etre un 

2). Ccs points de bifurcation sont structurcllement 
instables vis A vis des perturbations du systtme et ils se 
transforment gCiitralcment en point de retournemcnt 
131. En dynamique du vol, compte tenu du systtme 
!i ’Cqualions et des modt!es d’qvioiis adopt.& jusqu’h 
prtsent, ces points de bifurcation particullers ap a- 
raissent seulcnient quand les equations differentie P les 
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surface tproidale qui entoure I'orbite ptriodique 
devenue mstable. 

Figure 2 : Points de bifurcation, (a) retournemenfii- 
furcation; @) bifurcation fourchette. - tquilibres stables, - - - tquilibres instables 

Un autre point de bifurcation souvent observt est la 
bifurcation de Hopf. Elk sunient uand une pare de 

delle aui dewent oositive lorsoue le oarametre du 
valeurs propre? complexes conjugu 2 es (p,,)a sa partie 

systbme'varie. Au v&inagc de ce'pojnt (korrespondant 
A une paire de, valeurs proprcs imagmaires pures), des 
orbites ptrio&qucs apparamcnt. 

Suivant les caracttri$iques du syst&me, la bifurcation 

gam le premier cas, I'orbite ptriodique est sta le et e 
petite amplitude. Dans le second casl l'orbite situte au 
voisinage du point de bifurcation est mstable et I'orbite 
stable du systbme, si elle enste pour cette valeur 
particdiere du parametre, est de grande amplitude 
mCme pour une faible vanahon du parametre autour 
du point de Hopf. 

F 2. ourra Ctre supercritique ou subcritique (fi 

Z 0 

0- 

4 '9 

Figure 3 : Bifurcation de Hopf, (a) subcritique; (b) 
supercritique. 
- tquilibres stables, - - - tquilibres instables, 
-0-0- enveloppe des orbites ptriodiques 

12.2 Bifurcufions des orbiles pkriodi es 
Comme nous venons de I'entrevoir PES haut, le dernier 
cas trts inttressant de bifurcations rencontrces en 
dynamque du vol correspond a la perte de stabllitt des 
orbites ptriodiques (figure 4). 

Parmi toutes les causes ossibles d'instabilitt, trois 
sont usuellement rencontrtes. 

a. Une valeur oroore rtelle traverse le 00int +l. r - r -  ~~~~~~~ 

~ ~~ ~~ 

Dans.ce cas, la perte de stab&$ de t'orbite se 
tradwt par 1 appantion d'une orbite de retoume- 
ment analorme au point de retournement des 

b. 
surfaces d'@dibre. - 
Une valeur propre rtelle traverse IeEoint -1. Alors 
une bifurcation de doublement de p node survient. 
AU voisinage I'orbite ptriodique initialement stable 
et de ptriode T a parait une nouvelle orbite 
gtntralement $able $e ptriode 2T. GCntralement 
cette bifurcation est accompagnte par d'autres 
semb1abI.e.s (cascade de Feigenbaum) et conduit A 
I'aooaritxon d'un mouvement chaotiaue. 

e. De& valeurs propres haginair& con'ugutes 

bifurcation le mouvement du systkme dkrit une 
quittent le cercle de rayon urutt. Au dela d e cette 

Figure 4 : Bifurcations des orbites ptriodiques. 
- orbites stables, - - - orbites instables 

5.2.3 Caracthisation de la stabilitk des limites de sfabilitk 
La stabilitt des points de retournement et de bifurca- 
tion ,ne peut pas Ctre fournie par I'analyse lintarish 
classique. 

L'a proche prtconiske par la thtorie des bihvcations 
est fond& sur !'b othbe selon laquelle tous le; modes 
amorbs (associtsT des valeurs propres A partie rkelle 
negative) du systhe dis araissent pu de iemps aprh 

I'ttat,d't uilibre ait kl& erturb Alors, la mtthode 
consiste 2 . effectuer un s tvelo pement non l i d a m  
a oroiection du mouvement 8u svstbme dans l'es- 

ace ch i n d r t  par k(s) vecteur(s) pI6pre s) associb(s) 
la ( a 4  valeur(s) propre(s) A partie rte h e nulle. 

Pour un point d'tquilibre avec une valeur pro re nulle, 
la methode , p e p e t  de wacttriser sa stabJtt  et de 
fournir une mdication par le temps rms par une pertur- 
bation D O U ~  doubler ou Stre dimst OX deux. A nnter . r ~ ~  ~~~~~~ 

~~~~ ~ r~ ~, ~ ~~~~ ~ ~~ ~~ ~ ~~ ~~ 

que contrauement au cas d'un point d'tquilibre &U 
systbme lintaire, 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 caractkre subcritique ou supercritique 
de la bifurcation suivant que le point considtrt esl 
respectivement instable ou stable. 

Tous ces calculs nkccssitent unc formulation analytique 
du systtme. Ccpendp!, mo ennant une a roximation 
non IinCaire numknque d; syst&me di&rentiel au 
voisinage du point t tdi t , la  dtmarche prtddente eut 
Ctre automatiste et fournu encore des rtsultats in&,,- 
sants [14]. 

5.2.4 Remorque sw /es inouvemem cliaoriques 
Mises part quelques expkriences numkriques, l'analyse 
fine de< moivemknts chaotiques n'est pis incorpoite 
dam 14 mttbodolo ie prbentee ici. Une des raisons de 
ce chour est oue. fa  la Dratioue. le temm d'observa- 
tion dc moucements com'plexk de I'avidn (vrille par 
eximple) est trop limit6 pour pouvoir observer le 
mi iportement asymptotique et I'analysrr complercment. 

Cependant, aprh cette remarque, il ne faudrait pas 
condure h2tivement sur I'inutilitt de l'analyse de ces 
comoortements. En effet. si Yon aborde I'identification ~ ~~~~~~ ~~~ F - ~  -~~~ -~ ~~ 

dkC&rtains arametres ~'du systtme a partir d:essais 
reels, 11 est akrs indispensable de pouvoir dissocier un 
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comportement ressemblant h un plouvement ptriodi- 
que, pendant le temps d'observation du systbme, d'un 
mouvement chaotique. Dans le remier cas le modble 

aUure alors que, ,&ins la deuxibme, 3 
Ctre h mCme d'expliquer des rtsultats d'essais tres 
difftrents bien que les conditions initiales soient trbs 
voisines. 

53 Proctdure numkri ue develop 6e B I'ONERA 
Le calcul de tous les %tats aspproti ues mentionnh 
dans le para a he prtddent est rta?ist ar un code 
numtrique &e?opH A YONERA. Ce c o g  utilise une 
mtthode de contmuation initialement proposte ar 
Kubicek 13 et modifite par, entre autres, les contrigu- 

restitut fournira tou'ours une r l pome a ant la meme 

dependance vis ?J VIS des conditions initi apothese, es sera peut la 

hons de k b  e er [g et Kernevez [16]. 

Partant d'une approgmation initiale d'un etat asympto- 
tique, pour une combmason donnte des arambtres,du 
svsthe. le code dttermine la courbe $ (U) solution 
d'un ensemble d'tquations al tbriques nonlidtaires qui 
depend du cas de calcul rt&t. 

a. point d'tquilibre: 
F(X,O)=O 

b. point de retournement: 

F(x,v)=o 
p =O 

e. point deHopf: 
F(X,U)=O 

pll=*2in/T 

Les fonctions non lintaires considtrtes ici sont suppo- 
stes continues et dtxivables jusqu'A un ordre suffiam- 
ment &lev6 pour ne pas mettre en dtfaut le principe de 
la description globde des courbes d'tquilibre 
continuahon. Pratiquement, suivant le type de ca cul 
envisagt et sous rtserve que les fonctions non lintaires 
ne vanent pas brusquement en fonction de l'ttat et des 

arambtres, on observe q'il es! ossible de .diminuer 
k s  condihons sur la d&vabilit&des fonctions sans 
courir le risque de dtgrader notablement le processus 
de contmuatron. 

5.4 Mise en oeuvre de la m6thodolcgie 
Cap lication de)a mtthodologie dtcrite plps haut est 

Par 

usue E ement rtallste en cmq ttapes successives. 

a. 

b. 

c 

d. 

e. 

Determination de I'ensemble des ttats as ptoti- 
ques, tels qu'ils,on! ttt dtf+ dans le 5 pow 
tout= les combmasons dtsukes des "5.tres et 
urracttrisation de l e y  stabilitt. 
Reprhentation graphque des rtsultats dans des 
sous es aces articuliers de dimension 2 ou 3 
(gfntr&ment Pa dimension du vecteur d'ttat est 
tr s suptrieure A 2). 
Analyse des t rads  grapg ues et prediction d6ven- 
tuck phtnomhes non h%aires sans recourr h de 
nombreuses simulations du systbme. 
Validation des predictions au moyen de simulations 
numtri ues du mouvement. 

vue de discuter la validitt de la reprtsentation du 
Eventue P lement correlation avec des essais reels en 

systbme reel par le systbme differentiel Ctudit. 

6. ANALYSE NON LINEAlRE GLOBALE DU COM- 
PORTEMENT DE L'AVLON NATURI$L 

L'ttude de la dynami ue du vol classrque repose 
essentiellement sur I'anahe lintarisde des tauations de 
la mtcanique du vol. Sans revenir sur ion int6rCt 
didactique, il convient de noter que cette vision sim li 
tite des equations ne ermet pas de montrer la genfsd 
des pertes de s t a b i d  et de mettre en tvldence des 
phtnomenes complexes. 

En s'appuyant sur des exemples simples et d'autres plus 
com lexes, il est propost de montrer rapport de Ette 
mttfodologie dans la comprehension du comportement 
ualitatif de I'avion nature1 pour lequel.les braquages 

8es gouvernes atrod anuques font partie des paramb- 
tres de I'tquation (lr 
6.1 Equations du mouvement et classification des non- 

Les 6 uahons classiques du plouvement d'un avion 

- des t uations de.momeut (en sup osant ici que 
les projuits d'inertie D et F sont nul!) 

Ap-Ei+(C-B)qr-Epq=LA+LF 

Ci-El)+(B-A)pq+Erq=NA+NP 

lin&ritks 

rigide 8 ans I'espace sont constitutes: 

&+(A -C)p +E(? -pz)=MA+M 

- des tquations de force 

- auxquelles sont adjointes deux equations cintmati- 
ques 

dans lesquelles: 

- U, v, w ,: composantes de la vitesse-air dans le 
tribdre avlon, 

r : composantes du vecteur rotation instanta- 

- 8 : assiette longtudrnale, 
- an le t e  @e, 
- $A, $, 2 : composantes de la force akrodyna- 
mi ue dans le tribdre avion, 
- 2 Fv, Fz : composantes de la pousste dans le 
tri$ire gvroq,, 
- L , M , N . com osantes du moment atrodyna- 

t r i d e  avion, 
- L, M ,  dp$ : coniposantes du moment de pro- 
pulsion dans le tribdre awon. 

Le vecteur d'ttat est de dimension 8. I1 est constitut de 
la f a p n  suivante: 

gdans le tribdre a+on, 

xr=(u,v,wg,q,r,e,+)r 

Le vecteur de parametres au moins de dimension 3, 
comprend les gouvernes akrodynamiques de I'appareil: 

dans lequel: 



: gouverne de gauchissement, - 8, : gouverne de rofondeur, 
- 8, : gouverne de grection. 

Les non-linkaritks de ce s y s t h e  sont noinbreuses. 
Elles peuvent Stre classees en deux groupes. 

Le premier comprend celles qui sont iiitrinskques A la 
formulation des tquations du mouyement d'un solide 
dans I'es ace (non-lintaritts trigonomktriques et 
inertiellesf: 

Le deuxibme oupe est constituk des non-linkaritts du 
mod& ae rogamique  de I'avion considhe. II convient 
cependant deTaire une digtinction entre les non-linkari- 
tts de courbure d e  Frtains coefficients IC (a), C,(B), 
etc.. et les non-linkaritts de coupla e qui inhisent des 
relalions entre les variables long&inales et les varia- 
bles latkrales (C,(B), C,(a), etc..). 

6.2 Anal se de pbenomenes simples 
L'objet i e  cette artie est de montrer 

valysks avec profit au moyen%e la thtorie des bifurca- 
tions. 

6.2. I Mouvemenf spiral 
Dans ce mouvement trbs lent et A faible incidence, les 
cou lages inertiels sont nkgligeables et I'atrodynamique 
peuP&tre considtrte " m e  hta i re .  Seules la pesan- 
teur et,l:assiette londitudinale de I'appareil f l u e n t  sur 
la stabilitk du mouvement A dkrapage nul. 

5"" des pht>o- mbnes sunples B e la mtcau ue du vo peuvent etre 

Gouvernes transvcrsales au neutre, le ,tract de la 
surface d'tquilibre montrr. que la manifejtation de 
I'instabilitf. spirale cohncide avec I'apparition d'unc 
bifurcation fo'urchette sur les variables iiansversales en 
raison de la symktrie supposke de I'appareil[17,18]. En 
const uence, la surface d'tquilibre fournit Ies ttats 
d'equ&bre stable que I'avion mstable spiral ira rejoin- 
dre (figure 5). 

. . . . . . . . . . . 

.aa 

1. ( & I 1  
4 0  

Figure 5 : Bifurcation spirale, (a) , (b) - tquilibres stables, . - - kquilibres instables 

Par rapport A la mtcani uc du vol IinCarisCc, cette 
anal se pcrmet de prtdireye comport( iiient du  systcme 
au &la de I'inctabilitk. Elk offre tr.jlcment le mown 
de mettre en tvidence 1:s non-IintiritCs qui crteni le 
point de bifurcatJon. Ami,, en conservant Ies seuls 
termes non hntaires essentiels, le coinportement de 
I'avion eut se ramener I:trude ,d'une tquation 
difftrenEeUe non lintaire scalare dtrivke, d'un cham 

de fappareil en fonction des gouvernes transversales 
de radient exprimant I'kvolution de I'assiette latkra P e 

(61, 8"): 

&=(A +Bm~)sinf$ 
+(Cb,al+Cb,8n)ws@ +Db,bl+Dba8n 

En dkpit de sa simplicitt, cette formulation a le merite 
de,synth€tiser le comportement global de l'ap ared au 

m&me si I'avion est stable lorsque les gouvernes trans- 
voisinagc: de I'instabilitC spirale et de mon P rer que 

versales sont au neutre ( &, =&, = O ) ,  la bifurcation 
spirale existe pour des braquages non nul des gouvernes 
transversales (figure 6). 

L -20 

-S 5 
Figure 6 : Surface de bifurcation spirale dans le plan 
gauchissement-direction. 

6.2.2 Coupla e ineaiel 
Ce ohknomfne est bien connu deouis lonetemos en 
m6c:dnique du vol 11,2]. Ce endant' son an'lysd a la 
lumitre de la theone des bi$rcatio& jl8-231 cnmpkte 
utilement les analyses anlheures. 

En sup rimant toutes,les non-linkaritts des uations 

considerant que la vi!esse de rouk  ?(est beaucoup 
Ius grande que les mtesses de tanga e s) et de lacet P r), la prkdiction du comportement e 1 appared eut 

encore se ramener h I'ktude d'une tquation df igen-  
tielle polynomiale sca!aire liant la vitesse de roulis aux 
ouvernes akrodynarmques, tntralement de degrt 5, 

k i v a n t  d'un champ de grad?enent: 

except& celles relatives au cou la e lnertie 9 et en 

P=fs (8ml~ '+V;u61+f5~~n)~4  

+&(W~+Cf,,Pl+f~,?n) 
(4) +f,(dmlp'+(f,,a~+f,,"an)~' 

dont on montre ou'elle se rambne simolement A la 
cdtastrophe " apilfon' bien connue de I; thtoric dcs 
catastrophes rfigure 7). 

Figure 7 : Surface de bifurcation dans le plan gauchis- 
sement profondeur (6, = 0). 

En outre. de cette formulation on peut extraire un 
critkre de stabilitt du mouvement et des lois d'intercon- 
nexion cntre les gouvernes transversales qui tvitent la 
perte de contrale. 

Ces lois sont issucs directement de I 'expen de la 
surface de bifurcation du systbme pour faire en sorte 
que les combinaisons de commande ne la franchissent 
pas (figure 8). Elles peuvent tgalement Stre fournies en 
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recourant aux pro rittts des polyn8mes ui assurent 
I'unicitk de la s o d o n  de l'kquation 4 [%%I. 

Figure 8 : Surface de  bifurcation dans le plan gauchis- 
sement-direction et loi d'interconnexion entre les 
gouvernes transversales : 6, = ~(6,) 

6.2.3 Instabilitd de l'oscillation de dkrapa e 
Dans ce phtnomtne t rh  longuement $ h i t  dans I! 
littkrature, l ' i i uence  des non-lintar,it& atrodynanu- 
ques est prtpondkrante. L'instabhtt correspond 
kntralement ?I I'apparition d'un oint de, bifurcation 

$e Ho f 1261 & partlr duquel la mk%odologe prtsentte 
prkdzemment permet de dtcrire I'enveloppe des 
orbites ptriodi ues du s y s t h e  [21,27l sans aucune 

andytiques (figure 9). 
hypothkse simp ?if icatrice contrauement aux mtthodes 

""I 

- /./, .' . 
* s L."# 

.A'  

f-.- ,--------" . I  

/./ '  - . I..". <-- - _------- ---- . ,..11-1,, ..I. - - . --.,I.."" -.U 

Figure 9 : Instabilitt de l'oscillation de dtrapage et 
enveloppe des orbites ptriodiques. 

6 3  Analyse de phbnomhes plus complexes 
A r&s avoir montrk brihvement que la thkorie des 
bifurcations avait la possibilitk d'amkliorer la comprt- 
hcnsion de certainis limites de stabilitk qui, Son1 
usuellement obtenues par des calculs analyti ues 
simnlifits. el de dtoasser lareemenl les Ironlitres j e  la ~ ~ ~ ~ ~ . . ,  .~ ~~ ~ ~r~~~~ 
&anique du vol I in~ar i~ te ,~&t te  partic sc pro ose de 
prbsenter les phknomfnes les plus complexes o!serv6s 
iur les avions.de combat au nioyen de -cette mkthode. 

Le calcul par continuation des orbites ptriadique,~ et 
de leurs bhrcations pour difftrents modtles d avions 
de combat rtvble que cer tam compoTtemen!s tr6s 
agitks pcuvent &tre analyses avec la theorie des bifurca- 
tions. 

La bifurcation la plus courante est I'orbite de retourne- 
ment (figure 9). 

Lorsque dcux vdcurs proprcs imaginaircs conjuguCes 
quittznt le ce!cle de ra on unite, d appiirait un tore qul 

dkroule le mouvemenl du systtmc (figure 10). Dans ce 
entoure I'orbite nourc r lcmcnt instable et sur lequel se 

cas particulier ttudi.6 dans [24, I'kvolution temporelle 
des variables se com orte comme la su erposition des 

secondes et T, = 160 secondes pour l'exemple considt- 
I€ II s'ensuit donc une difficult€ potentielle d'interprk- 
taf)ion d'un tel phtnomtne en vol puisque le temps 
d'observation maximal est souvent infkrieur & la plus 
grande pkriode. 

deux mouvements pgiodiques trks diff r! rents ( T, 7 4 

Figure 10 : Trace de I'tvolution temporelle de variables 
d'ttat particulikres sur un tore [21]. 
-*-*- orbile ptriodique instable 

La seconde illustration est relative & la bifurcation de 
doublement de ptriode (figure 11) qui eut notable- 
ment modifier le comportement en wi Ip e d'un avlon 
pour de tr&s petites vaiiations des commandes. 

I 

Figure 11 : Doublcment de ptriode des orbites pkriodi- 
qu& (a) 6, = -18.784", (b) 6, = -18.971', (c) 6, = - 
19.M)2" 

E n h ,  qumd tous ICs ttats d'kquilibrc en presence sont 
instables a l'cxception d'un seul faiblement stable, 1 1  
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A titre d'illustration profondeur en butte A cabrer et 
direction A auche, lorsque le gauchissement varie, la 
courbe des fquilibres A incidence ositive montre d'une 
part line vrille pi ute A droite statle (rz0)  et, d'autre 
pact une vrille \ gauche r<O) et une tonneau h 
incidence modtrte (a-&) instables oscillatoires 
(figure 13). 

peut en rtsiilter des mouvements transitoires de Ion ue 
dur6e et tr&s corn lexes pouvant Btre apparentbs A 5 es 
comportements cfaotiques (figure 12). 

Figure I t  : Oscillations transitoires chaotiques. 

6.4 Validation de la mkthodologie avec UII avion reel 
I-01 
LO 

A I'bNbRA, la demarche mkthodologique prtscntte 
dans le paragraphe 5.4 a tte parcourue compl&temenl 
avec un-avio: r6el. 

L'anolication a porte principalement sur le comporte- 
9 vrille dun avion de combat Franco-Allemand. 

etk rtaliste en collaboration entre I'ONE 
I'ONERA/IMFL avec le soutien des services oEciels et 
le concours de Dassault Aviation et du Centre d'Essais 
en vol d'Istres. 

A p r h  avnir dtfini le modelc afrodynamique dcj'a pa 
rcil dans un large domainc, quatre tquations dfigen: 
tiellcs rcnrCsentant I'tvolution de certains cxficients 
atrodyn&niques instationnaires ont ttt adjointes au 
s y s t h e  habitue1 des tquatlons de la mkcanique du vol. 

Le calcul des compo!tementc asymptotiques du s sttme 
ainsi ohtenu a p e r p s  de rctrouver tnus ICs $&om& 
nes observes anttrieurement sur un modtle dvion.de 
combat tynioue 1181 et d'approfondir la wmprehension 
du comobitei"t i n  vol d i  I'aooareil notaniment dans .. 
les phges de vrille. 

P 

Figure 13 : Courbe d'kquilibre pour S, = l?. 
- stable, - - - instable divergent, 
-*-.- instable oscillatoire 

Autour des rkgimes instables de vrille A gauche des 
triodiques paraissent (figure 14 Leur 

de la valeur du gauchissement, ce qui conduit aux 
amplitu Orbites a e et leur stabi&t varie beaucoup en 1. onLtion . '  
nombreux m m  oriements Irks divers d6montrQ en vol. 
au Cen!re d'8ssais en Vol d'Istres, par des essais 
particuliers. 

I 

-0 

Figure 14 : Enveloppe des orbites phiodiques quand Si 
varie pour 8. = 1P. 
- stable, - - - instable divergent, 
-.-.- instable oscillatoire, -.instable (-1) 

Plus orbciskment. oour une valeur de eauchissement r~~~ ~~ ~ ~ ~~, z~~ 
voi& de .IO' et suivant L'historique desbraquages des 
y r n e s  defini A I'avance apres analyse des surfaces 

Cquilihrc, 11 est possible de mcttre en ewdence tros 
alluies de vrille. 

La oremisre est une vrille calme. EUe corresoond B une 
orbyte ptriodique de petite amplitude (fig&e !S) ui 

kraquages de /a profondeur et du gauchissement. 

existe pour quasiment toutcs les valeurs nt  atives 3 U 
auchissement sous rtserve de conseyer l p  es mimes 

La seconde est une vrille agitke (figure 16) avcc des 
variations importantes sur les arametres du vol. Elle 

coup en fonction de la valeur du gauchissement. 

Quant h la troisisme, c'esy une vri!le trss agitce. El!e est 
associk i une orbite phodique instable oscillatoire et 
elle corres ond B I'tvolution du s s t h e  sur un tnre 
entourant torbite instable (figure 13). 

Dans cette application, seul le phknomkne de doublc- 
ment de, pknode, rkdit pour une valeur de gauchisse- 
men1 voisine de -8 n'a pu Etre mis en kvidm? lors de 
ces essais en vol com te tenu de la durte Im!tte d'une 
Dhase de Mille fT=dsecondes). Ceoendant. d conwent 

correspond A une orbite dont P 'amplitude varie beau- 

ae noter que lis piiotes savaielit tie le coniportement 
de cet appareil est t r h  sensible e? pcu fidkle pour ces 
conditions parbcul~km de vol et de braquage des gouvemes. 
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ntialil de m 

Flgure 15 : Vrille calme pour 6, variant de -20' A 0" 

0 

to 

Figure 16 : Vrille agit6.e 

Outre ccs yelques illustrations, cette etude a permis 
egalement 8 estlmer I'influence de noinbreux paramt- 
tres tels que: 

- le deplacement du centre de ravitt de I'appareil 
en dehors de son plan de symkrie sur les vnlles, - la pousste, - les couples 
- certains CocKients alrodynamiques, 

oscopi ues dus aux moteurs, 

et de a 
reel. 

er les pt e sur un cas 

0 

Flgure 17 : Mouvement sur un tore. 

UE UES REMAR UES A PROPOS DES 

I1 n'est as dam le propos de cette communication de 
traiter 8, I'elaboratlon des lois de commande pour les 

SOOM% DES DE VO e 
s ttmes non lindaires. Cependant, compte teni de lois 2 commande linbaires on non htaires d'aprh leur 
formulation ou par l'introduction d'C1 6 ments non 
Imtaires) d o n n h ,  on peut se demander si la mdthodo- 
lo 'e d€veloppde our I'avion nature1 est encore appli- 
ca%e A I'avloa pfotC. Plus prtustment, si !es lois de 
commande entrainent la dlsparition de certames blfur- 
cations du systtme ne risquent elles pas de c r k r  de 
nouveues instabiitks? 

MCme sans employer le terme de bifurcation ces 
probltmes de commande sont le souci de nomhreux 
chercheurs et des r6sultats importants sont d'ors et deja 
disponibles dam la litttrature. 

Dans ce paragraphe, on s'inttresse au systkme (1) pour 
le uel on sup ose ue la commande U n'est plus 
inltpendante 8, I'bta? et qu'elle est rebouclte sur 1 €tat 
selon la relation: 

U=C(X,P) 

la fonction (i etani continue, dtrivable dans les mZmes 
conditions que F et tventuellement non Iinkaire. Le 
vecteur P reprtsente les nouveaux paramktrcs du 
system en boucle fermte, caracttristiques de la loi de 
commande, A faire varier de faFon quasistatique 

De part la dtfinition de U, il apparait que tout tquili- 
bre 

(X=O) 

en boucle fennte et 

7.1 Coninimdes de vol linhires 
Une illustration de I'influence de commande de vol 



lintaires sur une avion de combat est prtsentte par 
Planeaux [29]. 

Cette loi de la forme: 

( U = W  

a pour but de modifier Papparition de la divergence de 
I'oscillation de d6rapage. 

Gouveines transversales au neutre, I'instabilitt survient 
pour un braquage de la rofondeur voism de -19". En 
assutulant les g a m  de fa boucle de contr8le ii des 
parambtre du Xystt", ,le processus, de coutin,uation 
permet d'une part de suvre Papparition de la bifurca- 
tion de Hopf en fonction de la rofondeur et,des ains 
et, d'autre part de montrer.que?'effet d'un am Imtaire 
n'est pas ntcesswement h t a u e  (figure 1 i ). 

Flgure 18 : Evolution de I'instabilitt de I'oscillation de 
dtrapage en fonction de la profondeur et d'un gain de 
la boucle de contrble. 

Au dela de !a nouvelle limite de stabilitt de I'avion 
mum de sa Ioi de commpde, d est A noter que I'amph- 
tude des orbites ptrrodiques est tgalemeot d u e n d e  
par le gain de la boucle (figure 197. 

Figure 19 : Effet du gain sur I'amplitude maximale des 
orbites ptriodiques (d6rapage uniqiicment) en fonction 
de la profondeur. 

Cet exemple simple montre que la mt@ode d'anal se 
globale dc stabilit6.a Cgalemenc la ossibilite d'amdo- 
rer la wmvrthension du compor P cment de systkmes 
non lintairh muni de lois de commande m&me com- 
plktement lintaires. 

7 2  Cammandes de vol non tinhires 
Dam l a  commandes de vol, les non-lintarit6s euvent 
apparaire de fawn naturelle ou accrdentelle. E E es sont 
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"narurelles" lorsque le concepteur les introduit volontai. 
rement dans le systt?me en vue de rtaliser un objectif 
$ 0 ~ 6 . .  Elles sont 'a,ccidentelles" quand elles sumenneat 
incidemment du f a t  que tous les tltments intervenaot 
dans une chaine de commande ne sont pas naturellc- 
men[ lintaires (buttes, saturations, hysteresis). 

Par exemple,,un gain n'est 
uelle que soit I'amplitude 

801s se demander qu'elle 

des perturgations de 
sur le com ortement du 

Sans oublier de mentionner les travay entre autres, de 
Huai 1301, Holmes 1311 et Mitobe 1321. I'aDDlication de 
la th&rii des bifuications au cas'sinple'iuivant peut 
laisser augurer d'inttressaots dtveloppements ulttrieurs. 

Soit un systbme diIftrentie1 lintate du second ordre 
instable en boucle ouverte, d'amortissement CO et 
pulsation ow Ce systtme est stabilise par un retour en 
vitesse (figure 20). 

I 1  1 

Figure 20 : Systbme du second ordre instable et stabilise 
en vitesse. 

L'analyse linearis& 

montre que le 
syst2me en tmuclge fermte. 

ain k joue SUI l'amortissement du 

Lors ue le ain passe de la valeur zkro A la valeur (k') 
qui r%alise famortissemenr souhaitt, il e e t e  donc m e  
valeur criti ue (4) pour laquelle I'amortusement est 
nul; le syst2me en boucle fermte posdde alors deux 
valeurs propres magmares pures. 

Supposops maintenant que le ain k est non IimCaire er, 
pour faclliter les calculs anal$ques, de la forme: 

ce qui correspond i une saturation adoucie en vitesse. 

I1 est et de montrer qulune orbite driodique instab!e 
apparait au de!& du pomt de Hop!. Lorsq!ie le gain 
varie cette orbite entoure le pomt de fonctionnement 
stab&& du svstbme eii boucle fermte et oeut Cventuel- r ~ ~~~ ~ 

~~~~ ~ 

lement subsher pour la valeur du f&~ choiJie pour 
obtenir une "bonne" rtponse du syst me VIS a 9 s  des 
Detits mouvements ( f i r e  211. Dans ce cas Darticulier. 
tie dimension 2, I'orbife instable reprtsente fa frontiere 
du domaine de stabht.5 du systhne commandt. 

Ap li utc il UII modtle d'avion de combat typique 
insib?e en lattral et stabilise par des retours satures en 
vitesses de roulis et de lacet et, e alemeat en hraqua e 
des gouvcrncs transvcrsales. la fescrivtion de l'orbfe 
ptri6dique instable eutouradt le oint ae vol (figure 22) 
stabilist d o v e  une premibre &rmation sur la robus- 
tesse de la 101 VIS A YIS de perturbatrons (331. Contrarre- 
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mept i I’exemple precedent, I’orbite instable n’est plus 
maintenant qu’un tltment de la frontitre du bassin 
d’attraction. 

0 
0 

/ 
0 

0 
/ 

& , 
0 

0 -. .-. 
r;. e 

Ac 

1 0 ,# 

Figure 21 : Amplitude de la solution asymptotique du 
systtme en fonction du gain non lmtaire. 
- stable - - - instable -a-.- instable oscillatoire 

Figure 22 : Etat d‘tquilibre stabilist et orbites ptriodi- 
ques pour un avion de combat typique. - point d‘tquilibre stabilise, ~ - - orbite instable, 
- orbite stable 

8. DOMAiNE D’A’ITRACTION DES ETATS D’E- 
QUILIBRE 

Le problbme ptntral de la dttermination du domaine 
d’attraction dun  point d‘tquilibre stable d’un systtme 
differentiel autonome est ttudi6 deouis lonetemos. Une 
synthtse dcs difftrentes mtthohes emtlo kes est 
rtaliste Jans 1341. Parmi celles ci, il y a lieu l e  pictin- 
gucr d e s  qui  sont fondkes sur la thkorie de Liapou- 
nov et les autres. 

La Lhtorie de Liapounov est trbs kntrale et trbs 

du choix d’une “bonne” fonction de Liaoounov et. &ant 
puissante. Ntanmoins son effcacitt d-5 pend beaucoup 

, ~~~~ ~ 

~ ~~ ~ ~~~~ ~~ ~~~~~ 

fondte sur des conditions sufisantes,ae stab&&, elle 
ne donne accbs qu’i une soy  partie, gtntralement 
convexe, du domaine d’attraction d’un point d’tquili- 
bre. 

PGmr contourner la diffcultt, Gtntsio et all341 propo- 
scnt une mdhode fondte sur I’inttgration a rebours du 
systbme differentiel i partir d’un ensemble de points 
srtuts dans le vqisima e du point d‘tquilibre et apparte- 
nant au domame #attraction. Plus r6cemment ces 
methodes ont tt.6 amcndCes par deux contributions 
[35,36] dans les uelles les auteurs cherchent i constr- 
uire un sous Iomaine d‘attraction constitues par 
I’ensemble des oints du s sttmes situts i un tem s 
fmi du point d‘t? uilibre stabe considere. Dans [36]Te 
sous domaine e 3  approcht par un polytdre et une 
application atronautique est prbentke. 

Muni d’un moyen de calcul des comportements as mp 
loti ues et. en faisant l’hypothtse de I’hyperbolicitl dei 

frontibre de stabdip5 en .rtuysant les varittes stables 
des solutions stationnaues instables situtes sur la 
frontikre cherchte [37]. 

A titre d’exem le B rts avoir ddtermint les deuxpoints 
d’tquilibre staglei (8, O., 0.be.t ( ~ 7 4 5  :7.45 -7.49, et le 
point d’tquilibre instable (- 45, 2 4 s  2.45) du systtme 
suivant: 

soh 9 ions, 11 est possible de pnstruire directement la 

i = - x + y  
y=o.1*-2y-x~-o.lx’ 
i = - y + z  

la mkthode utiliste i I’ONERA permet de construire 
duectement la frontitre de stabilit.6 du point d‘tquilibre 
stable (figure U). 

35- 

Figure 23 : Vue partielle de la frontitre de stabilitt. 

Lorsque le systtme est de dimension plus .6lev6e,,la 
reortsentation maohioue de la frontikre de stahditb . _. 
prkente des diffichltt;. Cependant, sa projection dans 
des sous es aces particuliers fournit des informations 
u!iles,[38 ?figure 24). A noter que ce rtsul,tal esl 
srmilaue a ceux obtenus par une apwoximation du 
domaine d’attraction au moyen de polykdres et prtsen- 
tts dans [36] 

m.m ~a.00 1w.n I.lo.0 iw.n 
P 

Figure 24 : Projection de la fronti&re de stabilitC entre 
les deux points 

d’tquilibre stables (PES1 et PES3) dans le plan (p, r) 



9. CONCLUSION 
Lorsqu'un avion tvolue avec une forte dynamique ou/et 
A grande incidence, l'importance des non-lintaritts des 
tquations de la mtcani ue d u  vol et du modtle aCrod - 
l'appareil delicate. Gtntralement, ces phases de vol 
sont ttudites au mo en de nombreuses simulations 
numtriques avant de res aborder en vol. 

Face A cette difficultt, de nombreux chcrcheurs se sont 
attachts A traiter ces probltnies de fac;on partielle en 
appli uant, de faCon analytique et sur des systtmes 
simp&ts de dimension rtduite, des mtthodes classi- 

ues d'Ctude de la stabilite de systtmes d'tquations 
%fftrentielles non Iintaires. Malgrt I'inttrCt de ce type 
d'approche pour apprehender un phtnomtne com- 
plexe, les h othtses simplificatrices ntcessaires nuisent 
souvent A gqual i t t  du rtsultat. 

Paralltlemcnt A l'accroissement des capacitts de calcul 
des ordinateurs, le dtveloppement de la thtorie des 
bifurcations a montrt la vole vers une mtthodolo 'e 
globale d'analyse du comportement as mptotique f es 

L'application de cette mtthodologie aux avions permet 
d'expliciter de nombreux phtnomtnes trts divers, 
simples et complexes, avec la mC.me roddure de 

simpMicatric+x et A des simulations exhaustives. Quant 
A la corrtlahon avec les essais en vol, elle confume 
brillamment les rtdictions (sous rtserve, toutefois, 
&utiliser un modfle d'avion de bonne qualitt). 

Dans le but d'affiner encore I'analyse en se rappro- 
chant les plus possible de systtmes plus complexes il 
apparait ue cette mtthodologie est susce tible d'aider 
t alemen? A la comprthension de I'action $e chaines de 

s sthme. Dans le meme esprit le recherche du domaine 
Jattraction des ttats d't uilibre stable permet d'abor- 
der I'analyse des compojements transitoires. 

De art ces capacitts actuelles et potentielles, cette 
mttftodolo 'e d'ttude globale des systCmes difftrentiels 
est dtjja t r g  utile pour analyser le comportement des 
avions. Dam l'avenir, elle devrait &tre appli uCe A 
missiles, des hthcopttres ou des sous m a " .  
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namique rend la prt  8 iction du comportemcnt h 

systemes difftrentiels non IinCaues que 1 conques. 

calc4 et sans avoir besoiq de recouru A a es hypothtses 

pi 9 otage, mCme simples, sur !e comportement globaldu 

d'autres systtmes complexes tels, par exemp ? e, des 
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DECOUPLING OF AIRCRAFT RESPONSES 

David J. Moorhouse 
Wright Laboratory 

Wright-Patterson AFB OH 45433-6553 
Unitod 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. In 
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 lift 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. 

Backsround 

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 

i = Ax -+ Bu 

The state vector, x, contains some 
form of the basic six degrees of 
freedom. The matrix dcontains 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. 
control of each axis independent of 
all the others: 

The pilot could then have 

e x. = a; xi + bi U; 
1 

This can be considered perfect 
decoupling, although it remains to be 
seen whether a pilot would consider 
it perfect. In 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 



11-2 

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. ThetX,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 theO(amode 
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 *8quicken8f 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 
flighL 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 plmode changes yaw 
attitude without changing flight path 
and is equivalent to the armode. The 

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 
manewered 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 - 
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 

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, €or each 
tracker mode. For the baseline.case 
the pilots were bnly 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 Ig pilots 
tracked with the A, mode alone. 
was possible since mode authority at 
the flight condition was i- lg 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- 
stickll. 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)". 

This 
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Tracking results in Fig. 2 show a 
significant improvement when using 
direct lift 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 
targets are rated Level 1 (Fig. 4a). 
Level 1 indicates ##the pilot has 
satisfactory task performance and 
workloadI1. 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 so11. The A, mode on the other 
hand , had a "deadbeat pitch responset1 
resulting in a Ilstop where you 
releasea1, 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. In 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 
lwimproves the baseline pitch 
characteristics1I , 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 compensation1@ with 
the airplane having Wery objectional 
but tolerable deficienciesll. For a 
pilot rating of 7 the pilot Ilcannot 
achieve adequate performance 
regardless of pilot workloado1. A 
%ajar deficiencym1 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 

l@satisfactoryll. 
pedal was a good way to mechanize 
that mode since it is I@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. 

A, mode on the rudder 

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-lift 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. 
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 llacceptable 
performance can be achieved", 
although the workload of the pilot 

The A, mode on the 
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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 Ita 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 motionst1. 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 
l/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 

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 

2 f w ,  = - x, 
from which the time constant of the 
oscillatory phugoid amplitude 
envelope is 

2, = - 2/x, 
Now, if the pitch attitude is held 
constant, the normal longitudinal 
equations reduced to: 

The result is that the classical 
modes became an approximate Itangle of 
attack short period1' and an 
approximate Ilairspeed phugoid" mode. 
The time constant of this aperiodic 
airspeed mode is 

= -vx(& 
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. 

I 
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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 
o r  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 pointed 
out as not being wholly valid in all 
situations along the approach". Navy 
pilots 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. 
"on 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 

Once the aircraft is 

stabilator to rotate the aircraft to 
generate lift 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 i,t 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 lift! 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. Even 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 also 
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. In 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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OFFENS I VE 

PRIORITY PILOT COMMENTS 
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control led". nation can be generated, vul- 

nerable unless combined with 

"advantage in turn without 
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3 (High) via the rudder pedal I S  3 (High) bank, no visual cues. 

(path changes". 

Figure 1. Pilot Assessment of Coupled/Decoupled Modes 
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Figure 2. Tracking Error vs Elevation Targets Figure 3. Tracking Error vs Azimuth Targets 
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Figure 4. Pilot Rating vs Target Acceleration Figure 5. Pilot Rating vs Tracker Mode 
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Figure 7 .  Comparison of Periodic 6 Aperiodic Responses 

Velocity and pitch rate due to a velocity command 

Frequency (radlsec) 

Velocity and pitch rate due to a pitch rate command 

I 

Frequency (rad/sec) 

Figure 8. Decoupling with Five- and Two-State Compensators 
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Discussion 

SESSION I1 - QUESTIONS & ANSWERS (PAPERS 8, 10, 11) 

PAPER 8: G BE 

Question: 

KOOS 

Two fundamental characteristics of active control are 
measurement m o r  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). 

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, ulul (lift) 
- C, C, um,, C, ,,,,a, (moment coefficients) 

Question: 

How critical to your spin predictions is the accuracy of 
aerodynamic coefficients? 

Question: 

In order to implement your control 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? 

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 cocfficients as parameters, but the results 
are not within the scope of this presentation. 

Answer: 
Question: 

We plan to have an array of hot film wall 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 

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. 

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]). 



D2-2 

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" < a < 90" 
- 40" < R < 4 0 O  

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 J 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%. 

Question: 

We saw a P I0  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 
P I0  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 (Pa) and 
roll angle ($,)for fixed sting angle of attack (a,) 
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 
(a), sideslip angle (R), and associated rates ('a,.R) as 
well. Static effects are best viewed in terms of wing a 
and flow asmmetry (R), while dynamic effects are 
separate functions of rotary motion (P,) and flow 
adjustment lags ('a;R). [The latter effects are analogous 
to the distinct effects of q and 'a 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 a, and $,; this 
would be more apparent in the (a, R) desci-iption. 
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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 rclatcd to the problcm of 
boundary layer transition ; emphasis is given on 
applications of practical prediction methods. In the 
first part of the paper, i t  is shown that the lincar 
stability theory can provide a good estimate of the 
transition location if the frce stream disturbance levcl 
is low enough ; the difficulties to properly simulate 
free flight conditions in ground facilities is 
underlined. The second part of the papcr is dcvoted to 
the problem of boundary laycr tripping in thc 
presence of large extemal disturbances ; in this case 
the linear theory no longer applies and empirical 
criteria nced to be developcd. 

1 INTRODUCTION 
Since the classical experiments pcrformcd by 0. 
REYNOLDS (1883), the instability of laminar flows 
and the transition to turbulence have maintained a 
constant intercst in fluid mechanics problems. This 
interest rcsults from the fact that transition controls 
important hydrodynamic quantitics such as drag or 
heat transfer. The objective of this papcr is to give an 

I 
I I 
I I 

I 
I 
I 

Fig. I - Boundary layer development 

ovcrview of the transition problems, and of the 
prediction methods which are currcntly available for 
engineering purposes. 

An overall picture of the boundary layer developmcnt 
is shown on figure 1. From the leading edge to a 
certain distance XT, the flow remains laminar. At XT, 
turbulcnt structures appear and transition occurs. 
From XT to XE, there is a noticeable change in the 
boundary layer properties. The transition process 
involvcs a largc increase in the momentum thickness 
8 and a large decrease in the shape factor H. The 
displacement thickness 61 = HO exhibits a more 
complex evolution. The skin friction coefficient Cf 
incrcascs 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 dcpend on a large range of 
parameters, such as extemal disturbanccs, vibrations, 
prcssure gradient, roughness ... 
When a laminar flow develops along a given body, it 
is strongly affected by various types of disturbances 
generatcd by the model itsclf (roughness, ...) or 
existing in the frcestream (turbulence, noise, ...). 
These disturbances are the sources of complex 
mechanisms which ultimately lead to turbulence. In 
fact, two kinds of transition proccsses are usually 
considcrcd : 

a) If the amplitude of the forced disturbanccs is 
small (low frcestream turbulence level for 
instance), one can observe at first two- 
dimcnsional oscillations devcloping 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 cascs of "natural" transition, 
the transition Reynolds numbers are usually very 
largc. 

b) If the amplitude of the forced disturbances is 
large (high freestrcam turbulence level, large 
roughncss clements), non linear phenomena arc 
immediately observed and transition occurs a 
short distance downstrcam of the leading edge of 
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the body. This mechanism is called a "Jvpass", in 
this sense that the linear stages of the transition 
process are ignored (bypasscd), (see MORKOVIN, 
/lo. 

- 

I Both aspects of the transition mechanisms will be 
discussed successively. Section 2 is devoted to the 
problem of "natural" transition. After a short 

I 

I 

description of the transition processes, applications 
of the so-called "en method" are given. Typical 
examples of transitions induced by large disturbances 
(bypass) are given in Section 3. 

I 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 
expcnments of SCHUBAUER and SKRAMSTAD, 
/2/. In fact, the existence of small, regular 
oscillations travelling in the laminar boundary laycr 
was postulated many decades ago by Lord 
RAYLEIGH (1887) and PRANDTL (1921). Some 
years later, TOLLMIEN and SCHLICHTING 
worked out a linear thcory of boundary layer 
instability, so that the wavcs are usually rckrrcd to 
as the "TOLLMIEN-SCHLICHTING waves" (TS 
waves). Ncvertheless, the linear stability theory 
received little acceptance, essentially because of a 
lack of experimental results. The mcasurcments of 
SCHUBAUER-SKRAMSTAD completely rcvised 
this opinion by dcmonstrating thc real existence of 
the TS wavcs. 

I A complete account of this linear stability thcory is 
out of the scopc of this paper (see MACK, /3/, for 
complete information). Only some of thc basic 
featurcs will be bricfly dcscribcd. 

In two-dimensional, incompressible flow, it  is 
assumed that the TS waves can be cxpresscd by : 

q=$(y) exp(ox) exp[i ( a x  - at)] (1) 
q represents a velocity or a prcssurc fluctuation ; B, 

a and o are the spatial amplification rate, the 
wavenumber and the circular frequency, 
respectively. Introducing (1) into the lincarizcd 
NAVIER-STOKES equations leads to a system of 
ordinary diffcrential equations, the combination of 
which gives the well known ORR-SOMMERFELD 
equation. Due to the homogcneous boundary 
conditions (the disturbanccs must vanish at the wall 
and in the freestream), the problcm is an eigcnvalue 
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 parameters R, Q , a and a, where R is the 
REYNOLDS numbcr. 

I 0.4 F 1 

- R61 
0 I 

0 s i o 3  10' 

Fig. 2 - Stability diagram (BLASIUSflow) 

The ORR-SOMMERFELD equation was solved by 
many authors. The rcsults of such computations are 
rcpresentcd on figurc 2 for the BLASIUS flow. All 
the parameters were made dimensionless with the 
freestream velocity U, and the displacement 
thickncss 61, so that R61 = U&/v. The figure 
shows some curves of constant amplification rate B 

in the (a, R61) planc ; curves of constant frequency 
o are not rcpresented for clarity. The curve Q = 0 is 
called the neutral curve ; it  separatcs the region of 
stable (B c 0) from that of unstable (Q > 0) 
disturbances. There is a particular value of the 
REYNOLDS numbcr below which all disturbances 
dccay ; it is thc critical REYNOLDS numbcr, R8lcr, 
which is equal to 520 for the BLASIUS flow. 

In three-dimensional and/or compressible flow, the 
problcm bccomes more complcx, because the most 
unstable disturbances are oblique waves. For the 
sake of simplicity, let us consider first the simplcst 
example of three-dimcnsional flow, i.e. the flow on a 
swcpt wing of constant chord and infinite span. cp is 
the sweep angle, x and z represent the directions 
normal and parallel to thc leading edge, respectively. 
Relation (1) is now replaced by : 

The previous expression contains thc assumption that 
there is no amplification in the spanwise direction. 
An important paramcter is the wavenumber direction 
w = tan-'(p/a). At each chordwise position, one 
has to compute the value of the amplification rate Q 

for each value of w. YM will dcnote the most 
unstable direction, i.e. the wavenumber direction 
associated with the largcst value of Q. 
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In compressible flow (at lcast for frce strcam Mach 
numbers Me larger than 0.6), the problem is quite 
similar, even for two-dimcnsional mcan flows ; in 

Onc has to kccp in mind that thc non lincar phase and 
the breakdown proccss occur over a rclatively short 
distance. For typical flat plate conditions, the 
strcamwisc extcnt of lincar amplification covcrs this case, the Of vh'f is no longcr equal O" as about 75 to 85 cent of the distance to the for low 'peed flows, but i t  takes a which bcgiming oftransition. This explains fiat calculation depcnds essentially on the local frce strcam Mach 

numbcr. For vlvf is dose to 700 for 
M e = 3 .  transition location. 

mcthods based on linear thcory only (c" mcthod, 
paragraph 2.2.) give good results for predicting thc 

2 0  3 0  
waves waves 

Breakdown 

Fig. 3 - Overall picture of the transition process 

b)  Secondary instability, breakdown, turbulent spots 
In order to illustrate the downstrcam evolution of thc 
TS waves, figure 3 prcscnts an example of smoke 
visualization obtained by KNAPP ct al., /4/. A 
laminar boundary layer devclops in natural 
conditions on an ogive nose cylindcr aligned with the 
freestream. It can be seen that the two-dimcnsional 
TS waves take the form of concentrated bands of 
smoke around the cylindcr (Icft part of thc skctch). 
These "rings" become more distinct as thcy move 
down the body, indicating the cxistence of a strong 
amplification. When the initially wcak disturbanccs 
reach a certain amplitude, their cvoIution bcgins to 
deviate from that predictcd by the lineaiizcd thcory : 
the waves are distortcd into a scrics of "pcaks" and 
"valleys". As the flow procccds downstrcam, this 
pattem becomes more and more pronounccd. 
CRAIK, /S / ,  used a wcakly non lincar thcory in 
order to explain the appearance of this pcak-valley 
system ; his modcl was consistent with somc 
experimental observations, but was inopcrativc in 
other cases. More satisfactory rcsults werc obtaincd 
by HERBERT, / 6 / ,  who developed a linear 
secondary instability thcory bascd on the FLOQUET 
theory. 

Further downstream, non linear mechanisms bccome 
dominant. The pcak-valley systcm gives rise to a 
vortex filament (horseshoe vorlcx), which breaks 
down into smallcr vortices, which again brcak down 
into smallcr vortices. The fluctuations finally take a 
random charactcr and form a so-called "turbulcnt 
spot" : i t  is the transition onsct. In the transition 
region (between XT and XE, figurc 1). the turbulent 
spots arc swept along with the mean flow; they 
grow laterally and axially, overlap and finally covcr 
the entire surface. 

c )  Receptivity - It has been shown that the 
dcvclopment of the TS waves can be correctly 
prcdictcd by the linear stability thcory. The main 
problcm is now to explain the birth of thcsc waves, 
i.e. to cstablish the link betwecn their initial 
amplitude A0 and thc forced disturbanccs. The 
concept of rcccptivity, introduced by MORKOVIN 
/7/ ,  dcscribes the means by which these forccd 
disturbances (sound, frccstream turbulence) enter the 
laminar boundary laycr and impose lhcir signature in 
thc disturbcd flow. If thcy are small, they will tend to 
cxcitc the TS waves, which constitute the normal 
modcs of the boundary layer. Rccent works by 
GOLDSTEIN /8/ and KERSCHEN /9/ have shown 
that the rcccptivity process occurs in rcgions of the 
boundary layer whcre thc mean flow exhibits rapid 
changes in the streamwise direction. This happens 
ncar the body lcading edge and in any region farthcr 
downstrcam whcre some local feature forces the 
boundary laycr to adjust on a short strcamwise length 
scale. 

Up to now, receptivity studies were rcstricted to two- 
dimcnsional disturbanccs (sound, two-dimensional 
convcctcd gusts ...). In many practical situations, 
howevcr, the forcing disturbances are three- 
dimensional. In such cascs, the receptivity 
mechanisms are unknown. The only available 
information come from experiments and illustrate the 
cffcct of the frccstrcam disturbances amplitude on the 
transition REYNOLDS number RXT . Figure 4 
shows thc cvolution of RXT as a function of the 

frccstrcam turbulcnce levcl Tu = ;ac, whcre;, is 
the rms value of the freestream disturbances. At first 
sight, thc expcrimental data seem to collapse into a 
single eurvc and i t  is clear that transition moves 
rapidly upstrcam when Tu increases. Howcver, as 
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Fig. 4 - Effect of freestream turbulence on 
transition Reynolds number 

F 

I 

Fig. 5 - Typical stability diagram in physical 
coordinates - Definition of the total 
amplification rate and of the envelope 
curve 

Tu bccomcs small, RXT rcachcs a constant value 
which dcpcnds on the cxpcrimcntal set-up : this 
valuc is about 2.8 lo6 for SCHUBAUER- 
SKRAMSTAD, /2/, and 5 lo6 for WELLS, /lo/. In 
fact, sound componcnt controls transition whcn Tu is 
vcry small and thc cffcct of "true" frccstream 
turbulcncc (vorticity fluctuations) can be only 
obscrvcd at valucs of Tu grcatcr than 0.1 10-2. On 
thc othcr sidc, TS wavcs arc ncvcr obscrvcd as soon 
as Tu excccds 2 or 3 : transition becomes 
triggercd by "bypass" mcchanisms. 

2.2. Transition Prediction : The en Method 

a - Two-dimensional, incompressible flows 

Lct us rccall that thc gcncral cxprcssion of a 
Tollmicn-Schlichting wavc is : 

For a givcn mcan flow, it is possible to computc a 
stability diagram (figure 5) showing thc range of 
unstablc frcqucncics f as a function of thc streamwise 
distancc x. Lct us considcr now a wave which 
propagatcs downstream with a fixed frequency f. 
This wave passes at first through the stable region ; 
i t  is dampcd up to xo, thcn amplificd up to XI,  and it 
is dampcd again downstream of xi .  At a given 
station x, thc total amplification ratc of a spatially 
growing wave can be dclincd as : 

X 

In(A/AO) = o d x  (3) 
xO 

A is thc wavc ampliiudc and thc indcx 0 rcfcrs to the 
strcamwisc position whcrc thc wavc bccomes 
unstable. As an examplc, figurc 5 shows total 
amplification CUNCS corresponding to various 
frcqucncics. Thc dashcd line rcprescnts the cnvclope 
of thcsc curvcs, which will be called n : 

n = Max(ln (A/&)) at a givcn x (4) 
f 

The so-callcd en meihod was dcveloped 
indcpcndcntly by SMITH-GAMBERONI /11/ and by 
VAN ING.EN / lZ/ .  SMITH and GAMBERONI 
comparcd the thcorctical value of the n factor with 
transition locations mcasurcd on airfoils ; in all 
C;ISCS, transition was found to occur whcn n = 9 ; 
this mcans that turbulent spots appear whcn the most 
unstable frcquency is amplificd by a factor eg. The 
samc rcsult was obtained by VAN INGEN, with a 
slightly lowcr valuc of n (7 to 8). 

The en mcthod is currently uscd for the case of 
natural transitions. Thc success of this mcthod is 
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certainly due to the fact that many cxpcrimcnral d ~ t a  
arc obtaincd in wind tunncls whcrc thc disturbance 
environment is similar, at least lor low spccd flows ; 
in particular, thc frccstrcam turbulence lcvel is 
usually rather low, Ict say Tu = 0.1 %. For larger 
values of Tu, the n factor at transition onsct 
decreases. MACK /13/ suggcstcd an cmpirical 
relationship bctween Tu and the valuc of n at thc 
transition location : 

n = - 8.43 - 2.4 In Tu (5)  

For Tu < 103, sound disturbanccs may bccomc thc 
factor controlling transition rathcr than turbulcncc 
and relation (5) may give poor rcsults. On thc othcr 
side, if Tu = 2.98 lo-*, relation (5) implics that 
n = 0, i.e. transition occurs at thc critical Rcynolds 
number. It is thc bypass limit. 

b - Three-dimensional andlor compressible flows 

Let us m a l l  mat it is now nccessary to takc into 
account oblique waves, bccausc thc strcamwisc 
dircction is not always the most unstablc onc. Duc to 
the appearance of this additional paramctcr, scvcral 
stratcgies can be uscd to computc thc n factor, sec 
discussion in /14/ for instancc. Thc numcrical rcsults 
prcsented in this paper havc bccn obtaincd with thc 
so-called envclopc mcthod. At cach strcamwisc 
location and for a fixed frcqucncy, the disturbancc 
growth rate is maximized with rcspecl to thc 
wavenumber dircction, i.e. the total amplification 
rates are computed with G(WM). In othcr words, 
relation (3) becomes : 

/- 

- 

x/c ., 
c 

X 

WWAo) = I a ( W ~ ) d x  (6) 
XO 

with a (WM) = Max (G) 

\y 

The e* mcthod is then applied as in two-dimcnsional, 
incompressiblc flows. 

2.2. Applications of The en M e t h o d  

a - AEDC cone in freeflight conditiotu 

This IO-deg sharp conc, 1.1 m long, was mountcd 
on the nose of an F-15 aircraft and flown at Mach 
numbers from 0.5 to 2, and at altitudcs from 1 500 
to 15 OOO m ; transition was dctcctcd with a surface 
pitot tube which was displaced along a conc ray 
(FISHER and DOUGHERTY. /15/). As a typical 
examplc, figure 6 shows the total amplification ratcs 
computed for four frcquencies at a frcc stream Mach 
number Mm = 1.3 for frcc flight conditions 
corresponding to a unit Reynolds numbcr close to 

10 

5 

In(AIA,I 
f ( K H z 1  = 

/ ' 6  - 20 

Fig. 6 -  AEDC cone experiments in free f l ight  
conditions 

I O  106. Thc mcasurcd transition onset is locatcd at 
x = 0.55 m; this gives a value of the n lactor close 
to 9. Similar computations havc becn performed for 
othcr configurations ; in all cascs. the transition 
locations were correlated with n factors bctween 9 
and 11, so that it can be assumed that the value 
n = 10 is a more or less "univcrsal" value for free 
flight conditions. The problem is to know if similar 
values can be reached in wind tunnels, i.e. if wind 
tunncl cxpcriments can properly simulate free flight 
conditions. 

... 

x/c 
1 c 
0 1  0.2 3 4 -  0.6 

1 5 1  

Fig. 7 - CAST10 airfoil in the E2 wind tunnel 
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b - CAST10 airfoil in the T2 wind tunnel 

The en mcthod was also uscd in thc casc of a two- 
dimensional airfoil in transonic flow. Thc 
experiments were CdrnCd out in thc prcssurizcd T2 
wind tunncl of CERTIONERA 1161. Thc modcl is a 
CAST10 airfoil with a chord C cqual to 0.18 m. 
Figure 7 shows rcsults obtaincd in thc following 
conditions : free strcam Mach numbcr 
M = 0.73 ; angle of attack = 0" ; chord 
Reynolds numbcr Rc = 4 IO6.  Thc uppcr pan of 
the figure shows that thc local Mach numbcr is closc 
to 1. Two theoretical curves are prcscntcd on thc 
lowcr part of the figurc ; thcy give thc cvolulion of 
then factor as a function of thc strcamwisc distance. 
Curve (a) was computcd by solving thc comprcssiblc 
stability cquations ; the n factor is about 9 at the 
beginning of the mcasurcd transition rcgion. This 
means that the flow quality of this wind tunncl is 
rathcr good, sincc thc valuc of n is closc to thc valuc 
corresponding to frce flight conditions. CUIVC (b) 
was deduccd from incomprcssiblc stability 
computations, i.e. the frce stream Mach numbcr was 
set equal to zcro. The stabilizing cffcct of 
compressibility is rathcr strong, sincc it rcduccs thc 
amplification rates by a factor 2 ! 

c - ONERA D airfoil with a cambered leading edge 

The next example is a thrce-dimcnsional, low spccd 
configuration. The model is an ONERA D airfoil 
equippcd with a cambcrcd lcading cdgc, figurc R a .  
The experimcnts wcrc camcd out in thc F1 and in thc 
F 2  wind tunnels at Le Fauga-Mauzac Ccnlcr ncnr 
Toulouse. In both scrics of experimcnts. thc wing 
was mounted on a half fusclagc with an anglc of 
sweep cp of 49" and an angle of attack of - 2'. Tcn 
hot films were uscd to dctcct thc transition location 
(figure 8b). Dctailcd rcsults in thc F2 wind tunncls 
can tc found inl141, 1171. 

1 
XJC 

0.5 

0 

Thc cxpcrimcntal rcsults obtained in both wind 
iunncls arc rcportcd on figure 9. where the transition 
location is plottcd as a function of the free stream 
vclocity Qm. These results are compared with 
thcorctical curves associatcd with several values of 
thc n factor. It appears that the flow quality in the F2 
wind tunncl (n = 11 at transition onset) is slightly 
bcttcr than in the F1 wind tunnel (n = 8 to 9 at 
transition onsct), cvcn if the free stream turbulence 
lcvcl Tu is practically the same (Tu = 0.1 %). A 
spectral analysis of the free stream velocity 
fluctuations would tc nccessary to understand these 
diffcrcnccs. It must be noticcd. however, that the 
flow quality in both facilities is good enough to give 
a satisractory simulation of  the frce fight 
cnvimnmcnt. 

C = 0.3 m 

x hot  f i lms 

fuselage 
( b l  

Fig. 8 - ONERA D airfoil with a cambered leading 
edge - U )  Airfoil - 6 )  Experimental 
arrangement in the F2 wind tunnel 

n r l l  

- Computations 

9 

I 

40 80  120 

Fig. 9 - Comparison between predicted and 
measured transition locations 
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to low values of the n factor, between 2 and 4. Many 
examples could be given for illuslrating the fact that 
in convcntional 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, lfe. 
transition Reynolds numbers are strongly reduced by 
the noise radiated by the turbulent boundary layers 
dcvcloping 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 mzle 
walls. This was done in the "quiet tunnel" developed 
at NASA Langley with a free stream Mach number 
Moo = 3.5 R2/ ; by reducing the noise level by one 
or two orders of magnitude, n factors close to 10 
wcre oblaincd on cones and on flat plates. 

d - Two-dimensional flat plate flow at high Mach 
numbers 

Systematic stability computations have also bccn 
performed for flat plate flows on adiabatic walls for 
supersonic and hypersonic Mach numbcrs : the 
detailed results can be found in /18/. Figurc 10 

---- Mack , 1 0 - 6 ~ ~  - hesentcomputations 
+ ChenandMalii 

Fig.  I O  - Application of the e" methodforflat plate 
flow on adiabatic wall : Mach niunher 
dec t  

shows an application of (he en method illustrating thc 
effect of Mach number on the transition Rcynolds 
number. The stability results were uscd to compuic 
the theoretical streamwise Rcynolds numbcrs 

Rx = -which corrcspond to dirkrent valucs or 
the n factor. The dotted lines rcprcscnt thcorctical 
results given by Mack /19/ for n = 4.6 and 6, and 
the crosses correspond to computations pcrronncd 
by Chen and Malik DO/ for Me = 3.5 and n = 2, 4, 
6.8 and 10. If it is assumed that transition occurs for 
a fixed value of the n factor, each curve rcprcscnts 
the evolution of the transition Rcynolds numbcr 
when Me 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 if  similar 
values of n are observed at high spccds. Thc solid 
symbols in figure 10 represent expcrimental daia 
obtained at ONERA by Juillcn /Zl/ : they corrcspond 

u x  
Ve 

3 TRANSITIONS INDUCED B Y  
BYPASS MECHANISMS 

It has been shown in the previous paragraph that the 
lincar stability theory. associated with the en method, 
can givc a fairly satisfactory estimate of the transition 
localion, provided transition is triggercd 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 
bccomcs 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 bc interpreted as a more or less empirical 
corrclation between boundary layer and flow 
paramctcrs at transition onset). In this paragraph, 
two cxamples of transitions induced by a bypass 
proccss are described ; the first one is the problem of 
boundary layer tripping by large roughness elements. 
the second one deals with leading edge 
contamination. 

3.1. Boundary Layer Tripping By Isolated 

We first consider the problem of boundary layer 
tripping by large roughness elements embedded in a 
supersonic laminar boundary layer. The expcrimcnts 
have been performed on a flat plate in the RZCh wind 
tunnel at Chalais-Meudon D3/ .  Figure 11 presents a 
typical wall visualization of the flow pattcm around 
and downstream of a largc, three-dimcnsional 
roughness element (sphere). A group of horseshoe 
vortices initiates ahead of the tripping device and 
develops around it. The "legs" of the vortices rcmain 
parallel to the main flow dircction up io a ccnain 
distance L from the roughness element. At this point, 
one can observe the onset of a "turbulent" wcdge 
which spreads slowly downstrcam. The exact 
mechanism of this brcakdown is not very well 
known. 

Roughness Elements 
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Fig. I1 - Example of wall visualization using 
themsensitive paint 

3.2. Leading Edge Contamination 

To introduce the notations, figure 12 shows a sketch 
of a circular cylinder placed at a sweep angle cp with 
rcspcct to the incoming flow. The fw stream 

When the roughness size k incrcascs (for lixcd wind 
tunnel conditions). the distance L first dccrcascs. 
This movement can be dcscribcd by the cmpirical 
correlation proposcd by Potter and Whitlicld /24/. 
However, ask exceeds a critical valuc kcrr (cffcctivc 
roughness height), L reaches a constant valuc Lmin 
which depends on many paramctcrs such as ihe 
Mach number, the wall temperaturc, the roughncss 
location ... This means that for k > kerf. ihc apex 
of the turbulent wedgc rcmains fixcd at a constant 
distance Lmin from the tripping dcvicc. 

Van Driest and Blumer /25/ pcrrormcd a scrics of 
experiments in order to dcduce cmpiricd codations 
between Rkff ,  Rxk are thc Reynolds numbcrs bascd 
on kerf and the roughness elcmcnt location xk, 
respectively. The measurcmcnts werc madc on m!xs 
for Me bctween 1.9 and 3.65; they have been 
correlated with the following rclationship : 

%n=33.4 1 + 7 M, [ y - '  

- 0.81 PGTw]] Rx;j4 (7) 

Te. Tw and Taw are the static temperature, the wall 
temperature and the. adiabatic wall temperature. Van 
Dricst and Blumer assumed that (7) was also 
applicable to flat dates  by using Mangler's 
transformation. which simply consists in replacing 
the cocfflcient 33.4 by 33.4 (3) = 44. Vignau 
/26/ dcmonstratcd that the modified correlation 
largely undercstimates the effective roughness height 
for flat plate flows, because Mangler's 
translormation is valid for mean flow properties, but 
i t  cannot be used for stability and transition 
problcms. 

Fig. 12 - Attachment line flow on a swept cylinder 

velocity Q, has a component U, = Q-COST 
normal to the leading edge and a component 
W, = Qmsincp parallel to the leading edge. 2 is the 
spanwise dircction and X the direction normal to it. 
X = 0 corrcsponds to the atttachment line, which is 
a particular streamline 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 strcam velocity components Ue 
and We in thc X and Z dircctions are given by : 

u,=kx (83  
We = W, = constant (8b) 

If this cylindcr (or a swept wing the leading edge of 
which can be represented by such a cylinder) is in 
contact wiih a solid wall (fuselage, wind tunnel 
wall ... ), it has been observed that the large 
turbulcnt structures coming from the wall may 
dcvelop along lhe attachment line : it is the so-called 
lcading cdge contamination. 

A leading edge contamination critcrion was proposcd 
by Pfcnninger /27/ and then vcrificd by many authors 
@8/. /29/ for instance). It is based on the valuc of a 
Reynolds number defined as : 

- 
R = weq/v, with q = ( V / I # ~  (9) 

For > 250. leading edge contamination occurs : 
the turbulent structures coming from thc wall bccome 
self-sustaining ; they develop in the spanwise 
direction as they are convectcd along the lcading and 
the whole wing can be contaminated. They are 
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damped and disappear for R c 250 ; in this casc, 
the attachment line flow rcmains laminar. Thc lcading 
edge contamination process is an examplc of bypass 
in this sense that the value R = 250 is much lowcr 
than the linear critical Reynolds number of thc 
attachment line boundary laycr which is closc to 600. 

To illustrate the leading edge contamination process, 
we present typical rcsults obtaincd by Amal and 
Juillen in the F1 wind tunnel at Lc Fauga-Mauzac 
Center /30/. The wind tunncl spccd can bc varicd 
from 0 to about 100 m s - l .  Thc stagnation 
temperature is the ambient tempcraturc, but Ik 
stagnation pressure Pi can be prescribcd bctwccn 1 
and 3 bars. 

B 

c 

D Airfoil 

I a I F I 
I I I 

I I 
\\ \\ \\ 

\\ \\ \\ 

1 !Om I I 
Test section (F1 wind tunnel ) 

C 

- D  

Fig.  13 - Experimental setup in the FI wind tunnel 

Figure 13 shows the shape of the airfoil as wcll as a 
sketch of the expcrimental arrangemcnt. The modcl is 
a RA16SCl airfoil. The chord normal to the lcading 
edge is constant and equal to 0.5 m. Thc wing is 
directly mounted on the wind tunncl floor; thc 
thickness of the floor turbulent boundary laycr is 
about 10 cm. With a 40" swecp anglc, thc tip or thc 
model is 2 m above the floor. 

The uppcr 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 
dctermine accurately the leading edge contamination 
onset. The results which are described below were 
obtaincd for cp = 40", a = loo, Pi = 1 bar (a is 
the anglc of attack). 

The lowcr part of figure 14 presents typical hot film 
signals recorded for Qoo = 35 ms-1 ; these signals 

Attachment 
line 

Films 

2: Arbitrary scale Fi lm 

t x  A 

Fig. 14 - Hotfilms outputs (Qw = 35 m s J )  

Arbitrary scale, Fi lm 

0 0.0 4 0.08 0.12 - t (s )  

Fig. 15 - Hotfilms outputs (Qw = 61 ms-I) 

Fi lm 

A 

z I, Arbilrary scale 
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I I I 

B 
I I I 

1 I C 

0 0.0 4 0.0 8 0.12 - t(s) 

Fig. 16 - Hot films outputs (eoo = 64 ms-l)  
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rcprcsent the wall shear stress fluctuations zw. 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'l 
(figure 15), turbulent structures are observed on 
film B. The number of thcse "spots" decreases from 
film B to film C, then it  remains constant. The 
signals delivered by films C and D are essentially 
charactcrized by the spreading of the spots which 
dcvelop along the leading edge : it is the beginning 
of leading edge contamination. When the wind tunnel 
spced increascs from 61 to 64 ms-1, a comparison 
bctween figures 15 and 16 reveals a rapid increase in 
thc numbcr of turbulent spots. For Qoo = 95 ms-l, 
all signals have a fully turbulent character. 

Similar measurements were done for several 
combinations of cp, a and Pi. The result is that 
lcading edge contamination appears for 
R = 251 f 11, and that the leading cdge is fully 

turbulent for R = 318 f 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 
extcnsion 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 a1 /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, 
turbulcnce 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 thc Columbia space shuttle during reentry/31/. 

4 CONCLUSION 

This papcr dcmonstratcd that the problems associated 
with boundary layer transition are numerous but that 
many of them can be satisfactorily solved for 
practical applications. 

On the thcoretical point of view, the lincar stability 
thcory constitutes a very efficient tool to understand 
thc fundamental mcchanisms leading to a "natural" 
transition in a low disturbance environment. But the 
kcy problem lies in the understanding of the 
reccptivity mechanisms and the exact relation 
bctwcen instability and transition is not very well 
known ; these issues are fairly well documented for 
low spccd, two-dimcnsional flows, but very little is 
known about the receptivity and the non linear 
mechanisms of compressible and/or three- 
dimensional flows. We can expect that direct 
numerical simulations would provide us with 
intercsting information in the next future. 

Evcn if all the transition mechanisms are not 
completcly explained, practical prediction methods 
nccd to be dcvelopcd. In the case of "natural" 
transition, the e n  mcthod gives surprisingly good 
rcsults to "prcdict" transition onset. This technique 
can also bc used to give a measure of the flow quality 
in ground facilities by comparing the value of the n 
factor dcduced from wind tunncl experiments with 
that which is obtaincd in free flight conditions. Good 
simulations can be achieved in low speed and 
transonic facilities (n = lo), but high speed wind 
tunncls cannot duplicate free flight conditions due to 
thc noisc radiated from the nozzle walls. 

If thc brcakdown to turbulcnce occurs without 
rcsorting to linear processes (bypass), the en rule no 
longcr applies, but empirical correlations a~ 
availablc for design purposes. Two typical examples 
have bcen discussed in this paper (boundary layer 
tripping by isolated roughness elements and leading 
cdgc contamination). Fundamental expcriments need 
to be pcrformed in order to reach a more unified 
approach of these problems. Let us note that wind 
tunncl cxpcriments dealing with bypass mechanisms 
arc cerlainly rcprcsentative of flight conditions, even 
for high spced flows. This is due to the fact that the 
large disturbances which trigger transition 
ovcrwhclm 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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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 
wPAFl3, included static, forced oscillation and free-to- 
roll experiments with flow visualizarion. Multiple stable 
trim points (atuactors) 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 confm the existence of "critical stam" 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. Altemative 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 
k reduced frequency, i.e. ob/2U, 
t time (seconds) 
U, freestream velocity (ft/m) 
4) body-axis roll angle (deg) 
'5 

0 circular frequency (rad/sec) 
time at step onset (sec) 

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 

SubsequentlyPP 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 To& have also demonstrated that, for 
static aerodynamic characteristics that are time-invariant, 
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Sting Angle (deg) 

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. 

Roll Angle (deg) 

Independently, Hanff proposed the "reaction 
hypersurface" model. As opposed to the timedomain 
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. 

20 

25 

1.2 Experimental Investigations 

0 

11.5 I 

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. 

30 

35 

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. 

0.121 I 
1111 

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 mot 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 leadingedge 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 

40 0 
~~~~~ 

friction in this degree-of-Mom. 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 fk-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.13 
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 roll 
angle and roll rate are a strong possibility. 

-U. J I 
oi ir i -;r i m i ci a I 

ROLL ANGLB,PtLI (Dcp.) 

Flgure 1. Fregto-Roll Trajectories 

Finally, forced oscillation motions 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." AII 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 
configwtion, were conducted in the SARL facility at 
Wright-Patterson AFEL These were designed to confm 
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 Frkhet 
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 

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 

c) 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 $(5) is to be inteqreted as 
the motion history from r = -00 to step onset, 'E, and 

the motion is to be held constant at MT) thereafter. 

3. If the Ffiet 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, 

Following the notation introduced above, the first 
term on the RHS is the rolling moment at time r 
resulting from the roll-angle variation $(5) which is 
the motion history prior to 5 = 0, and is held 
constant at MO) for all 5 2 0. The functional in the 
second term is the NIR. as defined above. In this 
case, 'E is the variable of integration Md the time at 
step onset. Thus, the integral sums the effects of all 
indicial responses over the interval 0 to r. 

4. If, on the other hand, there are specific points, 
T,, within the interval where Fdchet differentiability 
is lost (with a corresponding critical state, $3. the 
integration may not be carried beyond the instant at 
which a critical state is encounted without 
acknowledging the existence of the singularity. 

5. Loss of Fdchet 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.. 

C,(O = c, E$ ( 5 ) ;  t,Ol 
T.4 

where 

AC,, as given by Eq. (2). is the transient response 
associated with e,. Note that it &pen&, on the 
motion history from -00 to just beyond T,. 
However, its effect persists for times r > 7,. 

6. Frkhet differentiability may be lost in several 
ways.' A very important case is when time- 
invariant equilibrium flows lose their analytic 
dependence on a motion parameter. There are at 
least two ways this can happen: 



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 Fkhet  
derivative. 

Static Force 

Dynamic Force 

There can be a change inflow 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 er 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." 

-70 to 70 NA NA 15, 30, 35 

0 to 42 5 to40 1.1, 4.4, 7.7 15, 30. 35 

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). 

Free- to-Roll 

Flow Vis. 

Figure 2. 65' Delta-Wing Model 

-65 to 65 NA "7.7" 30, 35 

0 to 42 5 to40 0, 1.1, 4.4, 7.7 30, 35 

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-retum 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. 

Dynamic force and moment measurements were taken 
with the model forced in constant amplitude hannonic 
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 II 
SARL Test Conditions 

Test Type Frequency I TotalAOA 1 I (deg) 
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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 modelhest-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 analysis14 has been submitted (for 
consideration) to the 31'' A I M  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: 

Static flow visualization studies should 
show a change in flow structure at the 
critical state. 

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. 

Transient effects should be observed 
following dynamic critical-state encounters. 
The transient, AC, in Eqs. (1) and (2). will 
in general depend on motion history. 

4.1 Static Flow Visualization Results 

Vortex breakdown locations for the fefi wing as a 
function of roll angle, (from Hanff and Huang)" are 
shown in Fig. 3. 

!:[ ca. m a 0.4 

X 

E > 0.2 

0.0 
-15 

t I  
Trailing Edge I 

4 0 i a  

Roll Angle - (Dee.) 

Figure 3. Vortex Breakdown Location 
(Left Wing) 

Two important events an? noted: 

(1) The vortex breakdown point at Q = 5' 
(triangular symbol) departs significantly from the 
linear behavior shown by the rest (circles). 
Thus, breakdown location is seen to be a swng 
(perhaps discontinuous) function of static roll 
angle in the 4 to 5 degree range. For Q 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 (see 
Fig. 3). 

When the leading-edge vortex structure on borh wings 
is considered, the conditions, I Q I - 5' and 13'. are 
strong critical state possibilities. 

The first pair, I Q I - 5'. must be considered because 
a "jump" in vortex breakdown position on the lee wing 
would cause a discontinuous fordmoment response. 
Note that the corresponding windward wing vortex- 
breakdown movement is both well behaved and small, 
as shown in Fig. 3 (the change from Q = -4' to -5.). 

When breakdown reaches the wing vertex, the axial- 
flow stagnation point in the vortexcore 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 

Note the steep slopes between 

.go 40 -10 4 0 0 10 I O  20 

ROLL ANGLE (Deg.) 

Figure 4a. Static Rolling Moment 
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-1 0 0 10 to 

ROLL ANGLE - (Dag.) 

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 I Q I - 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. 

4 3  Dynamic Force Data 

Previous analyse? 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, 
Le., 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 earlier 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. 

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 01 of about 95'. Q = 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 01 in the range 0 to about 95' 
(26' 2 I$ 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 or, the 
initial part of the transient (AC,) is proportional to o. 
AC, clearly depends on the motion history leading up to 
the critical state. 

" I ** = 28 t -- 

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 (a) 
which defmes 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. 

Figure 5b. Dynamic Roiling Moment 

In addition, all Dhree 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 s e c  and dynamic 
rolling-moment data for 12' oscillations about a mean 



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 becween the static and dynamic data 
are well withiin interpolation e m  caused hy the 
sparsely spaced static data in this region. 

Even in the nonlinear case, with critical states present, 
the toul 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 ai 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 forcdmoment coefficient, is used in 
thii more restrictive sense. "Toul," when used in the 
same context, implies the sum of the static and dynamic 
components. 

The resulu 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 plou of the d y m ' c  rolling moment 
cmfficient presented in the phase plane. Data at 4.4 
Hem (k = 0.08) is presented for the range of test 
amplitudes at a given roll-angle offset A series of tests 
with fued offset and frequency generates a family of 
ellipses, centered about the offset angle. As the rolling 
morion proceeds, the ellipses are haversed in the 
clockwise direction. Offsets of 0' and 14' are shown in 
Figs. 6a and 6b respectively. 

In both cases, the contour lies turn rapidly, becoming 
essentially parallel to the phi-dot axis at 19 I = 5'. 
Moving clockwiise in the bottom half of the ellipse 
through = - 5'. the contour l ies  again tum rapidly 
between -10' and -15' to run nearly parallel to the phi 
axis. Note that this "tuming pint" is less distinct than 
the fmt oerhaos because the static data has been faired .. . 
in this region. The pattern repeats in the upper 

c, 

I 1 
44s .m 4, 0 ,. I U I 

Rdl Angle 0 (deg) 
Figure Sa. Dynamic Component of 

Roiling Moment 
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the figure. Signifiitly, the loci of tuming points 
(critical s w )  are independent of roll rate (dependent 
only on roll angle). This is. of course, because critical 
states by definition represent discontinuous changes in 
the eqru'librium state. 

Following a critical state encounter. the d y d  
response becomes weakly dependent on roll angle 
(mtour lines nearly parallel to phi axis). The contours 
in this region an 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). 

F d y ,  nc4e that as the offset roll angle is i n d  
(allowing more time to elapse between encounters with 
the critical state at 10' to 15'. fmt with positive phidot, 
then with negative roll rate) the region of negligible 
dynamic rolling mment 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 thii technique 
when critical states are present are addressed. This is 
followed by a brief examination of plausible 
altemarives. 

5.1 Locally Linear Representation 

Often, even in fight simulations that are billed as "fully 
nonlinear." a locally linear model for the d y n a m i c  
forces and moments is used. In this model, the static 
forces/moments are r e ~ n t e d  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 derivarive is effected by using small amplitude 

c, - c,- 

Roll Angle 0 (deg) 

Flgure 6b. Dynamk Component of 
Roiling Moment 
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test -m and retaining only the measured d y n a m i c  
loads at the facing 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 affack and sideslip. This 
pmcedun becomes questionable when there are 
significant motion-historydepdent transient effects 
such as those discussed above. 

A dramatic example7 of the e m  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 l d y  
linear model. there are gross emrs 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'' model6.' correlates well with the actual 
free-to-roll response. Both aerodynamic models used 
for thii comparison were based on data taken at the 
same reduced frequency (k = 0.14). 

0 

0 Nonllneu Aero. Uodel 60 

6 4  
e - m m  

2 0  

8 =  

0 

e 

-a 

-a 
0.0 0.1 0.2 0.4 0.5 0.6 

Figure 7. Freeto-Roll Time History 

The reason for such poor results (with locally linear 
damping derivatives) is illushated 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 d y  the out-of- 
phase rolling mment  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 Hem (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 

Figure 8a. Actual Load and Locally Llnear 
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 rhe 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 Hem Fig. 8b) is bew 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 rhis 
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. 

Figure 8b. Actual Load and Locally Llnear 
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 illusrrative 
purposes) from the beginning. Errors incurred with the 
locally linear model were not 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?8 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 fight conditions studied to 
date) has shown little important dynamic effects except 
following 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:+J is still a problem. This is 
less difficult for simulation than analysis. The principal 
difficulty in the former case is identification of the 
transient term (including history effects) from test data. 

Hanffs 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:+J is 
unknown. 

For analysis applications, Etkin16 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 

behavior. This finding was entirely consistent with the 
nonlinear theory advand 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 vextex 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 identifuble only at 
extremely low reduced frequencies. 

(3) Outside of critical state encounters, the 
dynamic conmbution to the aerodynamic 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 

Andreas Kniippel and Daniel Martens 
Institut f i r  Flugfuhrung 

Technical University Braunschweig 
Germany 

Abstract 

The atmosphere of the earth is a very complex sy- 
stem covering a wide range of interacting scales. The 
concept of stability is applied to subsystems thereof 
where the quantities involved in a stability analysis 
depend on the particular question to be answered. 
But all stability considerations share a common basic 
structure. After giving a short account to the nature 
of stability investigations some examples of stability 
related atmospheric phenomena are presented which 
are relevant for flight operation. Finally the impact 
of atmospheric instabilities on aircraft performance 
with special regard to flight safety is illustrated. 
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Introduction 

The concept of stability is a very elementary one in 
nearly all branches of everyday life (including such 
difficult fields as politics). This is especially true 
for the natural sciences and engineering applicati- 
ons, presumably because many stability related pro- 
blems in these fields can be tackled by mathemati- 
cal methods. Much of our notion of stability derives 
from the occupation with problems of classical me- 
chanics and - on a more sophisticated level - those of 
thermodynamics. Elementary examples of stability 
problems can be found in nearly every introductory 
textbook on physics or engineering. These elemen- 
tary problems are characterized by the fact that they 
can be represented by a finite number of points in the 
phase space. To the contrary, hydrodynamic proces- 
ses are characterized by the simultaneous existence of 
phenomena with different space and time scales, the 
characteristic measures of which cover a continuous 
subset of the space-time continuum, and beyond that 
which are interacting with each other. 
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Therefore the first step in a stability investiga- 
tion is to confine tlie consideration to a distinct phe- 
nomenon with a definite space and time scale - which 
clearly m i s t  be an abstxaction of pliysical reality - 
antl to apply the assumption that  the interaction 
with other scales can be neglected. The  governing 
equations are thus reduced by neglecting t e r n s  of 
iiiiiior influence while kceping tliern consistent with 
tlie physical reality observcd 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 
atiriospliere if tinie intervals extending beyond a cri- 
tical value are considered [ l ,  2, 31. But neverthe- 
less i t  is possible to  get much insight into the short 
range fii t ure of distinct atmospheric disturbances by 
investigating the instantaneous forces or energy ex- 
changes, respectively. In tlie following we shall con- 
fine ourselves to local tlisturbances in the atmosphere 
a n t l  study the iniiiictliate interaction with their en- 
vironnirnt. 

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]. 
Uut 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. [SI). 

Without going into tlie formal theory of stability 
(see e.g. [9]) we present an approach here which is 
rather heuristic, but in our view nevertheless appea- 
ling. I t  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 

‘It is interesting to mention that speculations about intrin- 
sic features of the atinosphere 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’ ? 

Basic State Perturbation - / ,~  .................. 
stable case :(-j) 0 Flow ‘4 

~..--...--.-.,’ 0 ‘, 

t unstable case 

n ............... 
0 actual energy content U 

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 tlelined these we shall use tlie 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 s tar t  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 
i t  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. I t  coincides with the so cal- 
led “neutral” case of stability when a perturbation is 
neither growing nor ceasing and is just left what i t  
is. 

This conceptual model immediately suggests a 
procedure for stability investigations: we s tar t  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 

* - E k i n  (1) 

between the potential energy \Ir and the kinetic 
energy Ekin, where we use the term “potential 



14-3 

O A  
1 * - 

labile 

t *- E k i n  

0 9 0 q 

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 q 
investigated at an arbitrary point q E 0; we consider 
the “landscape” of 0 - &in 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 

we talk about kinetic energy in tlis context we always 
refer to the kinetic energy of the perturbed element which is 
aquainted &om or lost to the basic state. We do not mean 
sonethi= like the kinetic energy at the displacement itelf ,  
which doesn’t actually exist, since no variation of time is 
perfomled. 

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 in 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 onedimensional 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 casea. 

How can we cast this concept into mathemati- 
cal terms? 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 [lo], it may be argued that 
our stability considerations can he derived in a simi- 
lar manner from a general “Hamilton-lie” principle. 

And indeed, if we displace an arbitrary fluid el- 
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 0 and from the momentum transfer between the 
particle and its environment so that 

where we have applied the tensor notation for the 
Cartesian coordinates xi (with i = 1,. . . ,3) and the 
respective velocity components ui 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 duildt = 
ukaui/azk can be rewritten as (see appendix) 

where .Ekin is the kinetic energy of the fluid element. 
Reintroducing the potential force term on the right 
hand side and aasuming that the potential Y is ind- 
pendent of velocity this leads to 

After we have defined the general Lagrangian func- 
tion to be 

.c := - \y (5) 
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we are simply left with 

- 0  
ci ar. aL: 
tit aUi azi 

Notice that L is equal to expression (1) with its sign 
reversed so that a well of (l), which indicates sta- 
bilil.y, corrcspoiids l o  a ridge of C. Tlicse are the 
well-known Eulcr-Lngrange dilFerential equations for 
L, which are a direct implication of Hamilton’s prin- 
ciple, the variational formulation of which is 

6 L d t = O  . (7) 
AI J 

This states that the mean kinetic energy of a sy- 
stem produced by external forcing is always kept at 
a minimum. Stull ([ll], 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 (I) provides indeed a stability criterion as we 
have suspected above. We conclude that the atmos- 
phere is stable at a given point if C is at a maximum. 
Ilence we arrive at the equilibrium condition 

-0 a t  
azi _ -  

since L is at an extremum and we have the general 
stability criterion 

< 0 : stable 
= 0 : neutral . (9) tI > 0 : unstable 

a2.c  

az; - , l S ~ i l  

Although classical Hamiltonian theory only a p  
plies to finite-dimensional phase spaces spanned by 
the generalized coordinates and momenta the con- 
cepts can be extended to continua [13, 141. 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 g e  
neralized Lagrangian function, which would also in- 
clude thermodynamic and rotation dependent terms. 
Such a generalized Lagrangian has already been used 
by Ertel [I51 (see also [E]). 

Let us now illustrate this view in three examples: 
the first may serve as an introductory one, the second 

‘A variatioiial fornulation bas already been used by h e t -  
hjen  1121 to explaiii the dynarnirs of squall lines. 

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 

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 
Q results from gravity and buoyancy forces and the 
Lagrangian is simply 

P(Y) = P O  + 7z (10) 

Stricly speaking this equation describes the poten- 
tial experienced by single fluid elements starting at 
z = 0 (where p = P O )  whose density differs from the 
surrounding liquid by yz 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 

This results in 
(12) _ -  7 g - 0  . 

Po 
Since g and po are # 0 we conclude that 7 = 0 cor- 
responds to the neutral state, whereas a stably stra- 
tified fluid corresponds to negative values of 7 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 y < 0, is flat for 7 = 0, and 
has a potential hill for y > 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- 

“adiabatic. temperature lapse rate” represents neu- 
tral stability of this atmosphere. The derivation of an 
equation for tliis lapse rate - applying tlie first law of 
t,lierniodynamic.s, the equation of state, and tlie hy- 

versible thermodynamics is assumed. The so called neutral 
z/m 

drostatic. equation - is staiidartl since the early clays 
of geophysical thermodynamics and can be found in 
almost any introductory course on meteorology (see 
e.g. [17, 181). But we can also apply the concept 
stated above. ln tliis case the generalized Lagran- 
gian is 

C = -(@(z) - c,T(z))  , (13) 
wliere @ ( z )  x gz  is tlie geopotential height and 
cpT(z )  is the e n t h a l p ~ . ~  The equilibrium condition 
aC/dz = 0 leads to 

for the temperature lapse rate and since a2T/az2 = 0 
we conclude according to the stability criterion (9) 
that this corresponds to the neutral state. Likewise 
we can show that aT/az > - g / c p  results in stable 
and i3T/az < -g / c ,  in unstable conditions so that 
we finally get the stability criterion for a dry atmos- 
phere { > -g /c ,  : stable 

= - g / c ,  : neutral , (15) 
az < -g /cp  : unstable 

where g / c ,  x 1 Ii‘/100na (see fig. 4).  

Often tliis condition may be expressed more con- 
veniently in the so called pSystem 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 

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 po = 
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 B 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 

the early days of atmospheric thermodynamics there 
has been a debate whether the “heat content” c,T or tlie inter- 
nal energy c,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 c,T was just conlpensated by a second error in tlie 
derivation (cf. e.g. [19]). 

A T = l K  

stable 

0 

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. 

: stable 
4) 

= 0 : neutral . (17) az tI‘” < 0 : unstable 

(Notice that if we replace 0 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 yp and horizontal velocity 7” ac- 
cording to  

P(.) = PO + Y P Z  (18) 
.(z) = 210 + 7 ” 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 

just as in the first example (compare eq. ( l l ) ! ) ,  and 
the kinetic energy that the fluid element gains from 
its “new” environment if it is displaced to a larger 
value of z is 

2 7” =2 E k i n  = - 
2 

so that the Lagrangian is 

7,” YPg 2 C(z )  = - z2  + - z  
2 2Po 

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 
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arrive a t  the stability condition 

gravity + buoyancy - 

P 

t / 
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t . . . . . . . . 
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A$ 7 AEkln ‘1) neutral 
unstable 

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 

< -1 : stable 
= -1 : neutral 
> -1 : unstable 

(21) 

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) 

dp dT d8 
- % - - N  

N -- 
P T 0 

or equivalently 

and we get instead of (21) 

> 1 : stable 

< I : unstable 
Ri  := -- = 1 : neutral 

L 

(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 Rib 
is used wliicli we get if we replace the diflerentials in 
(22) by finite clilrercnccs. The critical value of Rib 
determined experiinentally is about 0.25 so that we 

> 0.25 : stable 

< 0.25 : unstable 
Rib = -- = 0.25 : neutral 

(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 I<-theory. 

I1 
/~-‘l’lieory 

(1 Finite 
IJilrerciiccs -1 

ulk-Ri-No. 

Flux Richardson Number Ri I 

0 Start with balance equation of turbulent energy: 

Local change or turb. energy = - divergence of fluxes 
+ production 
- consumption 
- viscous dissipation 

Making simplifying assumptions: 

o homogeneity + divergence or fluxes = 0 
o reversibility j viscous dissipation = 0 
o production by shear -%. G / a z j  

o production and consumption by buoyancy g .W/a 
leaves (considering only the main horizontal direction of flow) 

tt1en 

&/Dl  = 0 (stationnrity) 3 /til = I 
&/a i  < 0 (stability) + Ri, > 1 
&/a1 = 0 (instability) Ri, < 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. 



3 Stability related phenomena 
with a view to flight opera- 
tion 

In the following we shall show that the overall mean 
st,at,e of the atiiiospliere 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 implie- 
lions concerning static stability. In order to come to 
the resiilt 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 a t  
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 a t  
rnosphere is transparent Cor solar radiation to a large 
extent (and in fact, the amount of short wave radi- 
tion absorbed at the ground is approximately three 
times as large as the amount absorbed in the atmos- 
phere [ZO] ) .  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.6 To prevent the earth 
frompermanent 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 is necessary that the potential temper- 
ture decreases with height; however, as we have seen 
iu 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 1221, 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 

%To be at le-t to some extend realistic the insolation 
should be takeu - one quarter of tbe solar constant, since 
this is the mean energy flux density onto the earth’s swf- 
in -e of an entirely transparent atrumpbere (see e.6. [21]. 
eotry: “equivalent blackbody temperat-”). To be complete 
we mention that the incideiit radiation is not equal to the I* 
diation absorbed because tbe reflected pert must be tsken into 
accollllt. 
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Figure 7: U.S. Standard Atmosphere [22] (left) and 
derived profile of potential temperature for the lowest 
20 k m  (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 l k m  in the lower troposphere 
and by 4 - 3 K / k m  in the middle troposphere. This 
is in close agreement with the potential temperature 
gradient in the standard atmosphere, which is about 
3.5 K l k m .  

But we have to be careful: the model of the 
static and stably stratified atmosphere is an idealizb 
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 he 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 30-40deg N. To make a crude 
estimation of Ri-numher stability of the mean wind 
we take 4 0 m s - ’ / l O k m  as a representative value for 



Figure 8: Meridional cross section through the nor- 
t h e r ~ ~  hemisphere aloug 80 deg W after Landsberg 
and Ratiier [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 +3.5 K / k m  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/m2, in severe local s to rm we can find values 
one order of magnitude larger in severe midlatitude 
storms [24] and presumeably up to 100W/m2 and 
more in extreme cases. 

A variety of phenomena which constitute devia- 
tions from the mean state is found in tbe 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, 

lonplludlnol component 
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Figure 9: Sketch of turbulent energy spectra (from 
Panofaky & 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 lhrbulence 
Hypothesis” [25]. A typical plot of aspectral 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 11: Normalized peak frequency for w Kaimal 
[27] (reproduced by Panofsky & Dutton 1251). 
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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 
~ 5 1 ) .  

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-dimensionalise the distance from the ground, 
thereby leading to a dimensionless height as a shape 
parameter of the spectral curves. 

There are dilrereut ways of scaling the boundary 
layer. An example which applies for the lower part of 
the boundary layer is the socalled Monin-Obukhov- 
scaling [26] where a characteristic length-scale is de- 
fined by 

(24) 
4 

w'a' 
00 PC, 

L, = - 
IE-- 

where U. is the friction velocity, IC the von-Karman- 
constant, and w'O'/(pcp) 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 zi has to be taken into account, 
but we shall not go into details here. 

I t  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 YIL.. 
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. 

buoyancy against vertical heat flux 

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 Rib 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: 

(AV/Az,AO) 3 Rib 

Rib L. 

e z / L .  - choose the proper spectral curve 
and determine its maximum. 
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Figure 12: Maximuin amplitude gust wave length for 
dilrerent stabilities and dilferent heights. 

The rrsult of this procedure call be summarized in a 
diagram showing the wavelength of the most inten- 
sive gusts as a function of height for different values 
of Ria, which occurs as a shape parameter of the 
c.urves. Fig. 12 shows such a diagram prepared by 
Sdianzer. 

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. I t  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 c.ase 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 frictiou 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 2km 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 100 m), 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 a t  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 k i b  
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 1291, and whose impact on aircraft during 
landing approaches has been studied by Swolinsky 
(301. 

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 
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We now want to know how a certain type of turbu- 
lence affects the aircraft motion. A flight a t  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 t ime-ked,  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 

fw = VILW . (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 l i t  equals the weight of the 
aircraft (fig. 14): 

(26) 
P a  
2 

W = L = - V  .S.e~,.ast . 

When the aircraft is penetrated by the vertical 
upwind-gust, an additional angle of attack Aa arises 
producing additional lift A L  and an upward accele- 
ration H of the aircraft-mass m: 

.. P a A L = m . H = - V  .S.CL,.A~ (27) 
2 

with the lift coefficient assumed to be linear (CL, = 
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 additiw 
nal angle of attack Aa decreases. 

Figure 13: Worst case LLJ after [29] (diagram from 
Swolinsky [30]). 

Figure 14: The aircraft flies in steady conditions, 
horizontal flight a t  an airspeed V without wind at a 
certain angle of attack asL to keep the lift L equal 
to its weight W .  
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Figure 15: At the time the gust of upwind tuw is 
reached, the flight path speed Vk initially remains 
constant, whereas the airspeed is the result of Vk and 
tu, with an additional angle of attack Aa, initially 
equal to the wind-induced angle a,.  

XI 

\/\ ". 

Figure 17: The aircraft has returned to asteady, now 
climbing flight. Aa = 0 and AL = 0. 

Figure IG: 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. 14,15,1G can be derived: 

With eq. (27): 

A L =  -V.S.CL~.(W,-H) P =A,.(tu, - H )  (29) 
2 

Laplace-trausformed: 

AL = A , .  (ti, - S S )  

Equation (27) Laplace-transformed 

s'H=Ailni  . (31) 

Equations (30) and (31) together yield: 

( 2) A L = A ,  t u w - -  

resulting in the transfer-function from vertical wind 
to additional l i t :  

A i  ms 
-(s) = m 
W W  1+-s 

A, 
(33) 

Figure 18: 
circulation [37]. 

Free and bounded vortex of a wing- 

Which is of the form of a DTi-link: 

KTs 
1+Ts 

F(s )  = - (34) 

with 
K = A ,  and T=m/A.  

Looking back to the step-shaped-gust, it has to 
he considered, that the lift-force on the wing does 
not build up immediately, when the angle of attack 
changes. An additional circulation A r  appears when 
a changes. A wing-bounded and a free vortex coun- 
teract, so initially no additional lift is produced. An 
the free vortex is left behind, the hounded one be- 
comes effective and l i t  rises in the same manner 
(fig.18). An approximation of the time-behavior of 
unsteady l i t  can be developed from the approach of 
the Kiissner-function Y ( t )  (see Schiineer [37]). 

AL(t) = AL- . Y(t) . (35) 

A simple form of this model will be sufficient to 
approximate gust-loads (see Schhzer [37]). 

q(t)  = 1 - e--t/T* (36) 

with 

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 tuw 

to AL. 

Ma&-number [37]. A Laplace-transformation of eq. 
(35)  togellier with eq.(35) leads to the transfer- 
function from stationary to unsteady l i t :  

(37) 

Combination of eqs. 
transfer-function: 

(34) and (36) leads to the 

(38) 
AL(s)  KTs 1 F(s)  = - - - - .- 
tu&) 1+Ts  l+T’S 

Fig 19 shows a Bode-Diagram of this transfer- 
function for the following set of aircraft data: 

m = 4350 kg CL,, = 4.0 
V = GO m/s 
S = 28 nia 

I,, = 2.0 m 
p = 1.225 kglm3 

The diagram shows clearly, that the additional 
l i t  has a maximum approximately between 1Hz and 
50Hz of gust circlefrequency. 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 Kussner-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 he 
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 

I . . . . . . . . .  
0 50 100 i o  n 1m1 

Figure 20: Unsteady l i t  variance as a function of 
height and atmospheric stability [37]. 

unsteady l i t  variance c: to stationary l i t  variance 
U: St 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 asystemof 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 UB 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 Eight 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- 
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mic forces are depending on the airspeed, thus the 
definition of the aero-kinetic energy by using the air- 
speed is of m i d i  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 atuiosphere would be a flight into a longitu- 
dinal gust, e.g. in a wind-shear. Due to the inertiaof 
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, a t  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 enesgy stores. As this energy store 
is not relevant for flight path applications it will be 
ncglected in o w  further c.onsiderations. 

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 
t w o  main kinds of aircraft energies which are directly 
influenced by wind: 

Potential energy: Epot = mgH 
which is changed especially by 
vertical wind: Epot = nag ( V  sin(u, - 7) + w w )  

Aerokinetic energy: 
which is changed especially by 
horizontal wind: 
E k i n  = 01. (V +uw cos(@, - 7))'/2 

E k i ,  = nzV2/2 

Now the question is, bow 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 uns tb  
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 

Downdrdr 

Figure 21: Sketch of a downburst [38]. 

Figure 22: Windspeed profile in a low level jet. 

vector p, with its components u w , v w , w w  yields a 
nine element gradient tensor: 

grad ?, = 

aUw au, au, 
ax ay a2 
auw av, auw 
ax ay a2 

aww aww aww 
ax ay ar  

- - -  
- - -  
- - -  

(39) 

Only three of these elements seem to be relevant in 
wind shear accidents: 

- wind variation with height 

- wind variation along the 

- spanwise variation of the 

au, /az = uwI 

a u w / a z  = uwI 

a w w / a y  = wwuy 
flight path 

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 clacrsifies the wind gradient uW. as 

- dangerous if 
- difficult if 
- significaiit if 

Considering only the aircraft's longitudinal mo- 
tion the time dependent horizontal wind speed may 
he expressed as follows: 

U,, 2 0.200 l/s 
uWr 2 0.130 l /s  
U,. 2 0.066 l/s 

uW(t )  = U,. . A z ~  - uWI . AH . (40) 

Wind variation with time leads to the following equs- 
tion [38]: 

& ( t )  = U,=vk - U w s h  . (41) 

The variation of the horizontal wind with time de- 
pends on the a,ircraft's kinetic velocity VK and the 
vertical speed If. 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 
aerodynamic 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 -12 m/s to 0 m/s inducing the 
phugoid motion. The deviations from the flight path 
are significant (AH > l00m) 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=O 

and 
AV=O 

The kinetic velocity VK is tlie superposition of air- 
speed V aud windspeed V,. 'I'his is true for the time 
derivatives as well: 

v k  = + vw (42) 

Taking into account the requirement that the air- 
speed V has to be kept precisely it results that the 
kinetic velocity has to he changed with wind speed 
variations: 

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]: 

vk = vw . (43) 

(44) 
AT U,, Auwg Aw,, 
-F3-+- 7 + -  V '  w g  V 

-- 7 ,... I 

I,..., 

Figure 23: Reaction of an aircraft to a simple hori- 
zontal wind shear model. 

Where U,, = f(u,,,uwa) 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 

(45) 
dui aui a* - _  
dt a x k  ax i  ' 

Employing the notation 

._ 
2 Ekin .- 

the first term on the left hand side can be written 

9 (46) dt aui 
whereas the second term on the left hand side upon 
multiplication with ui yields 

After changing indices on the right hand side of (47) 

and dividing the equation by ui we substitute eqs. 
(4G) and (47) into eq. (45) to give 

aEkin a* - d a  
dt aui axi -+in) - - -- . (48) 

If we assume that the potential is independent of 
velocity we can add \y inside the brackets on the left 
side of eq. (48) and get the equivalent relation 

t 
I I1 11 11 11 AI 

Figure 25: Pilot's reaction delay during landing ap- 
proaches through low level jets. 

and with the Lagrangian function 

.c := Ekin - 

we finally have 
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Quantitative Feedback Theory Design Technique For Flight Control System 

Constantine H. Houpis 
Air Force Institute Of Technology 

Wright-Patterson AFB, Ohio, 45433, USA 

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. 
Desirkd 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. 

INTRODUCnON 

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 QIT 

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, ={TR} of acceptable 
tracking or command input-output relations and 6 = {TD} 
of acceptable disturbance input-output relations, and (b) a 
set 8 = {P} of possible plants. The object is to guarantee 
that the control ratio T, = Y/R is a member of $ and 
TD = Y/D is a member of T,, for all P in 8. 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 t 
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. I t  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 (Ln)  
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 8. The amount of 
feedback designed into the system is then tuned to the 
desired performance sets & and T D  and the given plant 
uncertainty set 8. 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.6 

1.2 W O  Pland4J0 

The state-space representation for a LTI MIMO system is: 

f(t) = A x ( t )  +BU(t) (1) 

where A, B, and C are constant matrices. 
transfer-function matrix P(s) is evaluated as 

The plant 

P ( s )  = C[sI - A ] - l B  ( 3 )  

This plant matrix P(s) = [pij(s)] is a member of the set 
8 = {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 mz 
closed-loop system transfer functions (transmissions) t,(s) 
contained within its system transmission matrix, i.e., T(s) = 
{ ~ ~ ( s ) } ,  relating the outputs ~ ( s )  to the inputs rj(s), e.g., 
yi(s) = Gj(s>rj(s). In a quantitative problem statement there 
are tolerance bounds on each tG(s), giving a set of m2 
acceptable regions ~ ~ ( s )  which are to be specified in the 
design, thus qj(s) 6 ~ ~ ( s )  and T(s) = { ~ ~ ( s ) } .  
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From Fig. 2 the following equations can be written 

y = P x  x = G u  u = v - y  v = F r  

In these equations G(s) and P(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 P(s) = diag{f,(s)}. The combination of 
these equations yields 

Y = [I + P Q I - ~ w F ~  ( 4 )  

where the system control ratio relating r to y is 

T = [ r  + WI - ~ W F  ( 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 fi(s) and three gi(s), for diagonal matrices, 
such that each qj(s) stays within its acceptable region 
~ ~ ( 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 

This section presents an overview of the representation of 
an mxm MIMO system by m2 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 

where A is the diagonal part and B is the balance of PI. 
A Q = {Q} matrix is obtained from (6) by le- qij = 
l/pij* thG 

Q =  

The m2 effective plant transfer functions are formed as 

Q i j  = l / p i j *  = [ d e t P / a d j P i j l  ( 8 )  

This is is used to define the desired fixed point mapping 
where each of the m2 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 yo3 by 

Y ( T )  [A + G]- ' [ ( IF - BTI (10) 

where each member of T is from the acceptable set T . If 
this mapping has a fixed point, i.e., T 6 T such that 
Ycr) = T, then this T is a solution of (9). Figure 3 shows 
the four effective MIS0 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 ri by the corresponding 
outputs yi for each feedback loop of (lo), of the MISO 
equivalent systems, have the form 

where wii = eJ(1 + giqJ and vu = gifu. The interaction 
between the loops has the form 

(12) d,j = -c [ tk,/Qfkl 

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, = P W  and W is an txm weighting or 
a squaring down matrix. 

1.4 The MISO QFT Ddgn4 

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 m2 equivalent MISO 
control systems. The control ratios for tracking (D = 0) 
and for disturbance rejection (R = 0) are, respectively, 

1 + L  

or 
where is a requirement that detP be minimum phase 
(m.p.). Utilizing (6), (5) is manipulated to 
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( 1 5 )  
T, = ap = a constant 

The tracking thumbprint specifications, based upon 
satisfying some or all of the step forcing f ic t ion figures 
of merit for underdamped (M,, t,, ts, ft K,,,) and 
overdamped (ty ft K,,,) responses, respectively, for a 
simple-second system, are depicted in Fig Sa. The Bode 
plots corresponding to the time responses y(QU 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 
lTR(joi)l need be satisfied for a satisfactory design. For 
nonminimum-phase (n.m.p.) plants, tolerances on 
LT,(joi) must also be specified and satisfied in the 
design process?s6s11 It is desirable to synthesize the 
tracking control ratios corresponding to the upper and 
lower bounds TRU and T, respectively, so that 6,(jOi) 
increases as oi increases above the 0 dB crossing 
frequency of TRu. This characteristic of 6, simplifies the 
process of synthesizing a loop transmission Lo(s) = 
G(s)Po(s), where Po is the nominal plant transfer 
function, that requires the determination of the tracking 
bounds &(joi) which are obtained based upon &Qui). 
The simplest disturbance control ratio model is TJs) = 
Y(s)/D(s) = a, a constant (the maximum magnitude of 
the output based upon a unit step disturbance input). 

1.42 Plant Templam of Pj(s), TP(joJ -- With L = GP, 
(13) yields 

The change in T, due to the uncertainty in P is 

A ( L m  TR) = Lm TR - Lm F 
(17) 

By the proper design of L = Lo and F, this change in TR is 
restricted so that the actual value of Lm TR always lies 
between B, and B, of Fig. 5. The first step in synthesizing 
an Lo 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 oi 
over a specified frequency range. For the simple plant 

where K E ( 1 , l O )  and a E { l , l O } ,  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 
(NC) in Fig. 7. A curve is drawn through the points A, B, 

C, and D and the shaded area is labeled TP(jl), which 
can be represented by plastic a template. Templates for 
other values of ai are obtained in a similar manner. 

1.43 U-contour -- The specifications on system 
performance in the frequency domain (see Fig. 5) identify 
a minimum damping ratio C 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(jo) for all a. 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(jo). 
Therefore, the top portion, efa, of the M, contour 
becomes part of the U-contour. For a large problem class, 
as o 4 '0, the limiting value of the plant transfer function 
pproaches 

K lim [ P ( j O , ]  = - 
aA 0 -- 

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 

= L m k & - L m & , = 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. S. 

1.4.4 Bounds B,,(jo) on I&o) -- The determination of 
the tracking J3&oi) and the disturbance %(joi) bounds 
are required in order to yield the optimal bounds Bo(joJ 
on &(ioi). The solution for %(joi) requires that the 
actual ATR(joi) 5 6 , ( j o J  dB in Fig. 5. Thus it is 
necessary to determine the resulting constraint, or bound 
&(ioi), on L(joi). The procedure is to pick a nominal 
plant PJs) and to derive the bounds, by use of templates 
or a CAD package, on the resulting nominal transfer 
function Lo(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 Bo(joi) is composed of those 
portions of each respective bound &(joi) and B&oJ 
that have the largest dB values. The synthesized l&Q 
must lie on or just above the bound BJo,) of Fig. 9. 

1.45 Synthesiziag (or h p  Shaping) I&) a d  P(s) -- 
The shaping of I,,@) is shown by the dashed curve in 
Fig. 9. A point such as Lm I,,(j2) must be on or above 
B0(j2). Further, in order to satisfy the specifications, 
&(io) cannot violate the U-contour. In this example a 
reasonable &(io) closely follows the U-contour up to 
o = 40 rad/sec and must stay below it above o = 40 as 
shown in Fig 9. It also must be a 'Qpe 1 function (one 
pole at the origin). Synthesizing a rational function Lo(s) 
which satisfies the above specification involves building 
up the function where for k = 0, Go = l L O o ,  and K = 
lYkPd<J(. I,,(jo) is built up term-by-term or by a CAD 
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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 Lo(s) guarantees only 
that the variation in kR(jai)I is less than or e q d  to 
that allowed, i.e., &Qui). The purpose of the prefilter 
F(s) is to position Lm [Too)] 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 Intmdwtion 

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 Dgign" 

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" a-domain tolerances (a, and b,, lower and 
upper bounds, respectively, on the kQa)l tracking 
responses and bp disturbance upper bounds) on the 
&j(ja)\ 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 5Oo/sec roll rate is commanded, and in Fig. 12b, a 

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 P(1) 
with 4x6 = 24 elements, whose size is a measure of the 
uncertainty ra'hge. Case 7, with its 4 F.C., more than 
doubled this uncertainty range and its inclusion would 
require about 20 dB larger kI(ja)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 desim, and not at  the end after 
the design simulation, as is done by other MIMO control 
system design techniques. 

2.3 F-l!SIVL Analog might Control System 
Reco-tion Dgign13 

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 ApIvp-16 Digital Fl@t Control System 
Reconfiguration Dgign" 

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 
 benefit^^'^*^. In the preliminaq 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. 

25.1 Rf"t ion  -I6 --  his example is of an 
3x7 unmanned research vehicle (VRV) 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 elevatois, 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 loo%, 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 C* command 
for the 36 failure cases. The specifications are satisfied 
over the set 8. These simulations are all for the digitally 
compensated system including practical effector limiters. 

252 URV R O M  Digital Flight Conml 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 M a n - h - b b p  Flight Conml S y "  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 Fp is the pilot compensator that is to 
be designed. 

2.6.1 Flight Conmk Design with Nonlinear 
AerodymniqIargeParameterUncertam - ty, and Pilot 

Compensalion'ul -- 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 fixst 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 
program21 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 F,(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 MultipkInput Multipleoutput Flight Control 
!jystem Design for the YF-16 Using Nonlinear QIT and 
Pilot Co~npensalion~~ -- 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 
Cf 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 plantI9. 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 P. 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 
S Y S I E M ~ A R X O  

3.1 IntFoduction 

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- 
ring a stable system under a 'control surface (or 
effector)' failure, i.e., the design of reconfigurable control 
systems. 

32 Dual Recon6guamble 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 A t  = 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 -- QIT CAD PROGRAMS 

4.1 IntFoductlon 

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 d l  accelarate the utilization of the QFT 
design technique for the appropriate control problems. 

42.1 MISO QIT 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/ENC, Wright-Patterson AFB, OH 
45433. Currently Professor Lamont is developing an 
extended PC version. These packages have been designed 
as an 'educational tool." 

4 2 2  MISO QIT 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 QFI' 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 314 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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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 signals 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 pilot’s commands to the 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 to 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 IFC2OOO. 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 [I] 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 > S).  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 a t  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 [SI were used to derive analytic 
expressions for precise nonlinear control of the aircraft a t  
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 a t  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 o r  
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 a t  high angle of attack. 

Thrust  Vectoring Capability 

Thrust vectoring capabilities were derived analytically and 
were integrated into the H P A  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 a t  those angles 
[11,12,13]. The HPA’s linearized model was obtained at the 
speed of Mn = .9 and the altitude of H = lOKf t  while 
trimming the aircraft at a = 70’. The following 
modifications were applied to convert the models to have 
Thrust Vectoring (TV) capabilities, Thrust vectoring was 
assumed to be available through 3 TV vanes which were 

added to the aircraft a t  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 bp degree generates a deflected thrust 
force (Fp) with its component, Cw p.rojected onto the Z- 
body axis. Cfy 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, 

CJVJ = fi, R Cfi = fi, R F, Sinb, (1) 

where 8 is the V vane deflection in degrees. 
Similarly, for the e a w  Vane (Y,) deflections (Yvr and Y,,), 
the following relationship holds 

CJVJ = f i y  R Cfi = fir R Fy Sin8, Cos(45) 

Two efficiency factors were assumed for translating vane 
deflections into moments: fip=0.5 and fiu =0.35. These 
efficiency factors were used t o  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, 

P 

(2) 

Sin (8J = 6, (3) 

Sin (b> = 6, (4) 

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 H P A  linear model is represented by 

(5) 
X ( c )  = AX(r) + B U(0;  X(r)cR”; U(t)cBLm 

where xT = [p, q, r, v, a, p. 6, $, $1, 
uT = [a,, 8,,, 8,4, 8 ~ 9  SVp. 

and yT = [a, p, 8, 4, $1. 
Engine thrusts 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. H P A  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, H P A  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 a 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, 
a n  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([) = - M K X ( t )  + MLNU,( f )  (7) 

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 feedfonvard tracking matrix. 
Under normal operating conditions, the CSD matrix is set 
to identity; M=I,,,. The closed loop model of the aircraft 
is represented by 

X(t) = ( A  - B M K ) X ( t )  + BMLNU,(t)  (8) 

In simulation, a n  aircraft control effector impairment is 
represented by multiplying an appropriate column of the B 
matrix by a factor y (1 t y 2 5). This factor alters a 
surface effectiveness after an impairment. The impaired 
model of the aircraft is represented by the modified B-hat 
matrix 

X(t) = ( A  - hMK)X(t )  + hMLNUc(t)  (9) 

Note, thc rank of the control matrix has not changed under 
this scenario. That is, 

\w Runk(B9,) = RanUB,,); for 1 z y r . 

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 = [B'QB]4 B' Q B (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 

(14 
X(t) = ( A  -B[B'QB]-'B 'QBK)X( t )  + BMLNU,(t) 

For a perfect solution, the following equality must hold: 

B[h'QE]-' k' Q B K = B K (13) 

This relationship holds only if {BK} belongs to the right 
range space of {B-hatTQ); that is, 

The preceding equation holds, if and only if 

( I - 1[h'Qh]-' 8'0 ) B K = 0 

Therefore, for arbitrary and non trivial matrices Q, B and 
K, the following relationship must hold 

(I5) 

( I - B[B'Qh]4 B' Q ) = 0 (16) 

e = I I - ~ [ B ' Q B I - '  8' 0 I (17) 

Defining an error equation in a Euclidean norm, 

the optimized redistribution is obtained by minimizing the 
error function in a least squares sense; that is, 

rei 
Min 
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 = Q br [ i Q i r ] - l  B (19) 

The closed loop system in this case has the form 

(20) 
X(r) = ( A  - &QB '[ BQh '1 - I  B K )  X(r)  + & M L N  Uc(r) 

o r  

X(r) = ( A  - BK)X(r) + BLUc(r) (21) 

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 Detectionflsolation (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 o r  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 o r  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, o r  5) actuator failing hardover. The failurebattle 
damage scenarios 1, 3, and 4 require zeroing out the 
corresponding column in 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 

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 ( o r  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 [ 101 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: 

v(r) = -K,M,x(z) + L,M,N,Uc(r) 

where subscript "a" denotes o n  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: 

(22) 

P , = A ~ [ P , - P , B , ( B ~ P , B , + R ) ~ ' P , ] A , + S  (23) 

and 

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( U,  X ,  Y - Y ,  ) (25) 

2- Update Truth Model Parameters: 

( A, , B, , C, 1 = ( A, , B, , C, ) (26) 

3- Minimize Control Signal Distributions: 

(27) - Min = ~ Z - i ? , [ i ? ~ Q , t ? j , ] - ' ~ ~ Q , B , ~  
Qa 

4- Update CSD Matrix, Ma: 

M. = [ B r ~ , i ? ~ p t ? j f ~ , ~ ,  (28) 

5-  Compute Pilot-to-Surface Command Distributions: 

L = [l,] as a function of a (29) 

6- Compute Discrete Riccati Solution: 

Pa =A:[ P, - Pa B, (BZP, B, + R)-' Pa] A,  + S (30) 

7- Update Feedback Gain: 

K, =(B,TP,B,+R)-~B,TP,A,  (31) 

8- Update Feedforward Tracking: 

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 o n  the following equations 
131: 

The input and output measurements are represented by 

nT(r) =[u(r - I), . . . , U(r -nb- 11, .. . , y(r - I ) ,  ... ~ ( t - n ~  

The parameters to be estimated (A, B, and C Matrix 
entries) are  represented by 

(33) 

eT=[all, ... 4,. b,,, ... bm. cll, ... .cWi (34) 

The measurement at discrete time t and the estimates of 
the measurement are  

y(r) = nr(r) e(r) + e(r) (35) 

fir) = B(r)l &z) + i(r) 

e( t+ l )  = Y(r+l) - X' &t) 

(36) 

The error in estimate is represented by 

(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 

Bierman's recursive algorithm for finding P(t) [3] generates 
a solution to equation (39) in the form P(t) = S(t)TS(t), 
where S(t) is an upper triangular matrix. S(t) corresponds 
to the square root of P(t). 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 (AL) 
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 a n  amplitude equal to 1% of the 
input signal is added to the input to 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 to a n  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. 
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The NI \ principles are founded on Rosenblatt's [SI 
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 gi(x) = x * wTi, where x is a vector 
of inputs and wi 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, Qx9) 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 [lo] 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 results 
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 

degrees. Expanding the fligh envelope for higher angle of 
attack at  higher speeds than Mn=.3 is not of interest. This 
is because handling aircraft at  higher a and Mn is beyond 
the control of a human pilot. At low speeds (Mn 3 0.1 - 
0.3) and an altitude range of H 1 10K ft - 40K ft, the flight 
envelope may be expanded up to a theoretical limit of a 1 
90'. In practice it is reasonable to develop control for 
PSM of about a = 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, 

w w  a = Tan-' - +- u u  

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, o r  modified with additions of 
surfaces and thrust vectors such as the F15 and F18 
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 ir 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 p 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 entel;ing a high speed 
flight condition, o r  from a-command to c -command and 

p-dot-command for landing, takeoff, and cruise. These 
flight control transitions can be constructed in the Control 
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*/p-dot structure modified 
to have capability of controlling the aircraft at HAOA and 

2- Modifications to the C'/p-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 a, lateral stick commanding $, and 
rudder pedal commanding p-dot with minimizing ~r 
departure from zero. 

low speed. 

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 Remedy 

Unanticipated roll ($) 

Unanticipated yaw ( J r )  

Unanticipated Sideslip ( p) 

Unanticipated AOA ( a )  

Stall 

Limited Sensor Measurement 

Limited Schedule 

Wing Rock 
Nose Slice 
All angle departure 

Oscillatory (dutch roll), & roll 
X-spin & steep spin 
Slow yaw rate spin, Z-Spin 

Flat spin 

Inverted Spin 

Uncontrollable 

Opens Control Loops 

Divide by zero 
Loss of control 
Oscillatory Spin 
Flat Spin 
Rock, roll and tumble 

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 a-Command 
increase integral gain 
Add 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 a, p, $, and 
9, 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: f 20'; Maximum Rate: 24°'s"c. 
Each simulation run consisted of 6 seconds of flight time 
responding to the following step control inputs: 
6El = 6E2 = 6,1 = 1.0; 6m = 1.0. 

A subset of the simulation results from [14, 151 is shown 
here. The feedforward gain matrix, N, was computed to 
have the 8 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 Sa shows the unimpaired response of the aircraft to 
the commanded a, and Figure 8b represents the aircraft's 
response to the commanded 8. In both cases, steady state 
decoupling of 8 from a was realized. Figure Sa is a 
representative of commanding the aircraft to fly at 70' 
angle of attack while keeping the pitch angle at zero. 
Figure & represents 8 and a 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 

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 8e 
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 lo9 and 10'l2 factors. 

Figure loa 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 lob and 1Oc. 

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 l l a  to l l f  
represent HPA's transient responses to various step inputs 
with the trained neural net control. Figure l l a  shows the 
unimpaired aircraft response to a 70° a-command, 30' $- 
command, and 0' p-command. Figure l l b  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 1 IC s h w  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 Iransients. Figure l l d  depicts the aircraft's responses 
to 3 9  a-command, 15O +command, and 00 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 hom this failure scenario showed about 15% 
degradation in the aircraft's a command response. When 
50% loss of aileron was simulated with NNC only, the 
aircraft response to U command was unsatisfactory as 
shown in Figure lle. As shown in Figure llf. 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 
reanfiguration 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 STAG its development and 
improvements could make the approach a viable candidate 
for IFC2OOO. 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 HAOh an 
aircraft's characteristics are highly nonlinear and 
dynamically coupled. Therefore, precise nonlinear control 
laws are required to cope with the nonlinear phenomenon. 

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 Zoo0 aircrah. 
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fed pitch rate to elevator or yaw rate to rudder were among the 
first intelligent systems that did not rely on the human pilot, 

intelligence to the point of "hands-off' flying for small portions 

ABSTRACT 
systems can benefit by being designed to emu- while automatic bombing and landing systems c-ed machine 

late functions of natural intelligence. Intelligent control func- 

tions fall in three categories: declarative, procedural, and reflex- of the aircraft's mission. 
ive. Declarative actions involve decision-making, providing 
models for system monitoring, goal planning, and systedsce- to represent even 
nario identification. Procedural actions concem 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. 

In a contemporary context, intelligent flight 
ambitious plans 

make aircraft less dependent on proper human actions 

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. 

has 

for mission completion, 

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- INTRODUCTION 

fly manned aircraft in numerous ways, from applying manual made it possible to design computer-based control systems that 
have fewer inherent limitations, that can adapt to changing phys- dexterity through informed planning and coordination of mis- 

ical and environmental characteristics, that are more reliable than sions. As aircraft characteristics have changed, and more impor- 
tantly as the technology has allowed, an increasing share of the earlier systems, and that can perform decision-making in addition 
aircraft's intelligent operation has relied on proper functioning of to feedback control. 
electro-mechanical sensors, computers, and actuators. It has be- present concepts for intelligent 

of what were once called "artificial" devices for sensing, compu- It can be argued that any degree of feedback from sensed 
motions to control actions instills intelligent behavior because tation, and control. Emphasis is placed on alternatives for anal- 
control actions are shaped by knowledge of the system's re- ysis and design of control logic rather than on the equipment that 
sponse, though it was not always so. In contemplating the effects makes it possible (i.e., on software rather than hardware). AS in 
of atmospheric turbulence, one of the Wright brothers wrote, any complex subject, there are many ways to partition and de- 

scribe intelligent control. The approach adopted here is to dis- "The problem of overcoming these disturbances by automatic 

logical hierarchy that is bounded on one end by declarative my brother and myself, it has seemed preferable to depend en- 

tirely on intelligent control" [I, 21. The Wright brothers' piloting funcrions, which typically involve decision-making, and on the 

other by reflexive functions, which are more-or-less spontaneous actions depended on proper interpretation of visual and inertial 
cues, demonstrating biological intelligent control. Later, panel reactions to extemal or internal stimuli. 

attitude, and bearing to a radio station enhanced the intelligent performed by the control system's outer loops, and reflexive 
behavior of human pilots. Stability augmentation systems that functions are performed by its inner loops. We may also define 

Human pilots have provided the to ties were limited. Nevertheless, the march of technology has 

The goal of this paper is 
come possible to machine to flight flight control in the contemporary context, that is, through the aid 

has engaged the attention of many ingenious but to tinguish between control functions according to a cognitive/bio- 

displays of compass heading, pressure altitude, airspeed, aircraft In a classical flight context, declarative functions are 

an intermediate level of procedural functions, which -- like re- 
flexive functions -- have well-defined input-output characteristics presented al the NATO-AGARD Workshop on Stability in Aerospace Systems, 

Toulouse, France, June 2326.1992. 
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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- 

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. 

Figure 1. Guidance, Navigation, and Control Structure, 
Distinguishing Between Human-Pilot and 

Computer-Based Functions. 

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 [SI 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, 81 or linear-quadratic-Gaussian (LQG) optimal- 
control models [9, 101. Some of the transfer-function approaches 
go into considerable detail about neuro-muscular system dynam- 
ics [lo, 121. These models often show good correlation with ex- 
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penmental results, not only in ComPensatory tracking but in more Intelligent flight controll can be justified only if it materially 
procedural tasks: the progression Of piloting actions from Single- improves the functions of aircraft, if it Saves the time and/or 
to multi-input strategies as the complexity Of the task it"eS is money required to complete a mission, or if it improves the safe- 
predicted in [ 111, while teSt-pilOt Opinion ratings are predicted by ty and reliability of the system. A number of interesting philo- 
a "Paper Pilot" in [13]. These results imply that computer-based sophical problems can be posed. Must machine-intelligence be 

control laws can Perform Procedural and reflexive tasks within better, in some sense, than the human intelligence it replaces in 
thefit error of mathematical human-pilot models. Models Of the order for it to be adopted? We are willing to accept the likeli- 
human pilot's declarative actions have yet to receive the Same hood that humans will make mistakes; if a machine has the Same 
level of attention; however [14-161 introduce the types Of deci- likelihood of making a mistake, should it be used? Lacking firm 
sions that must be made in aerospace Scenarios, as well as likely knowledge of a situation, humans sometimes gamble; should in- 
formats for pilot-vehicle interface. telligent machines be allowed to gamble? When is it acceptable 

Figure 1 also Portrays a hierarchical SfmCtUre for stability- for machine intelligence to be wrong (e.g., during learning)? 
augmentation, command-augmentation, autopilot, and flight- Must the machine solution be "optimal," or is "feasible" good 
management-system functions that Can be broken into reflexive enough? Which decisions can the machine make without human 
and declarative PartS. Stability augmentation is reflexive Control supervision, and which require human intervention? In a related 
provided by the inner-most loop, typically implemented as a ]in- vein, how much information should be displayed to the human 
ear feedback control law that provides stability and improves operator? Should intelligent flight control ever be fully auto- 

transient response through an EstimationlCompensation block. nomous? If the control system adapts, how quickly must it 
Forward-loop control provides the shaping Of inputs for satisfac- adapt? Must learning occur on-line, or can it be delayed until a 
tory command response through a ControllComPe~ation block* mission is completed? All of these questions must be answered 
again employing linear models. The combination of control and in every potential application of intelligent control. 
estimation can be used to change the flying qualities perceived by 
the pilot, or it can provide a decoupled system for simplified Cognitive and Biological Paradigms for Intelligence 
guidance commands [ 17-20]. A basic autopilot merely translates Intelligence is the "ability involved in calculating, reasoning, 
the human pilot's commands to guidance commands for constant perceiving relationships and analogies, learning quickly, storing 
heading angle, bank angle, or airspeed, while the Guidance block and retrieving information .... classifying, generalizing, and ad- 
can be expanded to include declarative flight management func- justing to new situations" [29]. This definition does not deal with 
tions, using inputs from Navigation sensors and algorithms. the mechanisms by which intelligence is realized, and it makes 

Intelligent functions have been added to flight control sys- the tacit assumption that intelligence is a human trait. 
tems in the past. Many stability and command augmentation Intelligence relates not only to intellectuality and cognition but to 
systems have employed gain scheduling and switching for im- personality and the environment [30]. 
proved performance in differing flight regimes and mission The debate over whether-or-not computers ever will "think" 
phases. Navigation and flight management functions usually in- may never be resolved, though this need not restrict our working 
volve significant nonlinearity related to the geometry of measure- models for computer-based intelligent control. One argument 
ments and the earth, as well as to pressure and temperature gradi- against the proposition is that computers deal with syntax (form), 
ents in the atmosphere. Control theory, heuristics, and reduced- while minds deal with semantics (meaning), and syntax alone 
order optimization have been used to achieve near-optimal trajec- cannot produce semantics [3 I]. This does not, of course, limit 
tory management in many flight phases (e.g., [21-231). the ability of a computer to mimic natural intelligence in a lim- 

The Guidance, Navigation, and Control (GNC) Systems for ited domain. Another contention is that thinking is "non-algo- 
Project Apollo's Command/Service and Lunar Modules provide rithmic," that the brain evokes consciousness through a process 
an early example of intelligent aerospace control [24-261. These of natural selection and inheritance [32]. Consciousness is re- 
two GNC Systems adapted mathematical structures and parame- quired for common sense, judgment of truth, understanding, and 
ters to changing flight conditions, employed nonlinear control artistic appraisal, concepts that are not formal and cannot readily 
laws, and made low-level decisions. They used a computer that be programmed for a computer (i.e., they are not syntactic). 
was orders of magnitude slower than today's flight computers and Conversely, functions that are automatic or "mindless" (i.e., 
that had two programming choices: machine (assembly) code or that are unconscious) could be programmed, implying that com- 
interpretive code. The state-of-the-art of aircraft flight control puters have more in common with "unintelligent" functions. 
systems has progressed to comparable levels and beyond, as rep- 
resented by systems installed in modem transport and fighter air- 
craft (e.g., [27,281). 

As used here "intelligent flight control" subsumes "intelligent guidance, 
navigaticn, and control.'' 
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Gijdel's Theorem2 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, i n  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 govem 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 doing4. 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 H A L  in the movie 2002 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- 

As summarized in [321: Any algorithm used to establish a mathematical 
truth cannot prove the propositions on which it is based. Or another [331: 
Logical systems have to be fixed up "by calling the undecidable statements 
axioms and thereby declaring them to be me," 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. 

Chinese characters correctly by following rules while not understanding the 
language in [311. 

Searle describes such a computer as a "Chinese Room" that translates 

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 
d e p  of higher-level control over some autonomic functions. 

Declarative. procedural, and reflexive functions can be built 
into a model of intelligent control behavior (Fig. 2). The 
Conscious Thoughr module governs the system by performing 
declarative functions, receiving information and transmining 
commands through the Subconscious Thought module, which is 
itself capable of performing procedural actions. Conscious 
Thought is primed by Preconscious Thoughr [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 Thoughr 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* 
d e l S .  

Measurement 

Events 
Controlled 

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 

... although the actual processing mechanism is not clear. In a recent 
seminar ai Rncetan (March 9,1992). Herbcn Simm noted lhal if you open 
Ihe cabinet mtaining B sequentWrocessing camplta. the innsrds look v e q  
much like thw of a parallel procesux. 

functions, responding to critical stimuli and coordinating control 
actions. High- and low-level commands may act in concat, or 
one may block the other. Voluntary Reflexive Actions cm be 
trained by high-level directives from Subconscious Thought, 
while the learning capabilities of involuntary Rdlexive Action 
are less clear. Control actions p r o d u a  Body motion and can 
affect an external Controlled Sysrem, as in piloting an aircraft. In 
learned conuol functions, Body motion helps intemalizc 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 ObSeNeS 
External Events as well as Body and Controlled System motions, 
and it is subject to Ueasuremenr 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 
o p t i n g  perfectly. In a conuol 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 altema- 
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 fearure of inrelligenr bio- 

logical systems. It has been conjecNred that REM (rapid-eye- 
movemenr) Sleep is a time of learning. consolidating. and pruning 
knowledge6 [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-dearhprocess, with new cells replacing old; nature provides a 
means of transmitting genetic codes from cell to cell. Never- 
theless, rhe central newous 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. Shorr-term memory often recedes into 
long-term memory, where it generally takes longer to be re- 
trieved. With time, items in memory thot are less important are 
forgotten, possibly replaced by more imporrant irJonnarion; 
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 Slecp. the brain IS barraged by signals fmm the h s?. 
lmpuks fd U) the visual cortu poduce imagcs that may wnmn materials 
from the day's expiercer. unsolved pIc+lems. and unfinished busmess." 1421 
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velop the capabiliry to form chords of actions that an 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 rej7exive functiom, like clap- 
ping after the last movement of a symphony. 

Nature also provides structural paradigms for w n m l  that are 
wonh 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 symbolichmage 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 sfructwes 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 intemal 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/FaiI-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 cognitivebiological 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 m o w s  
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 

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 airrraft 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 Rolog. 
as decision-making is associated with list processing and the 
statement of logical relationships. Rocedural functions can be 
ConCepNdized as  vector^ "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, 
cenifiability, maintenance, and logistics are critical to the suc- 
cessful implementation of intelligent flight control, but they are 
not mated here. 

DECLARATIVE SYSTEMS 
Goal planning, system monitoring, and control-mode switch- 

ing are declarativefunctions that require reasoning. Altematives 
must be evaluated, and decisions must be made through a process 
of deduction, that is, by infemng 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 intemal 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 [U] .  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 rules7. 

A rule-based expert system consists of data, rules, and an 
inference engine [46]. It 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 

Expen systems can have tree or graph structures. In the former, there is a 
single root node, and all final (lean nodes are connected to their own single 
branch. In the lauer, one or more branches lead to individual nodes. Reason- 
ing is consisrent 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 i t  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 i n  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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CrewlTeam 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 [51-531. The Pilot's Associate Program 
initially focused on a four-task structure and evolved in the direc- 
tion of the multiple crew-member paradigm [54-561. 

AUTOCREW is an ensemble of nine cooperating rule-based 
systems, each figuratively emulating a member of a World War 
I1 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. 

Figure 4. AUTOCREW Configuration with Pilot/Aircraft 
Interface (adapted from [52]). 

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: 

Order the task groups from most to least time-critical to 

Break major tasks into sub-tasks according to the detail 

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 [57-591. 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]. 

time-critical, routine, and mission-specific. 

quicken the inference engine's search. 

necessary for communicating system functions. 

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]. 



Bayesian belief networks [SI, which propagate event prob- 
abilities up and down a causal tree using Bayes's rule, have par- 
ticular appeal for intelligent contml applications because they 
deal with probabilities, which form the basis for stochastic opti- 
mal conml. We have applied Bayesian nmorks  to aiding a pi- 
lot who may be flying in the vicinity of hazardous wind shear 
[I%]. Figure 6 shows a network of the causal relationships 
among meteorological phenomena associated with minoburst 
wind shear, as well as temporal and spatial infomation that wuld 
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 m w .  
The probability of encountering microburst wind shear is the 
principal concern; however, each time new evidence of a particu- 
lar phenomenon is obtained, prohabilities 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 g m " n d  during landing or 
an abort prior to takeoff is a very low probability -- typically 0.01 
01 less -- as the wnsequences of actually enwuntering a stmng 
minoburst 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 [671. 
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f 6 G G h  

Figure 6. Bayesian Belief Network to Aid Wind Shear Avoidance 
(adapted From 1671). 

Figure 7 shows the inevitable uadmff between the probability of 
missed detection (PMD) and the probability of false warning 
(h) 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 expen system and would have a 
negative effect on transport operations, so the detection threshold 
must be chosen carefully 

Figure 5. AUTOCREW Relative W ~ k l d  for Mission-Specific and Emergency Scenarios 1521. 
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Figure 7. Statistical Analysis of Detection Robability 1671. 

Probabilistic reasoning of a different sort has been applied to 

a problem in automotive guidance that may have application in 
future Intelligent Vehiclc/Highway Systems [68-701. Intelligent 
guidance for headway and lane control on a highway with sur- 
rounding traffic is based on worst-plausible-case decision-&- 
ins. It is assumed that the intelligent automobile (IA) 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 fdters [63]. There are limits on the performance capabil- 
ities of all vehicles, and IA 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 [701. A gen- 
eral layout of the logic is shown in Fig. 8. and a partial decision 
tne for lateral guidance is presented as Fig. 9. Both normal and 
emergency expm systems govern the process. supported by prw 
cedural calculations for situation assessment, uaffic prediction. 
estimation. and control. Guidance commands are formulated by 
minimizing a cost function based on these factors [701. 

Lane Change 
yields Crash 

I \  
No Weak StmW 

W c a L  1"dKaL IndicaL 

No 
Change Change n 

I do change I 

Figure 8. Intelligent Guidance for Automotive 
Headway and Lane Control [@I. 

Alternate plausible strategies for each neighboring automc- 
bile are exuapolated. with predictions of both means and w v h -  
ances. Expected values of plausibiliry, belief intewal, and hz- 
ard functions are calculated, scores for feasible IA actions m 
computed, and the best course of action is decided, subject to ag- 
gressiveness and wurity factors, as suggested by Fig. 9. Deter- 
ministic and Monte Carlo simulations are conducted to demon- 
suate system performance and to fme-Nne logical parameters. 

c&ge io N o  

Figure 9. Partial Decision Tree used to Model Lateral aehuvior 
in Intelligent Automotive Control [691. 

Change chpnge 

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- 
chrative system and perhaps (in a manner reminiscent of REM 
Sleep) to upgrade declarative logic between missions. 

Inducing Knowledge in Declarative Systems 
In wmmon 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 i3s.t process 
as the normal function of the intelligent system and the second as 
"learning." Teaching an expen 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 the rules that connect 
them? Perhaps the most common answer is to interview expens 
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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, 721, 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 recruimtent [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. Leamed 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 [77-791 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 (fl error class) most 
of the time (see Fig. 5 of [52]), and differences between NSM 
and optimal navigation solutions were found to be minimal. 

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 to < r < y. Control 
is exercised by a digital computer at time intervals of At. The n- 

dimensional state vector perturbation at time tk is Xk, and the m- 
dimensional control vector perturbation is Uk. The discrete-time 
linear-quadratic-Gaussian (LQG) control law is formed as [63], 

y*k is the desired value of an output vector 6 Hxxk + Huuk), 
and kk is the Kalmanfilrer estimate, expressed in two steps: 

The forward and feedback control gain matrices are CF and CB, 
@ and r 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, Zk. is a transformation of the 
state through Hobs. The gains CB 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. CF, which provides proper 
steady-state command response, is an algebraic function of CB, 
@, r, and Hobs. 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 CB 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 Q, and r 
have the same dimensions as the aircraft's dynamic model (n  x n 
and n x m), the baseline estimator introduces nlh-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 [go]. 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*k corresponding to x*k 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 [81-831. 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 Kalmanfilter must be used [63]. 

Forward 
Control Gain Aircraft 

Estimator Feedback 
Control Gain 

a) Linear-Quadratic-Gaussian (LQG) Regulator. 

Aircraft Forward 

Feedback Estimator 
Control Gain 

b) Proportional-Filter LQG Regulator. 

Aircraft Forward 
Control Gain 

1 

Estimator 

I P  
c) Proportional-Integral LQG Regulator. 

Aircraft 

d) Explicit-Model-Following LQG Regulator. 

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 [go]. The designer must know 
the normal operating ranges and distributions of parameter varia- 



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, 921; gain and phase 
margins are an inherent part of the classical design of single- 
inputhingle-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-retum-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- 
i ty  was introduced in [94] and is further described in [95, 961. 
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, H, 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 instabilitys. 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. 

I? Real parameter variations affect not only the magnitude and relative phase 
angle of the system's Nyquist contour but its as well [63]. Therefore, 
the points along the contour that eslablish 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 approach 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, infemng 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 asfuzzy control, suggesting that the latter has a role to 
play in aircraft control systems [loo-1021. 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, 

(3 

where G(x) is square (m = n) and non-singular, the control law 

x = f(x) + G(x)u 

U = -C-lf(x) + G-lv (4 

inverts the system, since 

x = f(x) + G(x)[-G-'f(x) + G-'VI = v (5 

where v is the command input to the system. 

dimensional output vector, 
In general, G(x) is not square (m f n); however, given an m- 

A 
y = H x  (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(d) = v. The vector y(d) contains Lie derivatives of y, 

y(d) = = f*(x) + G*(x)u (7 

to be structurally invertible by the condition that defines relative 
degree [104]. The decoupling control law then takes the form 

U = -[G*(x)]-'P(x) + [G*(x)]-'v (8 

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 2 for x in control computations. 

Evaluating C*(x)  and P ( 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, 1071. 

There are limitations to the inverse control approach [ 1081. 
The principal concems are pointwise singularity of C*(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 C*(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 [ 1051. The command vector is retumed 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. 

T 

L-1 
I -  

where d is the relative degree of differentiation required to iden- 
tify a direct control effect on each element of y. G*(x) and P(x)  
are components of the Lie derivatives, and C*(x)  is guaranteed 

Figure 11. Decoupling Nonlinear-Inverse Control Law. 
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REFLEXIVE SYSTEMS 
her- 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 cm be viewed as nonlinear generaliza- 
tions of sensirivity, rra&oormarion. a d  gain mtrices. Conse- 
quently. ampensation dynamics can be incorporated by follow- 
ing earlier models and control structures. Nonlinear proplion- 
al-integral and model following controllers. as well as nonlinear 
estimators, can be built using computational neural networks. 

Computational Neural Networks 
Computarional neural nenvorks are motivated by input-out- 

put and learning propties of biological neural systems. though 
in mathematical application the network becomes an abstraction 
that may bear little resemblance to its biological d e l .  Compu- 
tational neural networks wnsist of nodes that simulate the neu- 
rons and weighring 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 
g d  candidates for performing a variety of reflexive functions in 
intelligent control systems because they are potentially very fast 
(in p d l e l  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 approximare dtivariarefunctwns of the form 

Y = h(x) (9 

where x andy are input and output vectors and h(.J is the (possi- 
bly unknown) relationship between them. Neural networks can 
be considered generalized spline funcrions that identify efficient 
input-output mappings from observations [IW, 1 IO]. The second 
application is to classify atnibures, much like the decision uees 
mentioned earlier. (In fact, decision uees can be mapped to 

neural networks [ I l l ] . )  The following discussion emphasizes 
the h t  of these two applications. 

An N-layer feeMOward neural nenvork (FNN) repsents the 
function by a sequence of operations, 

where y = r(N) and x =do). W(k-1) is a manix of weighting 
factors determined by the learning pmcess. and &I.] is an acti- 
vation-function vector whose elements normally are identical, 
scalar, nonlinear functions ai(qi) appearing at each nodc: 

s(k)[q(k)] = [al(ql(k)) ... an(qn(k))]T (11 

One of the inputs to each layer may be a uNty thmhold element 
that adjusts the bias of the layer's output. Networks consisting 
solely of linear activation functions are of little interest. as they 
merely p c r f m  a linear uansformation if, thus limiting eq. 9 to 
the form, y = Hx. 

Figure 12 represents two simple feedforward neural net- 
works. Each circle represents an arbitray, scalar, nonlinear 
function ai(.) opcrating 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. 121) is clearly 
parallel, yet its output can be written as the series 

illustrating that parallel and serial processing may be equivalent. 

w 
a) Single-Input/Single-Output Network. 

b) Do&le-Input/Single-Output Network 

Figure 12. Two Feedforward Neural Networks. 

Consider a simple example. Various nodal activation func- 
tions. ai. have k e n  used, and there is no need for each node to 
be identical. Choosing sop) = p), a1 = p)Z, a2  = p)3, a3  = p)4, 
eq. 9 is represented by the uuncated power series, 
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and it is clear that network weights are redundant (i.e., that the 
(a, b. e) weighting factors are not independent). Consequently. 
more than one set of weights could produce the same functional 
relationship between I: and y. Training sessions slarting 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. It is a 

saturating function defined variously as a($ = 1/(1 + e-'l) for 
output in (0.1) or u(q) = (1 -e-z'l)/(l + e-2rl) = tanh q 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)  1112, 1131. Symmetric 

2 functions like the Gaussian radial basis function (cr(ll) = e-'l ) 

have better convergence properlies for many functions and have 
more compact support ns a consequence of near-orthogonality 
[ lW, 1141. 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. If 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 VI 

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. 

a) Sigmoid. 

b) x-Derivative of Sigmoid. 
Figure 13. Example of Sigmoid Output with Two Inputs. 

a) Radial Basis Function (RBF). 

b) x-Derivative of RBF. 
Figure 14. Example of Radial Basis Function Output 

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, 1181. 
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 nA, with c non-zero elements (usually ones) from 
overlapping receptive regions for the input. The second map- 
ping, R, goes from the selector vector a to the scalar output y 
through the weight vector w, which is derived from training: 

y = wTa (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 rely 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 [ 1201 are nonlinear dynamical systems that 
subsume Hopfield networks [ 1211, 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 [l 1 11. 
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- 
fors) associated with failures onto detector/identification vectors 
(e.g., [124-1261). 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 
i* 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 

M-vector output is used; there are evident tradeoffs related to ef- 
ficiency, correlation, and so on. The data pattems 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 pariry 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 [ 1281. 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, 1301) that 
minimizes the mean-square output error 

where rd  is the desired output. For each input-output example 
presented to the network, the gradient of the error with respect to 
the weight mamx is calculated, and the weights are updated by 

is the leaming rate, and d is a function of the error between de- 
sired and actual outputs. For the output layer, the error term is 

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 

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 Kalmanjilter [106, 107, 1311. The dy- 
namic and observation models for the filter are 

where Wk is a vector of the matrix Wk'S elements, h e )  is an ob- 
servation function, and qk and nk are noise processes. If the net- 
work has a scalar output, then Zk 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 f i t  error can be dramatically reduced by consider- 
ing the gradients of the surfaces as well [ 106, 1071. The obser- 
vation vector becomes 

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) [132-1341. 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 combined with Monte Carlo variation of system param- 
eters during training, numerically minimizing the expected value 
offit error rather than a deterministic fit error. 

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 Cm = 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. 
Re-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 [135-1401. 

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 



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, 1361, and the 
formal existence of inversion networks has been explored [ 1411. 
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- 
femng 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 insrincr nerworks. 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 [ 1401, 
while placing the integrator beyond the network gives a propor- 
tional-filrer 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 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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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 
Ship #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-lift 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 11 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 link. 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 #I. 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. 
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. 
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. 

A spin prevention logic is 

Also assisting in roll 

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 "gt1 onset and nose pointing. 
Care must be taken in the design of 
the FCS to provide enough control 
power to arrest any motions initiated 

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 lift 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. In 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 
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control power, surface rates, and 
bandwidths. 

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 4 5  percent of the mean 
aerodynamic chord of the wing. 
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 1 3 ' t o  4 0  
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. 

A 

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. 

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 2 0 0  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 5 0  degrees at 
aft c.g. 

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 AOA 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 an 
uncoordinated roll. Note that for a 
coordinated roll of 2 0  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 2 0  
degree per second roll, the combined 
coupling produces a Cm* requirement 
greater than available at a center of 
gravity of only 4 5 0  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 5 0  degrees AOA, using a simple 
pitch rate command FCS. The wind 
tunnel predictions adequately 

I 
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predicted trends in stability and 
control parameters, but were 
unsuccessful in predicting accurate 
Cm* 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, 8*flew11 
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. Figures 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 lift 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. 

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 wa5 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 lift 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 8tonly1f 
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? 

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: 
Answer: 

The stability derivative approach can be shown to be 
equivalent to the first representing the aerodynamic 
reactions by indicia1 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: 

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 extemal and 
dedicated R3000 CPUs with quadruple redundancy. 

Question: 

When does y drop below 0.5, does this influence the 
rank of R? 

How do you choose W, the squaring down matrix? 
Answer: 

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. 

guestion: 

How do you generate the bonds on Yii/Gii for MIMO 
systems? 

Answer: 

As seen from Eq (1 1) the output is composed of two 
components: a "tracking" and a "disturbance" output. 

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 R 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 C*(x) for an aircraft 
system? Does it have to match C(x) closely? 

Answer: 

The original system equation is 

'x = f(x) + C(x)u 

In general, x has dimension (n X l), U has dimension 
(m X l), and C(x) is non-square (n X m). Consequently, 
C(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, 

y(d) == f*(x) = G*(x)u 

for which C*(x) is square (m X m) and invertible. 
Equations for C*(x) are given for altemate definitions of 
the output matrix H in Ref. 105 (where C*(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 C*(x) are quite different, both in dimension 
and numerical definition; therefore, they do not match 
each other in any obvious way. 

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 
1520% 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: 
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 
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! 

numerical values you need the 

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. 

Answer: 
COMMENT ON PAPER 17: 

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 

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. 
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. 
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