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SUMMARY OF RESEARCH

The Air Transportation Technoliogy Program at Princeton Uni-
versity, a program emphasizing graduate and undergraduate student
research, proceeded along four avenues during the past vear:

o Guidance and Control Strategies for Penetration of
Microbmursts and Wind Shear

e Application of Artificial Intelligence in
Flight Controcl Systens

& Computer-dided Control Syster Design

o Effects of Control Saturation on Closed-Loop
Stability and Response of Open-Loop-Unstable Aircraf:

Areas of 1invest:igation relate to guidance and control of
commercial transports as well as general aviation aircraft.
interaction between the fiight crew and auvtonatic systems is a
sukryect of principal concern.

Recently, it has hecome apparent that severe downdraftis and
reaulting high velocity cutfliows present a significant hazard to
aircraft on takeoff and final approach. This condition is called
a microburst, and while it often is asscciated with thunderstorn
activity, it alsc can occur in the vicinity of dissipating con-
vective cliouds that produce no rainfail at ground ievel. Micro-
burst encounter is a rare but extremely dangerocus phencmenon that
accounts for one or two air carrier accidents and numercus gene-
ral aviation accidents each year (on average?l. Conditions are
such thkat an aircraft’s performance envelope may be inadequate
for safe penetration unless optimal control strategies are known
and applied.

$hile a number of simulation studies have been directed at
the problen, there are varied opinions in the fiying community
regarding the beat piloting procedures, and optimal control stra-
tegies have onliy recently been defined. Graduate student Marik
Psiaki has undertaken a study of guidance and controil strategies
for penetration of microbursts when encounter is unavoidabie.
His initial work shows thet asimple control laws couid greatly
reduce an aircraft’s response to wind shear. Although the res-
ponse mechanism is the same, Jet transport and general aviation
aircraft behave aomewhat differently in microbursats: the iarger,
heavier aircraft are more adversely affected by variationa in the
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norizontal windg, whiie the smalier, lighter aircrafit have greater
garfficuity with the cownaraft. Our emphanie has shifted to  the
deternination of optimal control astrategies for the microburst
encounteyr {ii. The s=study has begun with the coaputation of
ocptimal control histories using steepest-descent and second-order
gradient aigorithms. An envelope of safe fiight has been deter-
nined for typical jet transport and general aviation aircraft:
these results will e documented shortly in Mr. Psiaki's doctoral
thesis and in technical papers.

Attention is now being directed at optimal closed-icop con-
trol laws for wind shear encounter that couiac be executed in
“reali time.* {23, Graduate student Amit Joshi is working in this
area. Iin addition, he will be developing a reail-time fixed-based
cockpit simulation as an adjunct to this research.

Undetected aystem failures and/or inadequately defined re-
covery proacedures have contributed to numercus air carrier inci-
dents and accidents. The intamcous PC-10 sccident at Chicago's
G*'Hare Airport, in which licss of an engine pod, subsequent loss
of subsystens, ana asymnetric wing stall ied to disaster, pro-
vides a prototype for the kind of tragedy that couild be averted
oy intelligent fiight control systemsa. {An inteliligent control
ayatenm is one that uses artificial inteiligence concepts, e.g.,
an enpert aystems progran, to improve performance  ang faulit
tolerance.’ Although many methods of modern control theory are
applicakie, the scope of the probhiem is such that none of the
existing theories provides a complete and practical sociution to
the problem. At the sanre tine, heuwristic logic may be appli-
cabile, but it has yet to be stated in satisfactory format.

Graduate student David Handelman is developing a knowledge-
rased reconfigurable fiight control syastem that will be impilemen-
ted with the Pascal programming language using parallel mnicro-
processors. This expert system could be considered a prototype
for a fauvlt-tcolerant control system that couvld e constructed
using existing hardware. The hnowledge-based fiight controil
syaten is specified initially and tested using the LISF program-
ming language. When desired logic is determined, the corres-
ponding Pascal code ia generated auvtomatically. Details of know-
jedge base developnent, expert aystem logic, and initial evalua-
tionas are contained in Ref. 3.

in a paralliel effort, graduate student Chien Huang is using
LISP to investigate the utility of & string-oriented, recursive
iogical system in the same role. A principal distinction between
thia and the previous approach is that fiight control code will
e modified in response to control aystem faiiures. As an ad-
junct to automatic restructuring of the control systemn, a tool
for computer-aided control aystem deasign is being developed. The
Control Equation Parser allows conventional state-space expres-
aiona t0o be tranalated to LISP code, and it executes complex
design functiona auch aas the solution of kiccati equations by



caiiing suproutines written in numericali:y efficient computer
languages such aas FORTRAN or PFascal {43,

Maintenance of fiight coniroi systems hbetween fiights alsc
ias a kKnowledge-intensive task, s it is iikely that expert says-
tenrs can be useful aids to aircrafit mechanics. Seniocxr Christo-
pher Loh demonstrated the possibility of transiating conventicnail
raintenance and operations manualis for the hydraulic system of a
tandem-rotor helicopter into an expert system using LISP {53 .
The prototype expert aystem contains over 2590 rules and 150
parameters in a NYCIN-iike format, vyet it describes onliy a frac-
tion of the information contained in the manuals.

Whereas mnost expert system development toocls are deductive,
requiring the systen designer to specify rules to be executed by
a computer, inductive knowledge acguisition toocls thet generate
rutes from specified scenarios may be more useful in many appli-

cations. For exanple, a sakilled pilot might weil be able to
explain what he or she would do in @ given emergency, vyet not
recognize the rule structure that the actionsa represent.

Graduate student Brendes Belkin has documented an exercise \per -
formed under separate contract’) in which an inductive tool was
used to define procedures for an in-fliight emergency [6].

One of the virtues of highly reliablie electronic filight
control systens is that an aircraft’s stability and response,
i.e., its closed-locop £filying gualities, can be tailored to the
pilot’as needsa. For reasons of performance and maneuverability,
it may be desirable to design the aircraft so that its natural
{unauvgmented?’ nodes of motion are unsatable, with the under-
standing that the fiight control sysastem will provide the necesa-
sary stability by deflecting control surfaces to counter poten-
tially divergent motions. Because control surfaces have limite-
tions on their displacements and rates of travel, stability can
be restored only within a bounded region about the trim point.
If the aircraft’s motions exceed the boundaries, the availablie
control forces and mnoments will not be sufficient to prevent
divergence.,

Graduate atudent Prakash Shrivaastava developed methoda for
determining the stability boundaries and control response for
systems containing control aaturation, and in the procesa, he was
awvarded the Ph.D. degree {7)}. Analysais was carried out using
atate-space plots, in which saturation boundaries were repre-
sented by straight lines, stakility boundaries were seen to be
unatable limit cycles or straight linesa, stable trajectories
approach equilibrium points, and unstable trajectories diverge to
infinity. The analysis pertained to asystems containing uneqgual
saturation boundaries, a= well as those with multiple saturating
controls.
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in additaon, a technical paper describing work comoleted in
earlier years was publiished during 15486, xeference &, which
sumnmarizes, in part, the Ph.D. reasearch of Aharon Bar-Gill,
deacribes the resuwits of flight exzperiments to determine the
effecta of aircraft dynamic characteriastica on £lying gualixtaes
during single-pilot instrument flight.

The FAA/NASA grant supporting student research in air trans-
portation technoliogy has inestinmable value in helping educate a
new generation of engineers for the aercspace industry, and it is
producing research results that are relevant to the continued
encellence of aeroneautical development in this country.



ANNOTATED BIBLIOGGRAPHY OF 1986 PUBLICATIONS

i. Psiaki, ¥.L., and Stengel, R.F., "Optimal Fiight Paths Through
NMicropurast Wind Profilea*™, AIAA Journal of Aircraft, Vol. 23, No.
&, Aug 18866, pp. 625-635.

The problem of safe microburst wind shear encounter during the
approach and climb-ocut flight pheses was addressed using flight
path optimization. The purpose was to investigate the physicail
iimits of safe penetration and to determine control strategies
that take ful}l advantage of those limits. Optaimal +trajectories
foxr both Jet transport and general aviation aircraft were com-
puted for encounters with idealized and actual microburst pro-
files. The results demonstrate that limits to contrel aystemnm
design rather than to the aircraft’as physical performance may be
the deciding factor in an aircraft’s capability for safe passage
through a wide class of microburats. The best control strategies
responded to airspeed loss in an unconventional manner: by rai-
sing the nose to maintain iift.

z. Stengel, RrR.F., “Optimal Control Laws for MNicroburst
Encounter, ™ in Proceedings of the 1iSth Congress of the
International <Council of the Aeronautical Sciences, Paper No.
ICAS-86-5.6.3, London, Sept 1986, pp. &7C-878.

Simplified structures for longitudinal control laws that reduce
an aircraft’s response to the strong head-tailwind variationsa
asacciated with microbursts are presented. They are based on
non-zero-set-point linear-guadratic regulators that commnand
throttle setting and angle of attack as functions of velocity and
fiight path angle, and they can incorporate direct measurements
cf the wind profile if available. Selection of cost functions to
be minimized by feedback control has been aided by a prior study
of classaical control laws and exact nonlinear-optimal flight
paths through realistic microburat wind profileasa. The reaulting
optimal control laws have an adaptive, dual-mode structure that
can be implemented either in flight-director logic or 3in an
autopiiot,

3. Handelnman, D.A., and Stengel, R.F., “A Theory for Fauit-
Tolerant Flight Control Combining Expert System and Analytical
Redundancy Concepts,™ in Proceedings of the 1986 AIAA Guidance,
Navigation} and Control Conference, Williamsburg, AIAA Papexr No.
86-2092-CP, Aug 1986, pp. 375-384.

- This paper presents a theory for rule-based fault-tolerant flight
control. The objective is to define methoda for designing con-
trol ayatems capable of accommodating a wide range of aircraft
failuresa, inciuding sensor, control, and structural failures. A
software architecture is described that integrates gquantitative
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analytaical redunaancy technigues and heuristic expert systen
concepts for the purpose of in-iliignt, reai-time fault tolierance.
The resultant controller uses a rule-based expert systems ap-
proach to transform the problilem of failure accommodation taak
echeduling and selection into a probiem of search. Control
systemr performance under sensor and control failureas ia  demon-
atrated using linear discrete-time deterministic simulations of a

tandenm-rotor helicopter’s dynamicsa. it i1a found that thke rule-
based controi theory can be used to enhance existing redundancy
nranagenent aystensa. This approachk to control system design alac

provides inherent paralielism for computational speed, smooth
integration of algorithmic and heuristic computation, a search-
rased decision-making mechanianm, straightforwarda system organiza-
tion and debugging, and an incremental growth capability.

4. Huang, C.¥Y., and Stengel, K.r., "“"A Symbolic Parser for Controil
Equations, in Procceedings of the Institute of MNeasurement and
Control 204 Workshop on Computer-aAided Control System Design,
Salford, Engliand, July 15986, pp. 7-i4.

A computer program for symbwoliic compilation and numerical simula-
tion of control asystem design equationas has been developed. The
Control Equation Parser translates ejxpresaions written in stan-
dard state-space format into the LISP computer language for

evaluation. VYectors and natrices are easily defined, and commnon
operations of linear algebra are readily executed using this
progran. Numerical sclutions can be obtained by executing LISP

code o©or, as in the case of contrcl calculations, by caliing
FORTRAN subroutines. In combination with a LISP workatation, the
program provides a highly interactive tool for assisting in the
design of multivariable controcl =ayatems.

S. .ok, C.T., A Prototype MNaintenance Expert System for the CH-
$7 Flight Control Hydraulic Sysatem,'" Princeton Univeraity
Technical Report No. MAE-175i1i, Apr 1586,

An investigation of the use of artificial intelligence technigues
in the maintenance of hydraunlic flight control systems was under-
taken. A knowledge-based exzpert aystem employing aituation-
action ruilies {production systems’ for diagnosing faitlures andg
aubsequently identifying faulty deviceas waas developed. The ex-
pert sysastem’s “inference engine" performs a Packward-chaining
process via a goali-driven control strategy. its satrategy in-
volves finding rules that demonstrate a given hypothesis, then
verify the facts uvsed by the rule. The reauwlting LISP progranm,
which emulates a asmall fraction of the procedurea contained in
maintenance and operations manuals for the CH-47 helicopter,
containa over 250 rules for setting over 150 parameters.



S, celkin, Brenda L., “a Demonstration Eupert System for
inplementing Emergency Frocedures in a High-Performance Fiahter
Aircraft,™ Franceton Universaty Report No. MaE-i749, Apr 1586,

A demonstration enxpert syatem was developed using a hnowledge
acquisition tococl to sinulate the operation of an electromnic

pilot’a assiastant. The task selected was the implementation of
in-flight emergency procedures for a fighter aircraft. Two modes
require the computer to help with routine light tasaka. Two

others require the computer to plan and esxecute procecures for
aircraft control autonomously, for instances in which the piioct
is ancapacitated or is subjected to high worklicocad.

L

7. Shrivastava, P.C., “Stability Regions of Relaxed Static
Stabiiity Alrcraft Under Control Saturation Comnstraints, ™
Princeton University Report No. MAE-1747-T (Ph.D. Thesis), Oct
15856.

General characteristicas of cicsed-locop stability regions for
open-icop-unstabie linear syatems with bounded controls were
determined. The shapes and sizes of atability regions were shown
to depend on the types of singularities asscciated with asystem
dynanics, feedback gains, control saturation limits, and comnand
inputs. fAnalytical expressions were derived 3in nornal-node
coordinatea for the atakhility boundariea. Longitudinal atatic
instability of the aircraft normally forces a single system root
to become unstable, creating a saddle-point sasingularity, while
directional atatic inatability results in two unstable <(real)
rootas with a focal point singularity. Stability regions can be
characterized as hypercylinders in the state space surrounding
the cornanded closed-loop equilibrium point. Non-zero command
inputs create asymmetry in the saturation effects, usually resul-
ting in a net shrinkage of the satable region. Displacement
saturation and rate saturation produce distinct effects, and a
combination of the two can be particulariy reatrictive.

8. Bar-Gi11i1, ., and Stengel, R.F., “Longitudinal Flying
Gualities Criteria for Single-Pilot Instrument Flight
Operations,*™ AIAA Journal of Aircraft, Yol. 23, No. 2, Feb 13586,
pp. 1311-117.

Experiments to determine the flying qualities of more than a
dozen dynanmnic configurations were conducted using the wvariable-
stability Avionica Research Aircraft. Particular attention was
paid to variaetiona in long-pericd longitudinal characteristics
and their effects on the performance of simulated IFR fiights
from takeoff through landing. Lift slope had the greatest effect
cn pilot opinion, workload, and tracking error. Bounda for
satisfactory flying qualities were found for three parameters:
phugoid mode damping, atick force gradient (with reapect to trim
airspeed), and pitch/airaspeed gradient.
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Wind Shear Guidance and Control
Aircraft Applications of Machine
Intelligence
Fixed-Base Simulation

WIND SHEAR GUIDANCE and
CONTROL

Classical Control System Design to Reduce
Microburst Response

Flight-Path Optimization to Minimize
Microburst Response

Linear-Quadratic Control System Design to
Approximate Optimal Microburst Response

Significance of Control & Short-Period Lag

Application of Nonlinear Inverse Dynamics in
Closed-Loop Control



AIRCRAFT APPLICATIONS of
MACHINE INTELLIGENCE

Functions of a Knowledge-Based Control System
Fault-Tolerant Flight Control Systems
Real-Time Expert System Development
Signal Dependencies, Graphs and Frames
Computer-Aiding for the Pilot

Hydraulic System Failure Diagnosis

FIXED-BASE SIMULATION

Three Aircraft Simulations in Preparation:
Navion
Small Twin-Jet Transport
Twin-Jet Fighter/Attack Aircraft

Single-Person Crew Station

Computer-Generated "Out-the-Window" and
Panel Displays

Silicon Graphics IRIS 3020 Workstation
(UNIX, 68020, Graphics Engine)

IBM PC-AT (pc-DOS, 80286/7)
-3 - Multibus Single-Board Computers (80286/7)

"C" Programming Language
Verbex 4000 Voice Recognition System

Ethernet Connection to
Symbolics 3670 LISP Machine





