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ABSTRACT

Survivability of military combat aircraZf: has received

Q

®

increased emphasis by ¢*he U. S. Armed Szrvicss iz rzcent
ysars. The primary oSbjective of the U. S. Mili*ary
Survivability Policy 4is to ensure that <effec<ive
survivability enhancement features ars incorporatsiy i:x
current and all future U. S. <combat aircrafz. Techrology
advances in Fly-By-Wire Flight Controsl sSystems havs
significantly enhanced the performanc2 capabilitiss of
modarn fighterysattack aircraf:. In consonance with the
military services survivability policy, a series of
survivability design guidelines fo- Fly-3y-Wirs Plight
Control Systems have been developed, and are her=in
presented, A recommendation for future2 surcvivability
anhancem2nt <through the wuse of digital €lighe contrel

ta2chnology, in 2 sanner similar to artificial intslligence,

is presented.
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I. INTRODUCTIO

A i dgea— ——

A. COMBAT SURVIVABILITY....A TECHNOLOGY ISSUE

In the skies today and orn the drawing heoards ror
tomorrow are military aircraft that ars techkndlogical
marvels. The F-16, and F/A~-18 are superior Zfightzr aréd

at-ack aircreft *“haz employ the very latest 1in

1-2

state-cf-the-art *a2chnologies in compuisrs, £ligh= son=cc

systems, engines, and structural materials. Thesz machines
have bkeen optimized *o 1levels heretofors unobtairable.
1 Parformance has bean built-in %o these aircrafi. Ard so has

some+hing else,.¢ec...Survivabili-y. These aircrafs wercs

o)
o
W»

4 . designed tc perform their assigned combat missioas 3in
face of modern ars3nals and o return to their bases <o fly
agairn. However, the question must bz askzd, have these
aircraft designs realized +the wu*most in survivabili+y
benefits ~ha« modern digital systems tachnelogies have <o
offar?

Because history has shown that th2 impor+arce of

: survivability has sometimes bsen <forgo+<ten or neglec=z2d in

“he design and development of military aircraft in

p2acetime, it is incuabent upon the aircaft designer, <he

military program manager, and ¢+he combat avia<cr 4> ersurs

10
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*ha* *oday's technological advances, particularly ir =2

applicaticn cf compu<%sr augmented flight con=zecl 3ys=:2as,
continua to provide the survivability 2rchancemen- Zza<ures
that will keep “he cutting =sdge of our naazionf's Jds:fznsec
k2en,
8. U. S. MILITARY SURVIVAPILITY POLICY

Survivabili«y has been increasingiy smphasizzi by “he
U.S. Armed Servicss in recen= years. Th: Depar<asn* of

Dz fense ard +he Military Service Brancn2s hav:s es<aplished

firm survivability policies rsgarding

The primary objective of +he U.S. Milictary Sazvovabilicy

Policy is tc ensuza that effec*ive survivaoili<y cchancemens
featuras are incorporated ip currerr and 211 futuce ¢. S.
weapens systems.

A *ris=rvice organization, <th2 Joint Techziczl

Coordinating Group on Aircrafs Survivabiliity (JTI3/AS),

created in 1971, has brought *ogecher ta2 pes< expartise Iin

2ach of the =service branches +*c¢ plan anl sx2cu*z 1

comprehensive program to inczease <he sucvivabilisy of

curren: and fu*ture aircraft assets. Within <ths JTCG/AS

charter are tasks ¢o0 develop design criteria and imprevsd

tachnology *o increase the survivabilizy of £gturs comba-c

aircraf+ ard weapcas systems.

1"
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C. SURVIVABILITY REQUIREMENTS/GUIDELINES/STANDARDS
Survivability requirements for airbosrne weapon sys=enms

have bean specifiel in different ways by sach brarch of <ha

Armed Sarvices. The Navy =2stablishszl AEPRONAUTICAL
REQUIREMENT (2R) ~107, "Navy Aizcra“ct
Survivability/Vulnsrability (Nuclea-/Nonau-~lear)," in 1374,

MIL-STD=-2072¢(LS), *Military Standard: 3urvivatili-y,
Aircraf<; Establishment and Conduct of 2-ograms Zoz,¢
superszded AR-107 in 1977. Ir 1981, 7Thz Depar-=msn~ of
Defense issued MIL-STD-2069, "Requiramsnts Ior Aircraf+t
Nonnuclear Survivabili+y Programs." Each dccument was
preparad in reccgnition of *he nreed for a standardized
systems approach 4o improving the survivzbili*y of U.S.
military aircraf=«.

DOD MIL-STD-2069 provided guidelina2s and requirements
£5r establishing and conducting aircraf: survivability
programs. Apglicability cf the principl:ss con“ained thzrein
apply o all major weapons system acquisizion pregrams and
is *he standard iInvcked in contractual agyrz2ements rsgarding
aircraft armamen<s.

Various forms of handbooks have bean prapared 4o prcvide

military planners and industrial designars with <the
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informatior and g3Juidance nzeded in <Incorporating
survivabili*y featurzs into new and 2xistingy systams. Th=
Air Force Systems Command kas published a design harndbeck
saries, DH-1 through DH-3 (with supplzaenzs) for uss with
Air Force programs. The Army has publisa=zd a "Survivabili-y

D2sign Guide for Army Aircrafi," USAAMRDL TR-71-41. Tae

Navy estakblished MIL-HDBK-268 (AS), "survivebili-y

Enhancsment, Aircraft Conventional Weapons Th-sats, D=gign
and Evaluaticn Guilelines," in August 1982 for wuse in <he

acquisition process of Naval aircraft systszms. Joiatly, ths
three services work within the guidelinss 9szabiish=3 by ¢h:
JTCG/AS and published in several wvolumss as
DOD~-MIL-HDBK-336, "Survivability, Airsrz2ft, Nonrnuclea:r,

(Various) ."

D. WHY BE CONCERNED WITH AIRCRAFT FLIGHI CONTROL SYSTEMS?
The essential question of flight control survivabili<y
was derived by +he auzhor from a s=a%em2n:t 2minating from an
analysis of Southeast Asia comba+t filss maintzined by <«the
Combat Data and Information Ca2nter (CDIC). The sta<aemen=
attributed approximately 25% of all aircraft los* in

Southeast Asia to the functional 1loss o5f <the aircrafs's

flight control system as a resul- of combat irduced damage.

13
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This percentage figurs equated <*c¢ nearly 500 aizcozis,

Preliminary investiga+ion reveiled that <thz fligh= cont:zecl

Qa

system of most coaventional combat aircraf+ con;ributed
approximately 5% to the aircraft's to+:zl reganted aczea.,
The disproportionality of +he two <£fijuras generats! =
concern *hat culminated in the developmsat 2f -Le gquidaelines

contained herein.

E. PURPOSE

The purpose of this {reatise is t> presen+ in 2 singls
dscument guidelires for the dsvelopmen: £ aircraft flighs+
control systems (FCS) with spscific =mphasis orn inacreasing
the ccmbat survivability of aircraft =guipped wi+h

Fly-By-Wire (FEW) £light contr>l systens.

F. SCOPE

The scopz of this effort was limit2i %o nonnuclear
w2apons sffects oconsidera+iorns. The Fly-by-Wire flight+
control systems development guidelines przs2n4ed withir wer=
javelop2d in connection with +the damags causizg amzchanisms
assoclated with conventional weapons systams, seli gsnerated
electromagnetic interference (EMI) phenomena, ané normal

inflight environmental/meteorological zsnditions t> be

axpected in “he comnba~ aircrafi's opera-ing environasnt.
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II. FUNDAMENTAL SURVIVABILITY CONCERIS

A. WHAT IS AIRCRAPT COMBAT SURVIVABILITY?

»n

Aircrafet co;bat survivability has baen d:finzd a
capability of an airc-aft (weapon syst2a) to avoid z2rnd/or
vwithstand a pan-made hestile environeznt" [Ref. 1].
paramount in this definition is the abili«y "~-< avoid a=d/or
withstand." The inabili<y "to avoid," +ths Losztils
environment is refzrred to as susceptibili=zy. Ths inabilizy
"to withstand," tha2 hostile environmernt is refarrel <o as
vulnerability.

Susceptibili«y, often measureéd as th2 prcbability cf
bzing hit, Ph, can be divided into thre2 generai categories:
(1) Defensive weapon system thr22% ac*ivi‘y
{2) Detez*tion, ident=ification, 2and tracking by

defensive weapon sys:tems

(3) Engagement by detensive w2apon systzms (i.=2.,
missile laanch or gun firing; warhead guidarnce;
varhead impac*t or detonaticn)

The susceptibility of an aircraft can be influesnced by
the aircraftts signatures, the tactics and suppor+ing forces
employed, and t+he integral survivability enhanca2aznt

equipment carried on or within the aircraf-, small size,

15
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increased pmaneuverability, 1low visualsrada-/aural/infr-z-ed
signatures, +*errain masking/te2rrain following <tactics,
active/passive 2lectronic counterﬁeasures, dzceys, 2nd
an+iradia+ion missiles are but a limited salec+icn =2 -hse
m2ans to reducs an aircrafs's susceptibili-y.

Vulnerability, often measured as <he p-obabili-y cf
being killed if hit, Pks/h, is a dirsct fuzction and measurs
of the aircaft's dzsign, and any survivapbili“y erhancemen<
featurz2 that reducas +the amount and effzct >f damage iaducs?
by an enemy's w2apon syst2ms damage mechanisms,
Vulnerability is influenced by the ability of & systen te
continue to operate after being hit and by design fza‘ures
and equipment that prevent or suppress damags. A flight
con4rol system that continues to function afte- sustaining 2
hit by a damage machanism on sne cf izs <componen*s is an

example of reduced aircraf+ vulnerabilicy.

B. SURVIVABILITY ENHANCEMENT CONCEPTS

Survivability enhancements have baen generally
categorized as any feature of an aircraft, 2any squipmern=
carried, any tactic 2mployed, or any coabina<ior “hereof
tha* reduces the susceptibility and/or th2 vulnerability of

an aircrafe, Survivability enhancements can be separately




concentra*ted in*c sither susceptibility resduction fea=ures
or wvulnerability ceducticn fsatures. Those spacific
susceptibility and vulnefability reduction features can b2
summarized generically intc conceptual =lzm=2n<s. The first
of the ¢two categories relating “he mijor survivabili<+y

2nhancement corcepts is listed in Table I.

TABLE I
Survivability Enhancement Concepts - Susceptibiliry

Reduction

(1) Signature Reduction

(2) Warning Receivers

(3) ©Blectronic Coun“ermeasures Devices
(4) Expendables

(S5) Tactics

(6) Threat Suppressicn

As preserted in Table I, a reductisn in an aircrafe's
susceptibili*y can be brough:t abecut by dacreasing its
d2tectability through signature zeductisn. Reducing 2an
aircraft's ability to be detected and tracked by arn eneay

can best be accomplished in the d2sigrn process.

Incorporation of quieter, smokeless engines, n+<il.zing radar
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absorbent materials, eliminazing sharp &lges (co-rsr
raflectors), and prescribing low IR reflactive paint schemes
are oxamples of this techniqus. Alerting tha cravw %o
impending missile >r gun activity can b2 achisvzd “hrough
“he use of arppropriately s=2lacted warning receivers.
Incorporating electronic countsrmeasures devices, such as
noise jammers and decepticn respeaters, can degrads or
preven: an enemy's defensive sys‘ems abilizy =0 achieve a
suitable weapons firing sclution. Exp2ndables, in the fornm
of chaff, infrared flares, and 2ff-board decoy devices, c¢an
confuse and degrade an enemy's weapon systems by masking an
aircraft's *rue identity cr loca+ion. Minimiza<ion of
2xposure to an enemy's defensive network cam Dbe achieved
“hrough a suitable selec*tion of tactics alternativas.
Examplss of this ¢schnique can be found iy opsr-aticnal plars
“ha* taks advantage of terrain folloeings/terrain masking

lize stand-o€ff or

[

flight profiles and +that ut
launch-and-leave weapons. The Impact 2f crzw skill and

experience and the increased parformanc:s capabilities of +he
modern fightersa<tack aircraft, brought about, in par+, by

*he incorporation of FBW flight con*rol systems “echrolegy,

can have a major impact on tactics szlacsion. Threa+
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suppression, the ability <o actively deny the en=my an

athizsvz1

1))

unhindered oppecrtunity to fire his weapons, can b
by attacking his weapons emplacements «4ith such msans as
anti-~radia%¢ion missiles and coordinated supporting fire €c-2onm
ancillary units.

The six ccncepts described abov2 comprise suscsptibili<y
raduction, +the avoidance por=iosn cf th2 survivabili<y idual.
Complezing <he dual are six vulnerabilis reducticn
concepts. These six complementary conc2pts are presernted in

Table II.

TABLE II

Survivability Enhancement Concsp%s - Vilnerability Reduction

(1) Component Location

(2) Zomponent Shielding

(3) Component Redundancy

(4) Component Elimination

(5) Passive Damag? Suppression

(6) Active Damage Suppression

Vulnerability reduction can be bsst achieved ir <he
design phases of an aircraft's developa2nt. Judizious

salec+ion of the location of critical coaponants “o minimize
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the possibility of damage and shielding those critical

_components to prevent damage mechanisms from striking <=he

componen<s, rendering them unsservicable, are technigjuss mosz
suited t0o be achizved during the early d2sign nphases.
Incorporation of more than one componant to perfora a
critical function (component rszdundancy) can havs = major
impact on th2 vulaerability of ar aircraft <o aizcraf-
systen, Additicnal reductions may be achizved *h-ough <=ae
elimipation of components en+irely (coaponznt eliminz<icn).
Passive and active damage suppression rsducss aircraf=
vulnerability either by ccntrolling the 2ffects of damage
m2chanisms or by reducing or preventing <h2 subssquent
spread of fur+ter damage causing effects.

Suitable attaiament of an appropriats level of 2ircraf+
sucvivability can be achieved <+through th2 incorporation of
alements from cach of the survivabili*y enhancemen* concsp-=s
described. However, it must be no%t2i1 thar no= 211
survivability erhanceament concepts arce necessary or
appropriate for any particular ai-craft type on any
particular aissiecn. Paradoxically, a c2duction in
valnerability may 1lead to 12 greatar dagrae of

susceptibility, such as the case faced by th= dssigner whon

20
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adding large amounts of armor plate to an aircraft, =h:c-eby
increasing the ability to tolerate a hit, but making <he
aircraf+t more suscep*ible to b2ing hit by rzducing
speed. Consequently, the =2arly identification arid
successful incorporation of <those survivabpility =nharncement
f2a+ures “hat most significantly dincrease “he su-vivabilii+ty
i of the aircraf+t's £fligh* con+trol systea 3nd iacceass the
mission 2ffectivenass 5>f ¢the comba* ai-craf+ as 2 weapens

system is to Lte rega-ded as a gecal of <th2 survivabilizy

discipline.

e
N L
————— .
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A. FLIGHT CCNTRCL BASICS

Fligh+ path control «o¢f an aircraft is accomplished by
mzans of a complex series of zlectrical, hyd-aulic, and
mschanical dsvices collectively ¢itled ths <fligh< con<rol
system (FCS). Th2se basic slzments, when traisformed in+o
sensors, <€ignal pths, actua*ors, ani surface panszls,
provide the means by which *hs pilot <comazads an ai-crafs
in-flight about *the three axes of motion,

Conventioral mili*ary aircraft utilize ~+hkre2 primary
control surfaces ¢5 control the +“hree dim2a2nsional mo<ion of
~he aircraft: *he elevators, the rudder and the ailszrons. A
right-hand osthogonal axis sys<em and th2 motions produced
by “he associated control surfaces are illustrated In Pigurs
3. 1.

Deviations froa ¢the basic control surfaces are functions
of +he gsometric shape of the aircraft. In som2 ai-craf:
configqurations, the -elevators are replaced by a solid
horizontal tail, designated eith2r a stabilator or
stabilizar by the nanufacturer, which movas as a single unit
to provide pitch <con*rol. In some aircraf:, <he <ail

surfaces can be controlled either syamatcically =or
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Pigure 3.1. Refarence Axes/Control Surface Deflectiomns

assyametrically to provide pitch and £oll ceontirol. This
type of tail surface is known as a differential stabila%or.
Tailless aircraft employ elevons in place 59f ailerons and
elevators to provide pitch and roll control. Plaperons
roplace ailerons in still other designms.

Additional surfaces, such as specibrakes, spoilers,

leading and trailing edge flaps, and leading edge slats, are
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Cclassified as secondary or auxiliary control surfaces.

These devices provide an airéraft a m2ans of spe=d and
direct 1lift coni:ol, and ¢can be used as pack-up control
surfaces. Despite the nomercla“ure ard physical

di fferences, the primary function of 3 particula- contrel
system confiquratison remains %> quide <+<he aircraf* in three

dimensional flight.

B. MECHANICAL FLISHT CONTROL SYSTEM BASICS

Conventional £flight contzol surface movsments are
commanded by the pilot <through the contzol column and
control pedals. Movement of the elevator and ailerorns is
commanded by means of a stick or wheel cont-ollasr, and
movement of the rudder is prescribed by 2 pair of rudder
pedals. The basic mechanization schem2 is illustraced in
Figure 3.2. The contrel column and ruddsr peials are
mechanically linked +to the control surfacss by cables,
pushrods, and bellcranks as illustrated in Figure 3.3 for a

longitudinal contr>l systen.

C. POWER~-ASSISTED CONTROL SYSTEM BASICS
Most high speed military combat aircraft require some

form of powered flight control system to give ¢the pilot

adequate ccntrcl of the aircraft througaout <+he £ligh+
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Pigure 3.2. Mechanical Flight Control Yechanization
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Pigure 3.3. BNechanical Longitudinal Control System
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envelope.' »Convenfional power-assisted contrel system
d2signs usually d=rive the additional power by nmeans of
hydro-mechanical devices. Th2 fundamental configuration is
dapictzd in Pigure 3.4, The hydraulic pump, s2lector valve,
servoactuators, and associated plumbing, whils adding weigh+
and complexity to the control system, praoviie the addi+icnal
power required. Ar+ificial feel devices are generally
incorporated in +the mechanical 1linkage to provide f==dback
to the pilot. Pigure 3.5 illustratas the bhasic
mechanization of a conventional hydraulic powered

longitudinal contryl system.

D. FLY-BY-WIRE (FBW) CONTROL SYSTEM BASICS

Many modern, high technology combat ai-craf: :mplcy
fly-by-wire flight control systams. In the basic
configuration, 1illustrated in Figure 3.6, the pilot is
linked to the control actuators by elecirical wirss,
Tha el2ctrical wiring provides the controsl signal paths +*hat
transait <the pilet's commands <to the servoactuators.,
Sophisticated artificial feel devices pr-ovide feedback tc
the pilot. The basic FPBW control sys:em configura*ion is
electrically noisy, and ¢the aircraft is prons +o pilot

induced oscillations. To aid in *he controllability cf <%he
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CONVENTIONAL HYDRAULICS: A centralized system with
k engine mounted numps to

: supply hydraulic fluid
through metal lines at
3000 psi.

HYDRO-MECHANICAL
ENGINE PUMP VALVE ACTUATOR

O

PILOT MECHANICAL
CONTROLLER

Mechanical
Hydraulic =-~~-

——

Pigure 3.4. Hydrauljic Power Systea Mechanization
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aircraft, a series of electronic filters is of*en inser<+ed
in the system between the pilot ard +he elactro-mechanical

selector device +*o reduce nois2 transients.

BE. COMPUTER AUGMENTED FBW CONTROL SYSTEM BASICS
High speed computers, in-line with tha basic FBW flight
con*rol system, may be used to either augment or provide the

- controllability of the aircraft. cComputar monitoring of the
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Pigure 3.5. Hydraulic Powered Longitudinal Control System

flight environment through the additiona of motion and rate

(1]

sensors coupled to <+the ccmputer relieves the pilot of =h
responsibility o zontinucusly moritor his f£1light path.
One of the most sophisticated appiications of a digital
computer augmented FBW f£light control system in a military
combat aircraft is the McDonnell-Douglss F/A-18 "Hornet."
This aircraft employs high speed digital computers in-liae
with a state-of-the-art FBW system to provide <the very
lates*t in high performance aircraft flight control systeas

technelogy.
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FLY-BY-WIRE: The conventional mechanical linkage
between the pilot's control input
and mechanical controller is replaced
by an electrical signal used to
activate the control surface actuator.

HYDRO~-MECHANICAL
ENGINE PUMP VALVE ACTUATOR

PILOT ELECTRO-MECHANICAL
CONTROLLER

Mechanical am—-
Hydraulic ————-
Electrical —e

rigure 3.6. Ply-by-Wire Control Systea ¥echanmnization

The functional design ¢f <*he F/A-13 Diji+tal Fly-by-Wire
(DFBW) flight control system is illustrated in Pigure 3.7.
The basic mechanical and electrical FCS subsystems are
diagrammed in Figure 3.8. The basic hydraulic FCS
subsystams are depict2d in Figure 3.9. Note “he mschanical
back-up componen+s for controlling the pitch and roll motion

of the aircraft.

29




LE
Flaos

4 Servo : ]
] bmrol POV :

Act
i WA
A Data and
Quter Loop Signais
:- Fiap
F Sw-l‘ch
: Mouon ‘
; : Sensary ‘
. Fhight i Stirtarar
2 Control . .
. . | Comouter ) oy
1
4 F——lIED 1
: |5 LVOT 3 et : —
[«

X

Aileron

t pradp—

|

[
Lo T el

e I 4 gl s M6 Mo oL

Y v
LVOT Feel #

POU » Power Dnve Unit
LVOT = Linear Variable Ditferential Transformer

L hp

f rigure 3.7. PF/A-18 FCS Punctional Diagram

30




PRIMARY SYSTEM - QUADRUPLEX CONTROL 8Y-WIRE
BACKUP SYSTEMS - DIRECT ELECTRIC LINK

TO ALL SURFACES _ )

- MECHANICAL TO STABILIZER _ TWIN RUDDERS
FOR PITCH AND ROLL :
, C
/ P DIFFERENTIAL
i y - T STABILIZER
e

PR -

FULL SPan
LEAOING EDGF
FLAY

TRAILING EDGE
FLAP AND AILERON

OUAL FLIGHT
CONTROL

W

= Eigsctnicat

Pigure 3.8. P/A-18 PCS Elec/Mech Subsystem Diagranm

—

©

K}




— .,

v s

IV. ECS FAILUBE/CAMAGE MODES IDENTIEICATION

A. SYSTEM VUINERABILITY CONTRIBUTIONS

Each individual component of an aircraft has a lavel of
vulnerability that contributes to +he overall vulnerabili<y
of the aircrafe. Certain componen<s cont-ibute mor2 than
others, and thoss components which, when damaged or
des+~royed, lsad *o an aircraft loss are :2he 2nes o9f intercest
hare. Thesa components are known as critical components.
The systemmatic idertification of the =ritical componarts
and the quantification of the vulrerabili: of irdividual
comporants is a part of <+he overall aircsraft vuln=srability
assessment, As ‘the vulnerability contribution c¢f eact
component, subsystem and system is assess2d, varisus methods
may be implements=d to reduce <the ovarall aircraf+
vulnerability. The vulnerability reduztion technigue(s)
chosen for implemsntation in the PCS must allow <+he FCS
design o remain within the constraints of cost, weight,
performance, accessibility, ani maintainability, e+t cetera

imposed by ccntractual agreement.
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B. IDENTIPICATION OF CRITICAL COMPONENTS
One purpcse of a vulnerability assa2ssment is the
ijentification of those componen*s whose damage cr loss
could lead to an aircraft kill. A genaral proc=zdure hes
been formulated f£5r determinicg the critical components,
their possible damage or failure modes, and zhe effects of
th2 damage or failure on the continued oparation o5f the
aircraft [Ref. 1].
Fundamentally, the procedure is comprised of three
steps:
(1) selection of an aircraf: kill leval.
(2) formulation of a complete technical and fanctioral
description of the aircraft.
(3) the identification and delineation of the critical
comgcnents.
1. Aircraft Kill Levels
Combat damaged aircraft and aircraf+t systeams suffer
parformance degradations in varying degrees. The level <c¢
which “he rperformance degradation progresses cana, in
ganeral, be categd>rized as an attrition kill, a mission

abor% kill, or a forced landing kill.
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An attritisn kill is defired as <ha* asasure of
aircraft damage that results in the loss of the airccraft
from tha inventory. Repairability and economy of repair are
factors which may contribute to to an attrition kill withou+
the physical loss >f *he aircraf-. Howavar, it is the
elapsed time from damage cnset to eventual aircraft less
which pfavides the scale with which to differentiate between
attrition kill levels. Several attricion kill levels have
bsen defined; such as "“KK", "K", "A", and "B", impressed on
a time tc aircraft 1loss scale. Detailed kill 1lzvel
dascriptions ars corntained within 50D
MIL-STD-336-1 [Ref. 2.

A mission abort kill is defin=231 as that m3asure of
aircraft damage which results in an aircrafrt failing %o
complete its assigned mission, but that dc2s no< -a3sult in a
loss of the aircraft from the inventory.

A forced landing kill, specifically appiicable +o
helicopters, VTOL, and certain V/STOL aircraft, is dzfined
2s that measure of aircraft damage <+hat causes the pilot to
land his aircraft short of the intended ia2stination, and the
failur2 to do so would result in the Jdest-uction of the

aircratet.
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2. Ajgzgraf: Technical and Furctioral Dascriprizn

At each successive stage of the aircraf+t design
process, the technical and functional 3d3scripticns of
aircraft systems and compcnents Dbecom2 better dJdefined.
These descriptions, with individual component ard systems
dimensions, materials, operations and functions intasrfaces,
scale and perspective drawings, and aircraf+s locatior
profiles, ccomprise the detailed technical base fer use In
“he vulnerability assessment. Gathering and continuously
updating this data basa, as it is foraulated, should be
given a very high priority.

3. critical compopent Identificatiog RBroczduce

A sequencsd procedure has be2n foramulatel <to
ilentify the cri¢ical component*s [Ref. 1]. The firs* step
in this analysis procedure for the PCS is to identify <he
flight essential <functions that thke FCS must perfora in
order to continue to accomplish the aircraf:'s mission. The
second step is to identify those PCS subsystems and
components that provide or perform *the assantial functions.
The third step is to conduct a failurs mode and effects
analysis (FPMEA) and/or a fault tree analysis (FTA) ¢o

ilentify the relationship between the individual component
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or subsysterm failure and +the essential function(s) i*
provides or perforas. The fourth step, th2 damags maodes and
affects analysis (DMEA), consists of r2la<ing ths componen<
or subsystem failure modes to combat damage causss, The
final step in the process, the presantation of the rasults,
is often expressed in a logical sequenc:s kaowa as a kill

expression, or rzpresented graphically as a kill =ree.

Iy

4. Pprocsdural Example - Gaperic DFBW ZCS

To illustrate <this dynamic process, «he fligh+
control system of a3 generic fightersattack aizczaft will be
utilized. fhe time scale of a "B" level attri+ion kill will
be imposed for illustrative purposes.

A schematic representation of ths 2xa2apls DFBW FCS
layout is shown in Figure 4.1, Specific technical and
functional interfaces are depicted in Figurs 4.2. The FCS
utilizes dual, high speed digital compaters, gquadruple
+ranemission signal paths, two independent hydraulic
sys-eas, and dual, tandem hydraulic actuators at all control
surfaces. No back-up mechanical control linkage is

p-ovided.

Plight essontial functions ars +thosa %that ars

required tc sustain controlled flight with gqualitias ot
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< ) - _C\-_J Stabilizer

PILOT ELECTRO-MECHANICAL
CONTROLLER
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Electrical —:.:. —

Pigure 4.1, Generic DFBW PCS Illustration

lass than level 3 as defined by MIL-F-8735C [Ref. 3]. Each
mission phase constitutes an evaluation poin<t in the
process. Mission phases for a typical amulripurpose
£ighter/at+ack aircraft include takeoff, <¢limb, outbournd
cruise, descent, targat ingress, ordnanca2 delivery, target
egress, cliamb, inbound cruise, descent, and landina, as
shown in FPigure 4.3, Pigure 4.4 delinaatas those flight
essential functions in a typical format for +the 2xaample

fighter/attack aircraft.
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To fly and conduct ¢the aircraf4's mission regquires

: the continued operation cf thoses supporting syst2as or

+he essential FCS

subsystems <that provide or perform




L e . S s s, ot

_

10 > 9

8| e 74

]

11 | {oel ——t|e— 2of o— 3 o [¢—Q o ¢——— 5 —
1. Takeoff 7. Target Fgress
2, Climb 8. Climb
3. Cruise 9, Cruise
4, Descent 10. Descent
5. Target Ingress 11. Landina
6. Ordnance Delivery
Figure 4.3. Pighter/Attack Mission Profile Phases !

func+icn. The level >f severity and “ime criticality of
loss of +hese supporting systems Or subsystams mus:t b=
svalua*ed during this process step. Fignre 4.5 depicts a

sample tabulation of some of those major supporting sys<ems

(47

and subsystens., In depth and detailed analyses of each

individual supporting element musz be carrizd cut as each of
these elements becomes sufficiently d2£in2d during the
dssign process. A sample tabulation 5f a moze detailad

analysis is presented in Figure 4.6.
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---------------------- ------Essential FCS Functions--------
Provide Controlled . Provide Continuous
Flight . System Status
. Monitoring
X . X
x L J x
X . X
X . X
X . X
Ingress .
Ordnance . X . X
Delivery . .
Target . X . X
Egress . .
Climb . X . X
Cruise . X . X
Descent . X . X
Landing . X . X

Figure 4.4. FPCS Bssential Punctions vs. 3ission Phases

Continuously updating the <technizal axd functional
data base provides, the bkasis and means for furthsar
refinements of the de*ailed supporting sys+2ms analysis.

The third phase in the analysis pcoczdurz is the
failure mode and 2ffacts analysis and/src +*hs <€ault +¢ree

analysis. The FMEA is a "bottoms-up® »proczdure thax
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—emcerc—cc e e ———— ?~----~---Essential FCS Functiong-ec-ce---
Supporting . Provide Controlled . Provide Continuous
System/Subsystem . Flight . System Status
Functions . . Monitoring

Electrical . X . X

Power . .

Hydraulic . X .

Power . .

Airconditioning/. .

Environmental . b ¢ .

Control . .

Motion Sensor . X .

Input . .

Pigure 4.5. Basic Systems/Subsysteams Supporting The FCS.

:dentifies all possible failure modes o5f a component or
system, documents these failure modes, and determines <%he
affect of each failure mode o9n the performance of <he system
as a vhole. The details of the FMEA process, and specific
procedures can be found in MIL-STD-785 [Raf. &].

Component failure modes generally consider2d in arn

PMEA include failare to operate, failur2 <+o tecminate
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¥ eceemeececccmcmcc———————— Essential FCS Functiongse—-e—ec—w--
Detailed . .
. Supporting . Provide Controlled . Provide Continuous
: System/ . Flight . System Status
Subsystem . . Monitoring
Functions . .
Generate . .
AC/DC Elec . X . X
Power . .
Distribute . .
AC/DC Elec . X . X
Power . .
Provide . .
Auto Elec . X . X
Ctc Protect . .
Provide . .
\ Battery . X . X
b Power . .
b Generate . .
‘ . Hydraulic . X . X
; Power . .
N P eeeeecees D T D = W W S P P S S S T b b e . S e W S W W e E e e e .
] Distribute . .
Hydraulic . X . X
Power . .
i Provide . .
| Hyd Fluid . X . X
Level Sensing.
Provide . .
Aircond/ . X . X
Environ Ctc . .
Protection . .
Provide . .
Continuous . X . X
Transmission . .
Signal Path . .
‘. Provide . .
Y Continuous . X . X
: Sensor Input . .
' Pigure 4.6. Detailed Support Systems/Subsysteas Analysis.
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operation, premature operation, a1l Jdsgraded o:
out-of-tolerance operation. Unique failuc-? aodss mey be
sinqularly inserted in this stage of thz process. An
axample FMEA summary report for a hydraulic cont:ol surface

actuator for the example FCS is presented in Figurs 4.7,

. Arrcrate Subsystem Failure Effect on Effect of Aircrafe upporting C s
& Systems Component Location Mode Subsystem Degraded i1 References
B Subsystas Category
on Afircraft
e
d rie. Hyd. Act. Vert. Stab. Jammed Rudder Balanced ht ¥ 0,5,7 2,4
2l Controls #XXXX Hardover flight aireraft
E, obtainable uncontrol-
F with cross~ lable in
3 control: landing
aircraft configuration
uncontrollable

et o BRI Sttt A o . ...,

in PA confiqg.

Severed Rudder Balanced -==, aircraft &3 6
Trails flight can fly and
obtainable land with
with cross- other control
control or surfaces
differential functioning
engine power

Figure 4.7. Exaaple PMEA Sussary Report - Hyd. Actuator
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The actuato>r becomes a critical component £0= an
at+rition kill 4if it Jjams ths control surface ir%o a
hard-ovar condi*ion, but it is not a critical coamonent if
i« allews the control surface to remain unjammad.

Another analysis procedure, the Pault Trees Aralysis,
employs a "top- down" approach [Ref. S]. This approach
differs from the PMEA in that i+t assumes an undesired sven+
and systematically dstermines what failure o- segquznce 2%
failures could cause the undesired outcoms. A seag@ent of an
FTA for the example PCS is presentad in Figure 4.8. The
symbology utilized in the PTA analysis is commorn t> logic
systems and, as sach, the FTA is oft2n salectei for i=
suitability with computational systenms.

FCS failurs modes that cculd rasult in airc-afs
attrition have been identified for <+he 2xaaple FCS and are
presented in Table III.

The FMEA aad FTA related failure modes and effects
but did not distinguish the possible causa(s) of “he
failuare. The Damage Mode and Effects Analysis (DMEA)
provides this essential relationship. In the DMEA, the
component and subsystem failures are ralatad o specific

damage causing mechanisms and damage processes. Included in
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Loss of Control

|

Loss of Longitudinal

Pilot Death or Control
Incapacitation
o
i
1 Loss of
l FCC Loss of Cont
? Signal Path

Loss of
Hyd Pwr

Loss of Hor
Cont Surface

Signal 2
Path #3
#4

Pigure 4.8. A Segment Of An PTA Por The Example PFCS.
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TABLE III
Example FCS Failure Modes - Actri<ion Kill
(1) Loss of contrdl inputs
(2) Loss of motion sensor lata
(3) Loss of digital compuz2r coa*:zol
(4) Loss of electrical powsr *o computer(s)
(5) Loss of control signal pazh
(6) Loss of hydraulic system powar
(7)Y Loss of control surfacs actua+or

(8) Loss of control surfacs

these primary damage mechanisms are projectiles and
fragments, blast effects from high explosive warcheads,
incendiary particlas, and High Energy Las2rs (HEL). The
damage these agsnts may cause includes severed slsctrical
power distribution lines, sensoar signal paths, and control
signal transmission lines; jammed mechanical lirkages and
sarvoactuators; 15ss of hydraulic pressur2 and hydraulic
fluid loss/leakage; fire (aggravated by petroleum based
hydraulic f£fluid) ; HEL burn-through and high temperature
heating or melting of ©FCS components, and certain
electromagnetic incompatibilitias with components, Adevices,

cables, wiring, and crnnectors. Seconiary damage mechanisas
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ra2sul*ing from the impact of *he. primary agents on =he PCS
include fire, explosion, spalling, strustural 3=f>:zw=z=ion,
sparks, and fluid leakage. The DMEA prossss =2valuizzess causa
and effect, and quantifies the 1likelihood of tha ou+conme,
Secondary damage causes, resulting frcm th2 primary damage
m2charism or process, are included inp the 2valua-ion during
this analysis phase. Detailed descriptions of the
vulnerability assszssment quantification process are
presented in reference 1 and in MIL-STD-336-1 [Ref. 2].

Failure modes can be categorizai and qualitatively
aligned with the various damags causingy 1avicss or sven*s.
Figure 4.9 correllates the example FCS failure modes
presented in Table IIT with common <conventional w=2aporns
damage causing agents,

The next step in the vulnerability assessmen*
process is +the actual determination 5f the critical
components for the selected kill 1lsvel assess24.
Distinguishing between redundant and non-r2dundant critical
conponents is essential in this phase of the arnalysis. To
clarify this important distinction, a set of components is
de%ined +0 be redundant if the loss of o2ae 5r more than one,

but not all of the components, does not rasult in the loss
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Failure/Damage Modes

bamage Mechanisms

Structural Failure Modes
Area Removal
Overpressure
Thermal Degradation
Penetration

Electrical Power System
Failure Modes

Line Severance
Grounding

Avionics System Failure
Modes

Failure to Operate
Degraded Operations

Hydraulic Power System
Failure Modes

Loss of Fluid
Loss of Pressure

Jammed Actuator

Pigure 4.9.

of the 2ssential

distinction can

non-redundan+t.

paths shown for

system because the essential func4ion 9f providing a

Penetrator | Continuous Rod | Fragment ‘Blast |Fire | Radiation
X X X X X
X

X X
X X X
X X X X X X
X X X X b3 X 1
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X

PCS Pailure Modes/Damag2 Causing Agents

function thesa2 components perform. If this
not be nmade, the <compoanents are
As an exanmple, the quairuple control signal

the example PCS form a multiply redundant

us
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continuous signal path is maintained evan “hough ons or morce
than ore individual path may bs rendered discon*tinuous.

Ancther distincticn rsgarding r23dundancy must te
made, The term "™analytical r2dundancy" refe-s to a1 method
wvhereby a computational algorithm is us2d to predict an erd
event or parameter., Then the ©pr2diction and 2 saansor
d2rived measurement are compar=sd, and subss=guent action(sg)
taken. While not fitting *h2 precise da2finition of
r2dundancy, +*he computaticnal results can be suitably used
in lieu of the sensor output in certain circumstancss.

The determination of the critical components and the
presentation forma:t are often presented in a "kill tree® or
"kill expression." Referring to tha*t portion of <hs kill
tree shown in Figure 4.10, the physical r2la=ionship <c¢c 2
“cee is apparen*. The severance of sufficient trunk
sagments may result in the loss of the tr2e and in “he case
of “he PCS, “he loss of the aircraft.

Once identifiegd, the critical zoapoaents nmay be
subject to various engineering redesigns +to5 <reduce <heir

contribution to *he vulnerability of the aircraft.
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FCC

(2 0f 2)
[ | I B
Channel Channel Channel Channel
1 2 3 4
Channel Channel Channel Channel
1l to 2 to 3 to 4 to
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{3 0f 4)
I 1 41
Battery Battery Left Right
Generator Generator
L ]
(2 of 2) (2 of 2)
(2 of 2)

Pigure 4.10.

FCS Conventional Weapoas Kill Trse
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A. GENERAL FCS [CESIGN PRINCIPLES

General design principles to reduce vulaerability should
be exercised *o th2 fullest extent possible “hroughou+ <he
FCS design process. Commencing with ths initial dessig:n
phases, a full measure of considera*ion mus* be given *c <+hsz
combat survivability of the flight control syst=snm. o€
course, the desire for increased survivability of <ks fligk=
control system must be prudently balancsd wi‘h <che other
requirements of reliability, maintainability, acecsssibility,
rapairability, anil safety. Concurrently, <he fulles+~
measure of performance wmust be achieved, and all these
factors must be suitably combined. within sctringen+t cost and
weight constraints. In the end, the dz2sign of ths FCS cf
military combat aircraft must include suitable protection
from the primary damage causing mecharnisms of convarticnal
threat weapons systenms.

The six survivability enhancement concepts dsveloped in
Chapter II (Table II, page 19) provids “h2 foundation for
the gereral PCS design principles. In ganeral, the PCS
d2sign principles contain provision for component location

and shielding to reduce potential damag2 risks; elimina<ion
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(via redesign) of high risk, singlz point failure

components; componant redundancy with adsguate separation of

redundan components to maintain the assential £flight
control function; and the incorporation of passive and
active damage suppression devices and ta2chniquss tec minimize
the effects of ircarred damage. A fligh% ccntrol systzam
design that includes no <single pein+t «kill possibilities

should be considerzd a design goal.

B. SURVIVABILITY DESIGN GUIDELINES FOR FBW FCS
?i Specific survivability design guidszlin2s applicable *c
- the individual coaponents and subsystems of a FPly-by-Wire
Flight Control System have be=n formulatsd and ar2 herein
presented. The da2cision *o incorporats any or all of %he

design guidelines must be made prudently and wi*h sournd

C e . Lyl AR a s

engineering judgemant.
1. Meghanical System Components
a) Flight Control Surface Panels
Where possible:
e Design control surface panels of

li
conposite materials whick exhlb

g -t -uglght za*ios ?
re ug ant loa arr ~ng capabili
stic damage tolerance.

i
i%
n

rhet
v
'1-0::!':

° In rporate spooth surfacs transitions to
33 g irc*a?* sggnatures. *

7 e Incor orate mul:sdple suﬁfa ganels o>n each

1 contr %ane t9 provi undgf* control

surf aces or naxzmum zeconflqurab ity.

@ U+ilize heat resistant surface matarial or
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b)

Ko

c)

ablative materials to rztard HEL burnthrough.
Hinges/Control Linkages/Bearing Asseablies
Where possible:

Design components to be jam-free.

e Utjilize self-aligning bearings (e.g. _.
tri-pivot bearln%s) to minidmize misalignment
and jamming due to control ro>d, aczuatof arwe,
or zontrol surface panel 3sforma+ion.

f
e Minimize the lenqth of machanical_gsontrol
linkages, to <zeduce the probabilizy of
deformation or distcrtion.

o Utilize ballistically damage tclerarnt
composite materials for Zontrol rods arnd
torjue tubes.

e Design_fairleads, bellcranks, ard idlsr,
assamblies tg aliow a_ m2asure cf functional
performance if damaged.

. nstall primary drive mosors, centrel
inkages, intercornecting devices,. and
bearifng assemblies in cl5se proximity <o

primary structucal members to take advantaga

of the shielding affordsed by +he primary
structure.

e Ensure that that all consrsl surfaces are |
fitted with a "trail safa" positioning device
t0 grevent hardover conditions in +he event:
of the loss of the drive linkage.

Servoactuators

Where possible:

e Design all servsactuators with redundan+
pcvwer sources (e.g. dual cylinder actuators).

® Design actuator
malleable nmaterials to
possibility of jamming.

istons of frangible or
nfngg%ze the

e Design actuator barrel as of
hi c z

toe
s

seablies h
strang+h steel for gh ball}sti gtance
(ESR) S
e

o pags

e
1
1l assemblies

e

° nstall rate agd gosition feadback linkages
n close proximity to <he servoactuatér
asseably for maximiam shia2liing.

h
s
(2.g. Electro-Slag Remeélt )

o Design the actuﬁtor outer-barr
to pfevent crack propogation.

roxim

e Install servoactuators in clos%
ghig 2 max

a structural members
1§an
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2. Hydraulic Power Syst

a)

b)

© e SR o ta e oy e o

|
.
f

Fluid Pressure Generation Subsysteas

Where possible: 1

Fluid Pressure Distribution Subsysteas

Where possible:

Otilize integral reservoir, pu
electric pcwer gackages when
Intsgrated Actuator Packages (

O HOB

Incorgo:ate mftallic seals in
pclyméric seals for HEL protac

Coat actuatcr housings with hig
resistant or ablative materia
burnthrough protection.

Incorpora*te high strength abla“ive armor in
areas of critiéal compénants.

Incargoiate very, high sigral-to-noise ratio
servovalves for incfeaseil EMI tolerancs.

i

1]

Design hydraulic power sourc2s <c be single
or double redundant (e.q. separate dual or
triple hydraulic power sourcasf.
Physically separate hydraulic power sources
as_much as g0551b1e td0 radace the single_ shot
kill probability of a multiple hydfaulic

system.
Install povwer sources in close proxiaity teo
main_structural members to provide maximum

shielding.

Incorporate high temperatara resistant or
ablative material coatings on hgdraullc pump
cas2s *5> increase HEL bufnthrough tolerance.

Design fluid pressure distribution systems of
high siiength. high temperature <olerant
stéel nes.

Sgc:r orate single or dcuble redundant .
stribution lines on each separa*e £fluiqd
pressure systeam.

A F R PO R R g TN
- n pents
of ﬁist: bution lin e g I

Ino ta ervoi nsi devi
13=IBRi3te Bepegadtmalstehuiesivgadentors
prevent fluid 1oss.

Install distributior linas in clcse proximi-zy
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Plight Control Avionics Components

Where possible:

Electronic Circuit Design

Where possible:

t¢. main structural meabsrs <o maximize
shielding.
gtilize verg high pressure (i.g

000-6000
psi) systems to ' reduce prasent r

« U4
Q4 area.
Utilize high temperatu resis<ant
s gttetic-ggsed g drapiic fluid ¢to reduces or
eliminate fire potential.

Electronic sSystem Components

Design all primary FBW FCS avicrnics

ccmggnents with nultigle redundancy (e.qg.
pultiple LVDT control input s=2nscrs on_edch
control axis inpue, an mul+«ipla digi<al

flight contTol computers).

Separate redundant avionics components +o
ngginize sgngle sho+* kgll probabgli:iss.

Design all avionics componen: cases of tigh
stre gtg steeg for aximum ballgstgcg
resistance.

Coat all avionigcs componant cases wi*h high
temperature resistant or abla*ive materials
for maxinum HEL burnthrough protection.

Design shock moygnts for ipternal and _extarnal
compdnents to withstand vibration and weapoas
indiced shock loads.

Install avicnics components in clos?2
roxlmztg to_primary s+truc*ural meambers for
aximun Shielding.

Inggrgorate high *emperature res
ablativa armor in areas surroun
components.

istan* or

ding critical
uitable
otectio

Desigg“f&ectronic conggnents with g n.

part te, vapor, and maisture p

Design input/output circuits of very high
Signal-to-Noise (S/N) ratio compohents for
maxiaum ENI protection.

Minimize cigaci ive_and iniu:tive
cross~-coupling in alectronic circuits.

Incorporate suitable self-protace:, enarqgy
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e) Pilot Control Inputs

dissipative circuits to provide lightning ard
EMI/EAP protection (e.g fusible” links,
filters,or spark-gap devicss) .

Provida sepagpate and redundapt apal

chasnels, pwith,sigarate votgng Eoggg, as a
backup to the digital controllér.

c) Signal Transsission Paths

Where possible:

Design single or double cedundart sigral |
pathsS_between each componsnt or elemer< in 2
signal path.

Provide suitabls separation between redu
sigral ¢transmission linss to recduce *
single shot kill probabili+y.

Route signal transmission lines_in close
proximity to g;zuary structural eembers for
maximum shielding.

Provide adequatzs electromagna2tic shielding to
reduce EMI,

gtilize high temperature rasiszant wire .
covering tO maximize <thermal/fire protection
and to minimize HEL burnthrough.

sual

sdan<
€

Y

I3

i d) Extermal Sensors/Ancillary Subsysteas

Where possible:

Design multiple redundan: external sensors
and ancillary_  subsystems (e.g. Air Data
Computars, and Angla of Attack systems).

Igfor orate high_ temperature resistant or

a ag ve materfal armor f>r thermal, HEL and
allistic damage toleranca.

Provide separate, redundant motion and rate
sensors on each of the thrsa aircraft axes.

ount sensors. %o imary strzuctural members
gor laxgl“l shielging. ¥

Provide analytically redundant sensc:z )
ggt E&gsfor use as checks, 2and as potsnctial

Prgvide adegfate built~in test circuits with
suita

ble failure warning irndicatiens.
Ircorporate separate and widely displaced
sensog signaf gtansmissg:n paths. P
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Where possible:

® Design redundant control stick and cuider
iaput sensor contacts.

e Utilize sequenced veting logic arnd multiplex
control commands ¢+to eaCh 0Of “he «csentral
processing units of th? £flight ccntrol

computer(s).

] ncorporate geparate and widsly displaced
irpat command Signal transmission paths.

Eleczrical Pover System
a) Electrical Power Generation
Where possible:

e Design electrical power generation systems t*o
be multiply redundant (2.3. dual _gepsrators,
each with Single generatof capability).

e Incor gzate uultigly redunjant AC/DC
conve on elements.

e Utilize automatic/manual 5r manually
activa*ed ram_ air turbin2 emergancy .
Zigzgg%grs, with separate AC/DC conveTsion

e Design battery back-up systeas,
b) Electrical Power Distribation
Where possible:

° Design electrical bus distribution systeams
for fcross-over" transient-free cperation.

e Incorporate redundant control signal/power
viting to Iap (1f aci1%2ed) 0 J powsr

Enyizoppental Coptrol Systes
Where possible:

o Design separate and reduniant a priori
distributed heating and cooling,
ressurization, and volumatric flow Systeas
0 sritical components (e.g. fligh* cortrol
computer(s)).

) Ins:r orate 5 il-safe tenpargture, pressure,
an gnule oW Sensors (lL.e. safa
gg at g condition is maintained should a
ura &ccur).
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Provide ram air a2mergency cooling to hesa+
sensitive components.

Defign adequate fagtiqulata, va
moisture contyo evices 1in,
emergency ccoling and pra2ssuriz

;o
QO
Ha
O fue
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VI. SUMMARY AND BECOMMENDATIONS

A, SUMMARY

In summary, it has been the author's desirce =0 presernt
in a single document a clear-cut se: of gyuidelinszs for <h2
d2velopaent of aircraft f£light control sys<tems wizh specific
eaphasis on increasing the combat survivability of aircraf+
aquipped with PBW flight con*zol systeams. The =ma<erial
presented and “he guidelines delineated have resultad irn =
document tha+t is as complete and conciss as any singls
source document c¢an be when Jealing with & fast-paced,
highly complex technical subject. This Jdocument should
therefore be viewed as a dynamic %00l “hat reflec=s a
continuous chain of ongcing thoughts z2nd aczions o
constantly update and strengthen the quality, capability ard

survivability of the coambat systems of our Ac-med Forces,

B. RECOMMENDATIONS FOR FUTURE ACTIONS

Enhanced survivability al+ernatives achievable through
digital PBW PCS technology should be investigated fully.
One such survivability enhancement altecnative, achievable

through digital technology, is a "self-healing",

reconfigurable aircraft flight control systaam.




Consider for a moaent tha* you are th2 pilot of arn
aircraft that has just been hit by eonemy grouné-€fire, Yeu
fasl the dull thul as <+he eneny projectile impacts your
aircraft's aft fuselage area and now you sanse the ai-craf+
beginring to pitch and roll without command. Your survival
instinct tells you to try every possible combinaticn of
stick and rudder input tc counter thz out-of-ccon<rol
aircraft motion. Nothing seems <o correct +«he
situyation..ceceec.your final thought prior to ejecting €fronm
your stricken craft is "if only.....:"

This hypothe+tical example is but- on2 of many possible
combat related incidents that might* be resolved in another
way through +<he use of digital technolazy. Consider the
possibilities afferded by digital technslosgy 3in regaining
control over a oc>mbat damaged aircraft as in the
aforementioned example. With one of th2 horizontal
stabilators gone, an alterna*2 combination of primary and
sacondary contrcl surfaces might be commanded by the
computer to return the aircraft to controlled flight. This
propocsed survivability enhancement altarnative could be
obtained with nainimal additions ¢to presan+t digital

fly-by-vire flight control configqurations. The addition of
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a sensor suite, to detect and identify damaged £ligat
control components, and a coaputational algorizhm +o
reconfigqure +ttke aircraft control surfacss, similar in na*%ure
to that used in artificially intelligent robo+* devices, ace
all that is required. Without gques+ior, succsssfull
achievemsnt of such an adventuresome engineering *ask would
raquire a dedicated effort. Outlined in ths following, is a
plan t¢ accomplish such a project. I+ is the author's
opinion that sincare thougﬁ; and consideration should be
given to such an undertaking irn the near ternm.

A plan to develop an artificially in*elligen*,
reconfigurable flight control system #5uld requize detailed
engineering analyses of the following arzas:

¢ Computational anglzsis and wind tunnel determina+ion
of aerodgnanlc life, rag and moama2an*t cocefficisnts orn

simulate cogbat damaged aircraf: models (e.g. model
test ng of n fszng, §anned or *railing-frs2"control
surfacés :In singlé and multiple coamabinations).

e Develogment of control surface raconfigurability
alternatives.

o Develorment of suitable sensors t> d2tect 4“ha various
levels and zodes of combat damage.

® Develcrment o0f a sequenced logic or built-ip test
gggts%atgg verify flight contfol system corfigura<«iorn

It is the author's opinion <+that the fundamen+-al
technology and expertise are present within <the

ailitary-industrial community to5 achieve the aforeamentioned




survivability enhancement alternative at low technological

p risk and low cost. t is hoped that tomdorrow's history dees

3 _ not show the way ¢o progress in aircraft survivabili-y.
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