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Preface

The work desoribed in this report 1s pertiseat %o the
projects dsaignated by the War Departmeat Lisisca offiosr ag
AC-l, AC-38, snd AC-48 sad to the projects designated by the
Navy Depariment Liaison officer es WO-118, N0-17¢, and NO-838.
This work was oarried out and reported by Nasionsl Dureau of
Standarda under ¢ transfer of funis from OSRD with the co-
operation of the Washington Radar Group of the Massashusetts
Institute of Technology and Seotion Redg of the Bureau of
ordnence, .Navy Departmast. '
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The third type, f1lustreted by the Germsn B3 293 and FX
and the Division 8 NDRC Ason snd miu series, uses a remcte
human pilot who may either ses the misaile snd target visually,
aided by flares on the missile and by sighting devices, or be
guided by & repeat-back 0f television ar redar informstion from
spparetus contained in the missile, or be guided by g-m .
losation of tus miszsile in relation to map location of the
targest or radar losation of the targst.

The fourth type, of which there is no sxieting illustration,
uses some type of besm directed tomard the target whioch the
missile sutomatically follows.

The fifth typs is ths target-sseking or homing type.
illustrated by Division 5 NDRC Pelican, Bat, end Jeliz. Such
a nissile muat utilize some physieal propsrty of the military

target whiah causes it to stand out from the dackground. The
most commonly suggeated property is the amieaion or refleetion

© of sleoctromagnstio rediation. Ssparate techniques ere availabdle
for transforning thres major divisiona of the electromsgnetio
epestrum into d{rectionsl informetion. Of the thres - visidls
1ight, infra red, and radio - redic frequensies, for technical
reasons, hold the most promise of usaful weapons. Radio teoch-
aiques as Geveloped in redar are directly applicable. vVieidble
light and infre-red are useful for oertain spegific types of
targeta. Othar properties have been suggested, for ezmmple,

She emission or refiecticn of squsd. Ixvestigations aloag
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this lise for mo-u.iuun have not givea promisiag ressise,
(L] of dinstion.

This report is coneernsd with various aspeats of the
design of this last typs, the homing sero-missile, The
inpression is prevalent that scientifioc advances in many fields
have progreased to ths point whers ths development of such a
missile 1s purely a metter of enginesring design on the part
of the seversl specialist groups with the ususl eoordinatioa
as to dimensionsl requiremsats, weights, end time of oampletion,
Bspariencs hes taught otherwiss:; Optimistie time schsdules
besed on such an sssumpticn oan not bs met. The development
of suacesaful homing ssro-missiles requirss ths solution of
oertain ressarch problams sssooisted with the complete artiele
involving complex rslationships between the performance
oharsctaristios of the oamponeat purts. Thers is required a
t¥ps of overall technlioal coordlnation beyond that required
in the design or. airoraft sa ordinarily prastioced.

The reguired technicsl scordination is mwade dirficslt dy
the wide wvariety of specialists of different ssientific and
techniocal baokground amd acsustamsd to 4iffarent voosbularibe
apd babits of thought whose work must be coordinated. . For
e3sapls; in the case of u prapelled reder homing miasile there
will b8 repressnted experts is; serodmemies, siroraft strustures, .
propulsion, servomschasisms, sisosroniss, radar, computers,
explosives, and fuses. Other types of mimsiles Will requive
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DECLASSIFIED IN FULL

Authority: EO 13526

Chief, Records & Declags Div, WHS
Date:  MAR & 1 2013

L

A o EaD IS 8 St LT A .




e PITT R TN T EIER

experts in radio, optics, infra-ved radintion, heat, ete. -No
one persan can bs expert in sll of thesse diverss fields, but
the sucoess ef the project rsquires a project engineer who hes
suffialient knawledge of thess fislds to be able with the help
of advioce from the speoialists to sssume techunical lesdership
in the solution of rsassarch problams assccisted with the system
as a whole.

In the design of any homing misalle, thers msoon emsrge a
number of problems which out marcss the boandariss of the
speaialist groups. The particular design whiech seems dest %0
ons group of epscialists orestes 4iffiscult problems ror other
€'oups, 8ad the requirements put forth by the ssveral groups
a8 optimum are often contredistery. For exampls, oertain errors
are introduced unless the intelligense device *Xocks" slong
the direction of motion, 1.9, is acourstely bore-sighted. The
conventional airplane flies at an angle of attack which varies
with the position of the slevator. If the aerodynamics

specislist adopts a comventional airoraft deaign with elewator
eontrol, the intelligance devics must be soupled to the elevatar

ocontrol in such & meaner as to conpeusate for veristions of
angle of attack for all sonditions of flight., However, the
designer of the intslligence device might properly suggest that
the asrodmaxicist design a vehisle which does not cheangs 1its
attitude with applicetion of the eontrols, It Decomes & matier
of resasrch to deteruine which solution gives greater sgourasy

NN T-I-A-
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and henoe how responsibility is to De allocated betwean the two

spesialists.
s¢ _and Ba 4 of this Y.
These brosd aspeats of tha design of homing sero-aissiles
aro trasted in the yresent report. As sttempt has been made to
make the discussion genarsl in chareoter end epplicable to all
such missiles, whothar propelled or not. It should be stated,
howsver, that the discussion arisss fron experisence with the

redar homing mieailes of the Peliocan apnd Bat series, and this
aocoount undoubdtedly reflects the solutions there andopted, as
well a8 tho problsms psculier to rsdar homing.

I1. Target Disorimination and Traoking

tations of oni as ared to n- Brain.
In visuel shooting or bombing, the target is identified by
the pattern of optical redistion as percaived by the human eye
and interpreted by the human brain. In radar fire oontrol or
bombing, the target is ideatified by the pettern of short-wave
olsotromegnsetic radiation exhivited on the sorest of e cathode
ray tube es perceived by the human sys and intarpreted by the
humen brein, During the flight of s homing eero-missile thess
radistion petterns must be made to opsrete control mechanisms
and the elsment of interpretation by a humen brain ie absent.
This introduces meany problens and severs limitstions. A
mechanism can perceive only s limited number of physicel oharso-
teristios of the targst pattera and oan exercise no judgment

-0~ -F-2-DENT-ITXT
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slngle lergs discontinuity within the field or on such s peth
that & single targst aomes within the £1s1d end depends on the
precision of the controls of the missile to kesp the missils
tracking this target,

In order to obtain informetion ebout the location of the
target, a homing miesile must be directionally sensitive.
Usuelly the recsived intensity of redistion ie grosteet when
the axis of the rediation-receiver is pointed direotly at the
target. Thus Fig. 1 shows a partion of the reaponse ourve of
the receiving antenns of the redar receiver ueed in the Pelicen
project, The reletive power is plotted in terme of deoidels,

8 logsrithuio unit, but the powir retics are alsc indicated,
The width at 1/2 power ia £3¢ and the width at 1/10th power is
43°, In other words ® terget st beering 21 1/2° from ths
sntenne sxis gives ona-tenth as xuoh emergy to the receiver as
8 target on the pais giving the sams intensity of radietion.

The radietion pattern shown oen not be used directly
because there is no disoriminstion between right snd left or ap
and down, The usual prectice is to sean the field of view, to
commutete or phase the received signal intenasty with the
soAnning, snd compare right with left and up with gle-l or per=
form oompariscna in some other coocrdinate system. The on-sourse
indiostion decomes then an eguslity of twWo siguals and e
direotionsl sezse is provided. In Peliosn, econiocal acanning
48 ueed, the antenns axis desoribing a oone of 11° half-vartex
angle., A commtetor provides the phasing. If there Were a

CTOXFIDERTITRL
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variety of tergete of equal intensity, svery one within & eone
of half-vertex angle of approximately 82° would give signels
of one-half maximum power or more. This represents ohe method
of stating @ figure fuor the field of view of the receiver; sll
targets being essumsd to return eignale of equsl inteansity.

In FPelioun, the tergst is *illuminated” by a radar beam,
ond the 4directiemal characterietice of the trapsmitter antenne
provide additional dirsstionsl discriminstion, which is not of
interest in this disouasion. 1In Bat, the missile osrrise the
trapmmitter and the same antenna is used for transmission and
reception, The field of view is egordingly mmller than
for Pelicsn.

In other typss of intelligence devices, mnoh susller Tields
of view srs used, the width et 1/8 power deing 10° or less.

This is sdventagscus from the point of view of directionsl &~
oriminetion of targets, Limitetiocn of the field of view 1e the
Tirst gensrsl method of securing target diecriminstion. Eowever,
@ narrow field of view introduces trecking problems &s will de
discusesd leter.

The second method of secuTing target discriminmation le bY
meuns of eignel strength. This can aot be entirely esparated
from the directional properties of the intelligence system, amd
permits little ocholos other than t0 home on the strongest sigoal.
It is ususlly neceesity to inoluds some type of automatic gain
control to obtais direetiomal informmtion st signal levels whieh

BT TDENTIRXL
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WAy ¥ary more than & billion fold as the missile approashes the
target. The strongest signsl within the field of view will
govern the esnsitivity of the reaeiver through the sotion of the
automatic gain eontrol.

Terget diserimination may also be secured through the
seleative action of the intelligence deviee in Tresponding to
rediation within parrow wave length limits., 'This is dest
utilized when an intente beam.of the desired radiation ocan be
conoentrated on the target and the miasile made sensitive only
to wave lengths within the nerrow limite of the transaitted
rediation,

In systems in which & pulsed 1lluminating besm is used,

88 exenplified partioulsrly in the Pelioan and Bat radar homing
systems, amother method of target diserimination may de used.
This is range sslection and synohronizstion. By making the
intelligence system eensitiwe only for s short period at &
predetermined time following the emission of an 1llumineting
pulss, the sontrel informetion sen be restricted to that rsoeived
from targets lying within oertain rengs limits, say within a
%0ne of 2850 feet of the astual targest range. Yor a given range
eorTesponds to & dafinits time of trangit of the pulse from
tragemitter to target to receiver. Naturally sush a renge
seleoter reguires an autcmatioc method of tracking the target i
TEnge &s the rangs dscreases. The operetion of the range
selecter also requires the synahroaisation of the recelver emd

il AR o o
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the transmitter. The eyachronisation is effeotive im dis-
erininating againet reflected redistion originating from othsr
trassaitters operetiag on the stme redio frequency but with
difrerent pulse retes.

The use of rangs seleotion is found to de eesential in
radar homing mieeiles lsunched from airoreft decause of the
so-oslled "sltitude wignsl®, 1.e. energy returned froa the
ssrth direotly below the aircrert. If a reasonsble oocne of
vision is to be maintained, the Qirectional selectivity of the
antenns is inedaquate to dlserimipate sgainet the largs
Teflecting area lying bensath the aircraft. A renge selecter
and ragge tracking dsvice mskes possible the elimipstion of
thip aignsl in the osse of glider mismiles, ainoe the altitude
i® alwuys leas than the Tange to the targst. Pressntly awail-
able reder homing devices oan not be used under conditione
shere the target may appesr at the ssme range as the sltitude
signal, for exsaple in air to air amissiles et rangse greater
than the altitude. JIn the case of ground to alr miseiles
using receiver anly, the geomatry is more favorable thans faor
the glider, and the rangs of the target will not eoincide with
that of the altitude sigmal. For e send-receive missile, the
miesile will ot scme time be at the same altitude as the renge
$0 the target and henos may thersafter homa on the altitude
sigoal,

It 45 poesible ¢0 dsvise more odmplex mwolsaisms to perform

O T N-T-24%
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more 4iffieslt feets of Giseriminstion, for example, to permis
ths launching of a redar homing missile at long rangs without
advanos selection of s terget and to hsve the radge dslestion
device Sesrch for, choose, and lack ou s target when the missile
bas procesded a definite distancs. The limit of perforssnoe

is sat only by the parmissible somplexity of the mechaniasm,

The suggeetion has often besn Nade that lower animale be
used s intelligence devices, since their brain, 1ike that of
the human one, can parfors difficult tasks of discriminstion.
This poasibility is perhapa the caly one of adeguate cogplexisy
t0 dsal with the pattern disorimination required to select, for
exaaple, a particulsr building within the ccaplex opticel
radistion pattern presented by a oity. Proponents of this
method point out that mear mechanical reliability may de reslised
in saimala by esteblishing in them & comditioned refiex °
esscclated with the object selectsd for attention.

After s target Mas besen selected by the operator beforse
Teleass of the missile or by the mechenisa of the miesils iteelf,
the targst must be tracked, i.e. held within the field of view
of the missile during the remainder of its flight. The simplest
method of tracking is to bave the intelligence sontrol the
motion of the missile 50 that the target remamine within the
fleld. If this method of tracking is selected, restrictions
are jmmediately pleced om the permiseible motions of the

AT TTENTLT AR
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VYehiels which must be considered by the asrodynamies specialist.
Thess restrictions depend not only on the asrodynaniocs of the
Yehicle and the field of view of the intelligence devioe but
6180 on target contrast, sharesteristics of tracking oirouits,
‘and behavior of the mervo mechanism in the adsence of helinc
signals,

¥aen a missile {e to be released blind, the asrodynamics
Speoinlist oan ocmpute trsjwetoriss for various releass eon-~

. ditions and so provide estizates of the timn at whioch a target
in a specifio looation relative to the point of releass will
11e within a specified field of view, The relation betwsen
fleld of view, servo mechanimm, and asrodyna.ioal character
istioe mugt de suoh that tracking will be prassrved. The
controls munt be suffiolently sfreotive to ohsek any overshoot
oF the serve mechanisa must havs s Remory to bring the vehicle
and fleld of view of the intelligence device bdack on the target.
Yor some types of vehiole, the serodynanic design can be made
such thst the trajeotory without any honing signal will imclude
the desired targst within the field of view. The latger the
field of view, ths sacier the task.

Before release of the vehicle, the targst nust be brought
into ite £1sld of visw, and tracking in range established.
During launching and thersafter the wmotiom of the vehiols must
be euch as to zaintain the target within the field of view of
the intelligence devioe. lemoTy oirvuits within the intelligence

BB ar - A A
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o aooure r rther mformation of taraat ‘direotion. ' ‘The

- pormlusible mtion ,'111 depend upon the intensity of the signal
urnad by the tarsot. -If the target signal 13 only a amall
nnount‘ of the baokground ilgnal, the effective oono. of viaion .

. 1s reduoed {in preaent radar homing equigment} to about- 70 percent

or 1ts maximum width. Thus & smaller change in attitude wiil

be requifed.to lose iurectional‘sz;nv\cking than if the terget

. sigus)- is much-larger than the baokground, Since the average

signal level and its oonsistency in amplitude dependa on target

aize, =t.arsat orfentation, and on metoorolagioal oonditions. At

18 diffioult to give definite design rules. However, the |

smaller the field ¢f view, the smaller the ochangs in af.eitude

required to reduce a low aignal to the background level, and

from these conaslderations a large 11614 of view la den:lrahla.
The behavior of the servo mechanism in the absence of

stenal or more exmctly just following fading of the signal has

8 definite baariné on the relation between field of view aud

pernissible motions of the vshiclée. If the servo mechanisn

mméina.tha vehicle on the oourse it was flying, the Field

of view could be smn without risk of losing the target outside

of this rield should the signal fade for a row seconds, If

-SRI
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bhowever the servo meshanism maintaine the rate of turn apa

pltod which exiat at the time of signal fading, the target would
probabdly pase cuteide s smell field of view before the signsl
returned. gpither of thege types of perrormsnce of a ssrvo
Bechenism is somewhat 1deelized and not asourately obtainsdble

10 any aotusl mechanism., The mintenance of the same sourse

1s of advaatage when the venicle is mearly cu the desired acurse
snd loss of signa) 1s due to fading.

Then the wehicle is initially coming oo ocourse, it may
overshoot by s suffioient smount to loss treck. If this oeours,
& servo mechanism whish meintains the om of the wahiole
At the time the sigual is lost will theresfter give mo
opportunity for sgain pioking up the target -1-3.1. The amount
of overshoot permissible will be largsr, the lerger the fisld
of view and the greater the target contrest,

Some of the restriotions on the motion of the vehicle whiah
are imposed by a narrow rield of view can be removed by tha
use of an intelligence device fitted with sutomtic nroutlonl.
trecking. In thls system the output of the intelligence devioe
is used to drive servo motars to ocenter the field of view on
the terget independent of the motion of the vehicle. The control
of the vehiocle itself is then derived from the relative polluon
of rate of motion of the intellizence deviee with reapect to
the vahiole, or bdoth, The nisimm permigeible thld of view
is then 1imited only by the precision and spesd of response of

e o o g o I W
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the servomechanimm,

The axtra degrses of freedom say giva riss
to more difficulty with etability of the two servomechanisms,

one driving the intelligencs, the other the vebicla.

There
hae, 8s yot, been o field experience with a missils gontrol of
this type,

Background 3ignal,

All electronic intelligence davices have a cartain internsl

noies level which can not ba lees then that produced by thermal

agitation of aleotrone in the input oircuit. The magnituds of
this interual nolee sets a lower limit to the eignal whioh gsn

be detected, Howover in actusl practice thers is & muoh hljgher
beckground eignsl representing the signal retura tx.'u areas
other than thet of the target whioch aleo lies within the fleld
of view, Thus {n a radsr homing device the baockground signal
is the reflected radar snergy from the lsnd, rough sea, or
other odstructions thst happea to de at the swme range se the
targst. It may bs very emall or zero when the target s an
sirplane snd the background is sloudlese sky. 1a an optical .
homing device the begkground eigual is the reflected or emitted
optical ezergy from land, ees, or sky.

The important attridute of this unwented background snergy
is 1ts variability not only fram place to place but at the

Stme Dlace, aspeoially with weather. In the radar caee against

ship tergets, the "ses return® dspends very greatly on the
height and shape of waves and oa the oriestation of the wave

Ll T DTN T4
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troughs with reepect to the reoeiver. The perfarmancs of a
reder homing missils againet a Specified target is affected very
Mah by the condition of the sea sur:i'ace, the permissible range
8t relesss being raduced es the eea begcomes haaviexr becauss
signal returned by the ship is lang and the amplit ude of signal
fluotuation ie greater. sSmmll tergsts may be lost in the sea
Teturn regardleas of their range, Sixilarly, missi les using
other perts of the eleotromagnetlic speotrun wneounter background
signals whioh ususlly dapend &reatly on mmologi cal oon-
ditions,

The ratio of target to backaground eignal may show large
short-time varietione during the flight of s single missile,
and if the target contrast ie not sufficient may produce
Qifficulties in tracking at long range,

Fluctuation of Signal Inteneity.

Ae & homipng miseile spproaches its target, the signal
intensity and ueually the background signels asleo incrense very
greatly, making neceseary an automatis aain control 4in the
electronic sguipment. The time constant of the gain oontro}
Bust be short to take eare of the reapid change st the end of
the flight but not so shart as to obsoure the variuations of
foaaning frequenoy whioh give the directional ioformation. The
reliability of the information obtaineble ig depend ent on the
target contrest which is a funotion both of the background
signal and the strength of the target sigual itself. In

T A A a4
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addition to the slower wariation of signal strength ss thn
aisaile approachss the target, there may slec be more rapid
variations ssscniated With the changing geometriecsl relatione
ship batwaen mizsile snd targst prodnced by the motion of the
misaile sad the linear and sngular motions of the target. BSuch
flustustiona are alwya found in redar raflectiona.
_ The presende of fludtasting signal intensity ln‘ flustusting
baskground signa) means that the mismile and servo mechaniss
osm not be deaigned on the sssumption thet information a8 o0
-the mpgular bearing of the target is contisncuely aveilabdle.

e sffests of flustuating signal iantensity whieh mugt Y
gusrded agasnst sre poseidls resonsnos effeste in the servo-
neehanism, synohronizstioa with the frequeney of sossning, amd l

l loss of trecking. It ie mot prectical to lay dowm methods of
design. However, in the radar cass the M,I.T. £ield expsrimeat
group working on Pelioan and Bat have found it advactagecus $o
make photogwaphic rescords of wvariastions of sigusl ssrength of
actusl tergets. to construct a special wignel generstor wiileh
enite varisble signals controlled by a ocam cut to the cheerved
variation, snd to test the affecte of suok a signal imput oa
the intelligence device cutput.

prerreses WS S

II1. )speaversbillty of Vehiols end other Asrodypsmie probiems.
The Six Pegress of Frestem. |

The trajectory of a missile 19 detarnined dY the fores of
gravisy asd the reactions betweea the missile snd the air

bt AR s %+ ks A
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through which it flies. The foroe aof gravity aots vertioelly
downward through the center of gravity of the missile, It is
eonvenient to represent the resultaant of the asrodynssmioc
reactions by three mutually perpsndjcular forcs components
aoting through the center of gravity and thres acments aoting
about the three axes along wshich the foroe componsants are takea,
These foroes and momeuts on a given missile are functions of
the shape of the missile, the orientation relative to the
direction of motion of its ocenter of gravity, thae spesd, the
axis and amount of anguler rotation, and ths density and other
phniul properties of the air,

The missile heas six degrees of freedom, three linesr and
three angular, The interest of the usar of a missile lies
esseatielly in the three linear degrses of freedom, i.s. in
the linear motion of the center of gravity of the missile. The '
angular motion of the missile 1is of interest ocnly in so far
as 1t modifies the thres force components sad thurs the trajectory.
A spinning o anguler hunting motion ias of no interest if ths
missile strikes the target, a result dependent only on the
peth of the center of gravity. It is gensrally true for the
ardinary bomb, propelled ajrcraft, or glider that an absence
of angular motion gives a mors predictable and constent
trejectary. But in some other missiles, for exsmple, shells,

a spianing motion is deliverately providsd to provids a siore
stable snd predicsabdls trejectory.

2des 4 s @ —
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The dynsalise of a miesile, even if restristed to airplane-

1ike or bBomb-like objects, ie & vary aorplex sudbject, snd hardly

appropriste for this report, Reedere are referred to Yol V of

%. F. Durand’s Aurodynunie Theory for a discussion of airplans
dyasnios by B. Melvill Jones.

aspecte will be discussed here,

Only slementsry sand general

i
The path of the missile ocan be controlled in & numbder of
weys, but tle zost usual method is through changse in the asro-

dynezic resction by mesns of changee in sheps of the mieaile.

The othar nethods may da advantegecus in epecisl osasss. Thus

by the uss of rocket motora it is poasible to apply reaction :
forces on the missile to change ites psth. This method is Oper= l

ative in tha stretoepheres where the sir density ia very smmll

and in free apsce. Control requires the e¢jeotion of a part of

the missile, & procese Aiffering only in degree rrom the duraiag

of fusl to produce power to cparste other typss of coatrol
devices.

o ———

Where other types of oontrol ars poseidle, it ie
ususlly mors sconomiosl to uss them,

A missile my be controlled by verying its maes distrivution

to modify the position of the center of grevity, thus chenging

the resultant moments of the eir remotion, hence the orisstatioca
of the missile, which in turn wmodifies the foroe components.

Thie wes done in early airplanes dy motion of the pllot dut the
mathod hes been little ueed einge thet time.

It 18 posaible to use power ariven devises sudh ss pro-

o o e o o o )
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pellers or turbojets or to uee thermal jets to produce foroes
to modify the path or to use such devices to apyly mcments to
the miselle tn ohange its orientation and thus produce fordes
to modify the path. It ie more common to use these devicea
s propulsion elements, and some control of the path, especislly
changes in the vertical plane, is acoomplished by warying the
propulaion force.
The most oomson method of control 1s throush changes in
shaps of the miesile which ueuslly alter the moments of the
air reaction snd change the orientstion of the missile in
addition to modifying the force qomponents directly. The use
of a powsr driven propeller may be régarded as s special omse
of a periodic ohange in shape. All changes of shape far
purposes of sontrol involve the spplication of power, whioh
BAYy De derived from any of the ususl types Of powsr SOUT0es.
It is obvicusly deeirable that the powsr required for santrol
be smmll. This hae led to the conventional type of oontrol
used on aircraft in whioch the primsry effeot of the controls
is t0 apply moments to the missile which in & time determined
by the angular momeuts of inartie and the wagnitude of the
applied moments ohanges the orientation of the missile to the
direction of motion of ite oanter of gravity. As e result of
the change in orientation the foroes are changed end the path
of the center of gravity ie modified. We shall ses later that
there are idnntuqu in the design of homing aercmiseiles in

LGl PRl Tk
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selesting & ohange ic shape waioh produces iittle or no change
in moment dut does producs dirently changes in the force oom-
ponents. Such & method requirss greatsr power for oparating
the controls than the conventional method.

Bguilibrium and Trim,

An unpropelled missile osn be in complets squilibrium only
if the momenta of the alr reastion sbout three mtual per-
pendicular axes through its ocenter of SFavity ars saro and if
the resultant air foros is equsl to the welght of ths nmissile
and acts vertically upwrd. Such 8 stats does not exclude the
Possivility of & apiral or spinning motion., In faot the taile
spin of sn aircraft is @ steady motion in which the sbova cone~
ditlons are fulfilled. We shall however not consider suoh
motions furtber, although there is no logicel necassity of exe
cluding spinning missiles. Thoe gulding of such missiles would
ssem %o introduoe many technioml complicatione. ]

The equilibrium of & propelled miasile differs only in
that the resultant aerodynamio forae must equal the resultant
of the weight and the propelling forse.

Freotioally all miesiles now used or under oconsiderstion
bave one or two planes of symmetyy and a longitudinal axis
whioh 1ies within 10° of the intended direotion of wotion. The
exact loocation of the longitudinal axis is usually chossa to
#uit the conveniencs of the specific problems but slways in
@ plane of symmetry. The other mutuslly perpendicular referesse

~F- LD N drfr
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aZes sre odlled the latersl and normal axes, end if the missdle
bas only ons plans of symmstry, this plane oontains the longl- T4
tudinal and pormal axes. In the practical construction of air-
croft or missiles it is found imposaidle to wmeks the device
suffiolently acourately to insure that, when flown.or released,
the serodynamic moments about the reference axes will be 3ero. o
It 58 slways necessary to apply dontrol mcusuts of suitable 3
magnitude about all three axes, or if it is desired to have the
oontrols in s given neutral position with no foroe applied to
th; control levers, to provide sdjuatadle trim tabs. These
adjusteents are sasily made when & human pilot is on board, but ' ‘

i N -

other provision aust be nade whez ummenned missiles are to bs uped.
\ For unbalanced moments about the lsteral and sormal axes,
. & stable missile oompensates by saguler rotation to new positions
of equilidrium, ainoe displacements about these axes profuce
Testoring noments. The missile would then fly at a somewhat
different angle of ettack then planned and at an angle of yaw
which would give riss to & lateral forse producing a lateral
drift of the missile., An uzbalanced mcomsnt about the loangitudinal.
axis, whioh lies approzimstely in the Aireotion of motion, oan
not be compensated in this way, becsuse rolling about the

Cg e e o
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direction of motion produces no statlio restoring noment. The
only methods kncwn of compensating this upavoidable and undesired
moment arising from lack of symmetry in the actusl unssnned
missiles involve sutomatio sriwming by comtrol surface ais-
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plscements under thes oontrol of one or more &Yroscopes. %The most

desirsble wethod is to compapsate the undesirwd mowent dirsotly
by displacement of ailerons. In some oeses, for exsmple the
German robot bomd V-1, the autopilot moves the rudder thus foreing
the bomd to iravel at an angle of yaw nirucnne to produce a»
rolling mcment due to yaw oqual to the unbelanced rolling moment,
This msthod of ocrrection gives rise to a lateral 4rift which

18 5ne source of error contributivg to ths dispersion. (Qne of
the recults of the early work on the Pelican and Bat development s
was the demonstration that provision must be made in the suto-
Pllot for compensating for undesired Serodynanic moments erising
from 180k of symwetry, i.e. "trimming” the missile, end that &
8YTo or equivalent reference is essential. It is fairly well
known that psndulums or Sarodynanio surfaces whoss position is
controlled by serodynsmic resctions are ineffective for this
JuTpose. In the Azon and Rason developmants it has aleo desn
foupd desirsble to introduce sutomatic tria devices to eliminate
rolling motions, Although not thare required for stadilicy
Teasons, since these missiles have two vianes of symmetry. The
eliaination of the Tolling motion in thoss missiles simplifies
the control problem as will be diacussed iu the ssotion on
ooupling between controls.

The state of oomplets equilitrium is rerely sttained in

the practicsl use of missiles. The linear motiom of the center |
of gravity is an acoglarated one, the mass times ths zoceleration

~0-0- -2 D-5-N-B-1-A-L-
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being equal to and in the direetion of the resiltan: forse,
™e tins requived tomach equilibrium ia often much sreater then
the time of flighs of the nissile. For example, o falling
bowd is in complete equilitrium only whsa it resches its
terminel wvelooity, a proeess requiring fall fron s greay helght
Aud maay tens of seccnds. This long tims constant arises from
ihe limitsd rate at whial nergy is supplied from the grevi-
tatiocosl field, nﬁom&un&mtonwm
osoillation arising from interchangs of inesis energy ssd
potantinl snergy has a period of pprozimataly 0,827 ssoonds
when ¥ is the speed in f4/ses, 1.¢. 86 seconds for a missile
traveling at 400 ft/nec. The Geaign of sarvo mechanims and
intelligence devices can 0% be btased on the ssmmmption of
oquilibriom conditions. :
Yorsusately the time constexts of ths sngular woticns are
mmeh shorter, Gsually of the order of a freotion of a second

or at the most a few seecnds, I.nnnl.n.n-‘t-nhmun
of migaile bt fGecrensing with its speed,

' of 08 &* Rates, and i of .

Consider a symetricsl miesile falling vertioally with ise
longitudinel exis also versiocsl, The foroes aoting are the
mamvaw-uao-uuusm-. Mmofm‘
Shere are no lsteral fordes. The dowmward acoslaration will
uomuuouummmumamuw
mmmcmmmmum-ﬁamwuu.

%
'
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He socsleration will ultimatsly syproach sero as the aissile
approsches its terminal velosity at which the air resietanse
equals the weight. At azy polnt slong its leagih the tra~
Jeotory may be modified only by introdusing & lateral foree.

This force imparts a latersl sccsleraticn wbich causes the
miesils ¢o travel in a path waich s spproximatealy eiroular for
sone time. Yo move the misaile in s peth of radius R requiree
a caatripstal scceleration of YE/R where V is the valoocity of
the misstle. The rate of change of direction of the trejeasory
£ saonis v/n. ’

The ususl method of sscuring & latera) foree ia to abange
the arientetion of the missile so that its axis makes ea angle
to thes trajectory. The missile does not then trawel ia the
glrection of its azis. The changs in its dirsetion of motion
1s Gspendent on the megnituds of the latersl faroe produced by .
the change in orientation iz rsletioh to the mmss of the missile.
If the foros is wmll or the mase is large, the trajeotary will
be modified very slowly, sven though the axis of the missile is
at ¢ large angle to the direction of motion of the senter of
gravity. The alssils bahaves in the same manner ¢s an automchile
traveling on ice when the stesring wheel is suddenly Surned,

Expariance from test® on bosda and eirfoile shows tbats
the latersl rarce jroduoed at & given angle of the nissile %0
1%8 trejectory is approximately proportionsl to the squape of
the speed and to the projected lasersl ares. A reasonable valus
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The rete of ahanne of direction §§ - o8 -
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of the lateral force 1s about lnlb/ﬁ'utbnuwvhp
n-wotmorv-enam 1/3 16/2¢% on u body of
Tevolution at & speed of 100 ft,se0 for angles of yew o; 18°,
although with larger angles of yaw still highsr walues can
be obtalned. Extremely largs sagles of yaw give large drag
foroes shich slow up the missile snd thus reducs the laterel
fores. The 1stersl accelerstion to be expeeted is thereforse
sbout A8(. ¥ )% g where A 15 the sres of the fins or wings in

-aquare feet, V the speed in f4/se0, W the weight of the missile

in pounds, end § is the mocelerstion of grsvity in re/sec®.
In aay sotusl design, the laterel socelerstion should be deter=
ained from wind tunnel messuremsnpts o & nofel of she miselle.

A rediss of ocurvature R requires an seselemation V3/R. Munee

v/ - SEur

or r=-nk

Yor the stendard 2000 1b bomb, A for the standard fing '
is sbout 4 square feet. By & suitsble rudéar, it may de
expected that lateral forces of the above magnituds may be
reached, uumuun-u.mrmmg-*
red/aee. = 0,0087 ¥ dogrese/asc. In She Dext 500 fest of fall
afeer the rudder 1s applied, the bombd would move lederally
sbout 71/.!_'00.-
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It 45 8o be a0%ed thes for this eass of & veriiesl tre~
Jestory, the redius of ewrvature obtaisable with & given fia sves
003 304 dapend un the speed, Since Doth the required and She
Sveilsble asesleration vary as the sguare of she speed. Nowever
mm-mm-muommumm
proportional so vA/n.

Wen the $rejectory makes an angle %o the vertical, the
fores of gravity has a ccuponsst b Pight angles to She tre-
Jestery. It is eustomary $o measure ths sagle from the hevissatel
Sat $0 denote 108 value by 9. The gravity eompeneat is them
8 oce O, The poth an eurves dowmward usless a muffisismly
large latersl asrodmamie fures overcomes ths gravitasiomal

samponent , Gslling Whe lateral sarcdmanis foree 1L, e have the
followisg equation for the rudius of survasure of the puth

.'h_“'.~....-;'

OGonsidsr £irss the 0ans in whish 1 is sero, L.0. & soBe
veatiomal bomh, We flad R = g B8 wt ff - 3N, me
Reximm velue of §§ cecars whem the azis of the bemb 1s horizessal
esd oquals § raea/sve. u-.unormn/-n.a-o.xru-u-
8.74/00s, 204 R = 3200 foed. As the epeed inerenses, §2 dsevensis
@d R issvenses.

Fext aspume S3at She Wrajestory of the missile ie to e
Syproxinetaly & straight 1180 to the sarget as 19 uswally Gesired
for & hamiag missile. Jn Shis case She-awersge walus of 3 mush

~-0- 5102050
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ogmal ug ecs O. mwmunmxuumumm
iz 1 whiek enn be effested by the oomtrols, and the ecntrol is
the seme as for a vertiesl trejestory. Nowever, ths requirensnys
n-un-ouuouqumnemu.mnxmmm
mmuuuupu-u.uumm«nuum

The ninimum spesd for restilinear f1ighs, sSssuning the use of
the maximm ocmtvol, ie given by

(fo* WS -cens
o o VT =t

rcmmnnbnu-cvtn:m:.vun«mmnjm.‘
At lower spesds then the ninisum epeed for restilisear
Tlighs, mm.otmorurmum“p-tunm
redius of turn is larger. Tiues for auy partiouler ekse oma
be estimsted. The sontrol obteimadle dspands greatly on she
nmﬁthnoutommuunrtkm-pn. i the
Festilinear flying epesd 1a deternined mainly by the srea of fing
or wings. ' '
IRE-Jif81ag )i eediee.
mmwcmuuuuomuoum
h‘ldmmmdmlmtcnummn
mmrmmremnmmmmumm

Mm‘tnmmmmhn. Although an
Mummu-muaumun. its geaeral .
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£light behavior would not be srtisfsotary, sad the pon-1iftisg

Rissile umally takes the form of an eloagated objeet with swo

planes of sysaetry or aore, 4nd in sonme cages 8 body of revelution.

The simpleat example is an ordimary bamd or rocket atsdilised

by tail fins. When the exis 15 inolined, Shere is & restoriag

momest because the 1ine of sotioa of the resultant foree paseet
bahind the oenter of grsvity.

To lossp the axis &t an angle %
provide s lsteral force, this momsat suet be belanced by s
amaller foroe in the opposite direction spplied by s rudder ms
the tsil or & spoiler at the noss. The action of the roddwr o
spoliler must be such that the missile still has suffiolent
statie and ayuamio stabdbility about the new position of eguilibrium. ]
Missiles of this type ars best adapted 0 Steep trajectories i
\ . for the following reasons. ILaunching speeids Are usmlly limited
to s fow hndred feat Dor second. Qontrol agaiast she deflecting
aotion of gxuvity is effective only near tie rectilinessr flying
spesd, The minimum rectilinesr flying speed ia of thw oxder of

I.W. As the path approsches the verticsl cos @ de~

sxesses, the minimus rectiliesr flying speed decresass, tad
the aontrol improves.

{ Lmah}nicdmmmtmwmw
apd henoe improves ths control at low spesda. This principle .

. han been used in the Roo projeot in whieh sdaditiomal aurfaes

3 has been provided to give larger lstersl

%0 e trejecty,

faroes for a givan angle

~ ¥R AL
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enSasion) in a straight path whish is inolined at sn angle %o

the versical. If propalled, the path may de imolined upward,
Bven AT s controls ars malntained in the aeutrsl posision, She
missile will finelly epprosch an equilibrium ssate of un- l
ascalsrsted fell versioslly downwerd at its temmisal spead,

For sn ordinary bomb or other missile of high wing loading the
time Tequired corresponds $o fall through & very great height.

The 1irting missiles are inteaded to.follow an approximstely
straight £11ghs path, shich for powsred missiles may be-horimestal
or inolined upward. e shall ccnsider first an unpowered
nissile, 1.0, 8 glider, o ' '

mmytwmutmuuuﬁdnhmtmtpm

of gravity and the remiltant ‘air foree. It is sustamary to

ocusider the resultant air rorce in serms of its ocmponeats
perpendioular and parallel to the direotiocm of wotion, the 1lifs
and the 4rsg. JIn equilibriun gliding fiight the reésultant of
i.i.tt!.nd drag D must belanoe the weight and hence must set

in the vertiosl direstion., The f1ight path is. therefore ia-
olined dowowards st en sngle ® such that tan & = O/L. The
Tesultans foros R 1s usually expressed in serms of the dimemsisse
1ess ooefficient Op defined by R = Oy A 1/8/ V8 where 4 is the
wing ares, » thpe air aansity, and v the flight spesd. Sinee .
4a equilitrium the resultant sguals’ the weight ¥ the omilibrimm .

w«mm‘rm‘an“tﬂ“um"m
relasion '
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&t 0° or sone emall pegative sngle of attack depending on the
shape of the wing seotion aserly linearly up to u.iu of the
ordsr of 18 to 15°, reschas s maximum welue of the crder of 1.3
€0 1.4 and than slowly deorassas. The retioc of lift to drag
Tetches a rether sharp mexizum value at some angle between B
€nd 10° and than dearsases rapidly. The slowest equilibrium
€liding speed oorresponds to the maximus velue of Op near she '
stalling angle and in this ragion of angle of attack the glide
Gagle changes rather repidly but with only small obanges is °
oquilidrium speed. As the angle is reduced the 81de tlm
bacomes flatter and the oquilidrius speed incresses. On
Pessiag the engle of maximum 1/D tha glide path sgsin becomss
stesper and the equilidriwm apeed inaresses still mors. The
stospest path is the vertical dive in which the oquiliberium
esd reaches its meximum value, the terminel spesd at whieh
the weight is delanced by tae &rag.

e praceding dascription applies solely to .tudy state
eonditions, i.e. those whioh ooour after tha hpu of & ufnum
interval of time, It is important to ocbserve that apg inaredse
in angle of attack at angles bayond that of meximum 1/D at firss
flattens tha angle of glide or oveQ CaUSSS A tempOrary ssoeat
mmmax«w-uommmymmmw
suttietont time.

518t us supposs that while the airplans 1o #1iding steadtly
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At some.sagls of astack the sagle 1s suddently IM“:.O.IM
value. The 11t at angles below she angls of otSack for maxismm

1/D 1is changed much sore than the drag and ths principel sffeet
will bs to produce &n unbalansed foree nearly perpesdiouisr to

the direstion of motion Which will curve the flight path. Ultimately
of acurss the unbslanced drag fores Wll modify the speed but
thig process raguires same time.

Sappose the 11f¢ coeffieient '
eorresponiing to e .My strqight flight at the instantunecus
altitude and speed i 01, snd the ectual 1ift coefficient i Of.

The usdelaneed fores 1o tASs (oy, - Ope) A 1/227" and henes the

lateral negelerstion will be ’ AVS,TE | e retiue
of curvaturs of the path will be

mis soxres~ '
pouds to the value 3} WA gives sarlier if 07 -0y, 1s taken a8
0.8¢. For & glvem wing loading and air degeity the radius of
surveture of the flight path dspends on the differesse betwees

She astual valus of the lift cosfficient and the velue whivh
would b neoshaary ia steady flishs,

The Minisun 2edlus 18 obvicusly cdtained W eh Op, = O sad :
Oy, squsl to the maximux 1ift soeffielsat, i.s. with a aea-liftiag X
missile. The use of & 1ifving aissile issresses the minimus i
rediue of survaturs sad benoe gives lowar massuversbility. :

mnmoor-suummmuw—unm I
mnscmm-ymnmmmmnrm :

20 repidly thet n-unrcnumu-um. alshough she
1116 sosctieient is greater.

-
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The foregoing discussion spplies to esontrol af the path
of the mniselle ia & vartiosal plaue. The 1iiting miesils uswally
bas larger surfaces, 1.e. wings for support and coatrol in the
vartiesl plans. JFor right-left stesring the lifting missils is
Gsually designed to wae the airplane method, f.e. banking ar
Tolling the miesile to obtain a oampoowt of the focoe on the
large wing eurfaees in the dasived dirsstion. The turns waieh
A8 dp produced without benking are of very largs rsdius. An
airplane with dihedrel angle will sutamatioslly dask if she
odder {s turned and ailerons are not moved, snd will surs %@
TighS or left if the alrplene is T0lled elther by daflecting
the aillerons or by suraing the rudder.

Turns of a glider sre desesnding spifels. If the ia-
elination of the spiral flight path to the horisontal 1s O, end
the radiue of the spiral is r, the redius of eurvature R of the

flight path is r/cos @. Qall the angle of bank § snd the Ufe L.
The available foroe ie thes 1, sin § and hanee

1eg-§ F
¥V baing the flight speed, ¥ the weight of the aireraft, and g
the sessleration of gravity. Sstting L = Op 1/2 p AV ama
solving for R
: 22} day
The radius of tuwr'n oan he decressed by Lucressing Cyas the glider’
§s banked. This ie the method sommooly used in aireraft to meke
& tight turm. If Opis mero, i.e. & non-lifsing missile, bankisg

00BN -T-A-b
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does not give rise to & turn, R being infinite. If Op ia not
2er0, 1.8. @ 1ifting missile, banking gives rise to & turan evea
if Gy 1s not inorenssd by action of the longitudinel coatrol.
This is oie of ths sssential differences detween the sercdyasmie
properties of 1ifting and non-lifting misailes. We shall diseuss
further the right-left etearing of lifting aissilee by danking
in the seotion on ecupling of controls.

It 1s quite posaible to desigh 8 1lifting missile whijoh Sounld
turn without danking. A lerge fertioal surfeos would be snesded
and varioua practissl diffisulties-ariss.

¥on-lifting missiles will probably have lsas difficulty wish
' oospressivility effects at high speeds. The chier Alffieulty
with the lifting missile ariess from the fact that the miesile is
uneymmstrical about the plane of the winga and ths crisutation
is maintained by reastions on winge and tail whoss momeots abous
ths centar of gravity are aqual snd oppoeite. Oompressidility
offeots first sppesr oo the wings, usually produeing diving
moments and large changes in attituds. 7Tha non-lifting nissils
on the other hend ia symmetrical and both dody end £in momente
ere 36TO exzcept Waen oontrol is applied, Thus the trim position
of the non-1ifting missile is not likely to change with speed
in the sbssnoe of ocontrol. The econtrol will undocubdtedly ds
wodified by compreesibility effecte,

At the prusent time serodyssmic 4sts &t supersoaic speeds
are guite limited, oomaisting meinly of information on the dreg

=00 PP~ E-T-A-d
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of projestiles cbtainsd in firing teste, Adeguate supersomio
faoilities are now being provided end within the next year or -
two & grest dssl of the nesssssry basic ressarch should be
oompleted. ‘

Eowered Kissiles.

The oontrol of powered pon-1ifting missiles requires 1ittle
further discuesion. When 5o control is epplied, the propulaive
force apts in the direction of motion. Waristion of the Ppro=-

. paleive foroe changes the speed bBut not the Airestion of motioas.

Waen control is applied, the orientatica may change, in whiech

ouse the propuleive force has a component st right anglse to
$he direciion of motion of the genter of gravity, inersasing the

* latersl ferce svailadle for ocontrol. This effect is usually
* Aot largs.

In the oase of powered lifting miesilee, veristion of the
propulsive foros oconstitutes a sscond snd independent msthod
of control in the verticel plane. Under squilibrium oconditions
‘she speed 1s spproximetely indspendent of the velue of the
propulsive foros, eatisfylng the equation

vegogee

Yor horisontsl flight the propulsive thrust T ie equal to the
arag D. If T le greater than D the missile olinds at angle §
Such that T« D « W sin 0. The sngle & may be negative oarres-
ponding to desosut if T is less than D. Jor more complete
d4iscuseion reference should de mede to ocns of the many books

-0~ -N-0-T-A-
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on tde sudjest of airplane pexformanes.
Boming liesilee,

In homing miseiles, the epparatus sontained withia the
uissile losstes the targst with refersnse to some axis fized
in the missile. The information eo obtained is mot adequate wa-
less this reference azis is always in & known relation to the’
flight fath of the oenter of gravity of the missile. The
simplest solution is obvicuely to meke the referense axis cainside
with the flight path, 1,8. t0 have the intelligsnse device "lpok™
along the flight path. The installation is espesially sinple:

Af the appliocstion of control does not shange the oriestatiom

of the aissile with respect to its flight path. The securing

of this remult is one of the serodynamie problems peculiar $o
homing miseiles. The solution used in the Pelican and Bat projests
was to change the 1ift of the wing by treiling edge flaps aad

t0 80 loohte the csater of gravity of the miseile and a fized

. 98i) structure that the domwesh effests om the tail prodused
NoBats counterbalaseing the moments produced by the flap
deflestion. The Roc project adopted the same solution.

In the f11ght of an unpowered homing missile in still air -
agalnst ¢ statiomary terget, the flight path is spproximetely
rectilianser, The initial speed is usually aush less thea the
terninal speed in the straight glide path and hance the speed
inareasss. Yo maintais the reotilinear flight, the 1ift must
be aaintained constans and equal to W 6cs . As ths spesd ine
sresses the 1ift cosfficient must be dacreased by the sstion

~- - N-F-2- DB N-T I %%
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of the controla,

It appears dssiradble to opsrats unpowersd hondng missiles
within the raags of 1lift coefficients lying between zero and
that for maxinum lift-dreg ratio., As is well knewn the oqui.
1ibrium flight path first flstteas and then stespens as the lifs
sosffiolent ie inoressed. Thera ia Socordingly a reverm)l af
6oatrol as regards ths final.sffact when Pest the maximum Lifte
drag ratio. Wissiles are not usually in equilidrium oa their
flight path, and conputation abhowe that the firet affest of
Sontrol is slways thet of the ochangs in 1ift. If howsver the
lift-drag ratio st the msximum 1irt coafficlent parmitted dy
the oontrols oorresponds to a slope of path stespar than the
aotual path slops to the target. the control procesds to its
linit and stays there. The intelligense calls for s higher 1ifs.
A higher 1ift confTioient is cbtuined as the control moves
toward its limit but slso a higher drag cosfficient. Ths arag
Teduces the speed so that the astual 11f¢ does not increase very
faet and the flight path carrests very slowly, if st all., It
is prodedly dssirable that powarsd homing missiles should alse
be opsrated in the region between zero and maxisum 1ift-drag
ratio,

If the homing missils is powered, various somdinstions of
control are posaibls. For exmaple, the propulsive thruat might
bs ooutrollsd by a spesd-sensitive devioce to maintain a sconstach

"speed 1n the later stages of the fLight. '

—-0-N--2-D- NI4T
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Stability Problems.

In theory a houing missile might recsive sufficiant coatrel
information to give stabla fiight without inherent stability of
the missile in the absence of oontrol. In practice, s missile
BUst have satisfectory stability to maintain its flight in periods
of intentionsl or unintentional abasnce of control inforaation.

It is not prectical to review tha many aspects of the
stabllity of missiles. The dfisturbed motions of a stable air-
Plane-like missile in the abssnce of homing control consist of
various cosbinations of a rapid hsavily dmped longitudinal .
motion in which the angular pitehing motion 1s most promineat;

8 slow oscillation, the previously mantioned phugold osoillationm,
in which the missile rises and falls with the spaed decreasing
and increasing; a rapidly damped rolliag and yawing oseillation;

and e slow spirel motion.

Under certain oonditions the missile may pass from steedy
rectilinear flight to & steady apin. In a trus spin, as u-'
tinguished from the spirs) motion Treferred %O sbove, the wing
surface 1s stelled, 1.a. meets the air at a large angla. The
spinning motion is howevar a stesady motion with the following
balence of maments and forces;

1. The etalled wing rotstes of 1iself at such & spsed
that the rolliing aoment is sero. (A wing at norsial .
angles ofrare resistance to rouu'g; o stalled wing
is in unstable equilibrium st sero rate of roll).

“ oI DENTIXE"
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sptri Asel yawins moment.. 'rhe ap:lnning character-
1atioe areAgreatly meoted by the angle or yaw at
ORER E

) whi.uh this halanoa oouurs.
o 4._r 1he *uirpllne ducends et such a rat.e that the vu-ﬂ.on

i rsquslte oentripatal aocel.u-a.tion cr the cenf,ar or
gcaviw tomrds tne apin axia.

. mxen r.; hon!.ﬁg devioe 13 applicd to an airplano ke minile. '
.tho dieturbed'mouona tnke on e somevlhat different charaoter,

For empl'e. oonsiderins only the longitudiml stability. the
slo\v phucoida osuilllmion diuppeara and 15 replaosd by a damps.ng
_ot nny diemrbanoe 01‘ the volooity nlnns the ﬂig.ht pnth. the ‘
'peuoa end unpmg or the rnat angular pitohing‘ oso.'tllatiou are
oontrolled‘ s.n pers by the statio 1ougituai.na1 atabuit.y of the
niea:l].e ‘an;lyfiv_nvpart by the powew dt tho control surraoe and the

laé or t.he'servoueohanisn. nnd thore ar:l.aes 8 seoond angular
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pitobing osoillation of longer period whioh may in some oages
degenerate into two aperiodic motions. As the missile approaches
the target, the frequencies and demping aoustesats changs some-
what and an edditional mode appears. '

In & sinilar mapner the slow spiral motion associsted with
the lateral atability of the free flying missile disappesrs.
There are short and long period combined rolling and yawing
osolllations where damping may be positive, 3ero, or negative
and the long period motion may degenerste into aperiodic motioms.

Soma aspects of the stability of howing misgiles will de
discussed briefly in the section on System atability or Runting
Frodlems.

IV. ing Detwe e
Zaterdepepdence of gontrols,

A nissile in flight bas six degrees of freedom but if it
follows conventionsl airoreft design it has only thres coatrols
unless it is propelled in whioh ouse it hes slso a throttle ax
equivalent thrust ocontrol. The thres sontrols are usually
ROvable surfaces tO oontrol the moments about three mutually
peTpendioular sxes and there is no direot control of the iineer
motions, Uafortunately the three oontrols 45 not give independent
sffects. Thus the rudder profuces & mmall rolling moment ss
well as & yawing moment which turne the airoraft to right or

left. When yawed, Shere results s much larger indirest roliiag
momeat arising from the serodynsmie reagtions. The ailsroms

O N-T-I-D- NP1 AN
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Produoce yawing moments as well as rolling moments and the yawing
nooents may be "adverse® i.e. the resultant yaw produces a
rolling moment in & direction opposite to the desived rolling
moent or they may be favorsbls. In extrame cases the ailerons -
MAY turn the airsraft to right or left without rolling it or

the rudder may roli the aircraft with little yaw. The effects

may change sign for the ssme sirorsft at different spoeds i.e,

e e AT g7

ot different anglea of attack or at adifferent lirt coefficieats.

The intersotion detween the rolling or yswing motion and the
pitcehing =motion is fortusately vury small.

il

In the oase of non-lifting miasiles, operation of the left- ’
Tight end up-down controls slmultaneously Produces rolling :
'. moNsate and hence it has been found that a non-lifting missile

muet have ailerons if volling motions are to be avoidad.
; orTespondende betwsen Intel

. tes und trols.
The intelligence devices generally availadble for use in *

homing asroniseiles give information on the bearing of ths

target to the Tight or left snd up or down fram some refarence
axis, l.e. sn essentially two~dimsnsional presentation. In

ths ¢mes of radar dsvices, range information can alsv bs odtained
if desired. The missile however has tkree controls if un-
propslled and at least four if propellsd.

B e LR

There is evidently -
& probles in making connection between ths two-dizansional out-

put of the intelligence device snd the ocontrol system of the
missile, ’

~-0-5-PE-D-B YTl -
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In the case of & non-lirting missile, the obvious method
of aonnewoting the controls is to conmneot the two cheannels of

the irtelligsnoo deviecs tn two control surfaces producing

moments ebout two mutually parpendiixular leteral axes wni.oh are Ty
aligned with the intelligence device, While the tﬁo control
surfaces ray be designed to give lndépaudent aotion about the
latera) axes, the application of pontro) about both axes
simultancously will produce rolling moments about the longi- j
; tudinal exis, . If the aarodymanic design were such that the
 longitudinal axis remsined in the direotion of motlion, the roll
, would not be objeo_ti.onable unless the rate wes so high that ;
_ the 1&@ in the control system introduced phase errors. However l
l ; most missiles of the zero 1ift type change orientation as the
i controls are applied. fThe roll tekes place about the axis :
of the missils and introduces incorreot error signais in the
intelligence device, The bettl;er solution is to stabilize the .
;f‘ _misgile in roll by meané of ailerons controlled from & suitable i
gyro system. Thus in the siwplest method, the roll control is !
' governed by a gyro, end thu other two by; the channels of the
intelligence dovice.

There have been many ingenious suggestions for cohneoting
the controls of a non-lifting miaailé to permit continruous
rotation of the missile, It does not seem profitable to discuss
then here. PFor remotely controlled as dlstinguished from homing

wissiles such devices become ocomputers, often of complex design,

. BBl Fm DB NP
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for transforming fraon fized to rotating axes, and msteriug the

dsgres of ocontrol to be given by sach of the two ocontrol surfadces.
In the csse of a lifting missile of the airplane type,

turns are acoomplished by banking the airplane and it is not

therefore desired to preveut roll. It is necesadry either to

reduce the nuzbar of control surfaces fram thres to two or to
ooupls two of the control surfasces together to be controlled

from & single intelligence clwnnel. If the missile 1s powered,

the throttle or equivelsnt power plant sontrol may be arranged
%0 be controlled by sirapeed, altitude, or some quantity
. assooiated with engiye performsnce as for sxmmple mixture ratio,
. peak pressurs, tempuraturs, eto. Combinations may be used ’

but it hes not been oustomary to usa the throttle for up-down
\ ' sontrol of the flight path.

The more ccmmop twWo-control airplanes usa the elevator-
rudder or the elsvatar-alleron cambinstions. Both methods have
been used in the dasign of missiles. With propar design reason-
ably satisfaotory turns ocan be msde either with eilerons ar
with rulder. JFor homing misxiles, ailaros contreol is belleved
to give somewhat smaller errors, sinces out-of-trim rolling
moments can be balaposd without introduoing yaw. In either cass, .
the use of two aontrols alone makes possible independent 1
oompections of the two intelligence chaansls.

It has slreedy besn pointed out that & gyro is required
for trimming the misalle ip roll., It is Adesiradle that this

e R 1 e
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&YTO &lso limit the maximum angle of roll; otherwise the migeile
1s likely to turn over on its back when a control sigual is
gontinued for some time,

In sutosatic pilots for siraraft, the rudder and sileron
ore often controlled togethsr for turas. Such & coordimstion
is possible for one or at most a narrow range of rlight con-

ditions. TYor missiles intended to operate over a sonsideradle
spesd range, the rudder displecement for a given alleron dis-
placemsnt varies, both with airspsed and angle of attack, and
it has oot seamed necessary to attempt the design of the
necessarily complicated sontrol. By suitable ssrodynsmic desiga
of & two-control missile, tbo side-slip during turns oan be made
reasonably saall.

£ Roll on 18,

The 1ifting miasile of the sirplane typs banks during a
tura. The Treferencs axes of the intelligsncs device are fized
with reforence to the missile and hence rotate with the misslle,
The axis of rotation of the missile does not usually eolncide
with the direction of motion of the oenter of gravity of the
missile. Hencs the intelligence device no longer metsures the
up-down snd right-left errors with Tespect to axes fixed with
respect to the vertical. )

It has been previously pointed out that an airplans ip .
made to turn in its sightest oirele by benking and then pullisg
back ol the stick to inoresss thes 1lift cosfficlemt to ite -

~0-0-B-B--5-3-N-0-T-4-5
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mximn wmive, The ocoupling detween the upedown and right-left
60ntfols produced by baeking Automatiocally gives an error oignal
So the elevator or elevons in s direstion to inorease the 1ire
coeffiolent, mnd thus Scoslerates the turn. At the same time
the inoresced 1irt bends the trajectory of the senter of gravity
upward. The exmot bebavior of the system depends on the
oharacteristios of intelligence devioe, servo-mechsnism, and
missile,
The error angles are readily coxputed for idealized wmotions,

If the missile rotsted about the .dn-oat.ton of motion of the
ocenter of gravity, the effects &mount simply to rotstion of the
8xes of refersnce of the error aignals, If the error angles
referred té the origioal axes are §. in slevation and §, in
8simuth, and if referred to axes rotated through an angle ¢
& wad ', we have the relatione

& = foos g - Seuin ¢

5 = gstap o g, cos g
I however the rotation ocours about an axis making an angle £,
with the airection of @otion of the center of eravity

§.= 5.008 B - (£ -5e.) ain ]

£ =fuoinp o+ (5, «5) con g

In the general cese the dynanics of & rigiaq body with six

degrees of freedom and the asrodymeanic ohu-aomlltiql of the

sontrol must be copsidered, Thus the axis of torque variep
with the displecement of the control surfaces. The hody rotates

T ITERNTI T
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not about the axis of torque, unless this axis 1s also & prineipal
axis of inertia, but about an axis intermediate betwsen the

axis of torque and & pripoipal eaxis, Thus the ipstantanecus
axiy of rotstion travels in the body and an integration proosss

15 necessary. Because of these complications it is not very
practical to oarrect for thess effects by inssrting & computing
devios between the intelligence and the controls. One of the
important consequences of the foregoing effect is that when
there is an elevation error angls and the true azimuth angle
is zero, sn azimuth error is passed on to the controls equal to
~(% ~f. ) sin . To fix ideas suppose that the target i{s high
80 that §¢ ~f,, i positive and that the airplene rolls as for
a right turn (positive §). A negative aziauth error 1s then
given to the controls, whick tends to oppose ths right turn.
If however f - £, were negative, i.e. true eluvetion error aero
but axis of roll above flight path or target is low, the azimuth
orror given to the cootrols would assist the turn. 1In the first
oase there would be a damping effect on oscillations; in the
seoond & destabilizing effeoct whioh would promote hunting. 1In
the usual 1ifting minsile the effect 13 on the average a de-
stabilizing one.
Effect of Angle of Attack or Yaw on %rror Signels.

" In the non-lifting missile, the spplication of comtrols

pitohes or yaws the longitudinal azis sc that the intelligence
no longer looks along the rlignt path. Uaing the sams notation
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88 before, the efrect 1 S§iven by the relstion
: & -4 -5

The ssms relation spplies to ths slevation oontrol of a 1lifting

nissile.

with the intelligence davioe to move the reference axes of the
intelligence device to Sompensats for this erfect. If wder-

compensated there w1l be a stabilizing sotion agsinst

osoillations mnd if OVeroompensated a destabllizing metion,

9 of Reduo Coupling Bstwesn trols,

The methods of reduoing both the interdependence of the
ocontrols and the undesired effeots of the angular wotions on -
the errar signals ere still in the sarly
@nd muoh maditional ssrodynr
wuisstile ca

some degree.

development stages

¢ ressarch is required. a4 horing
") mede to work .1th all taese effests pressnt in
It would seam fruitful however to attampt to

maks the pormal Tlight path coineide with the longitudinal

principal axis of inertia, for sll centrol positions, and to 4o

further research on reduoing intersctions between controla.

Jllustreation of faating.

Perbaps the most 4ifricult of the special probless sssotiated

with the design of boming misalles 1s“that of securing a gatig~
faotory stabllity of the tomplete syetem,

sinoe the overall
stabllity

depsnds on the characteristics of missile, intelligenocs,
and servomschanism and e0péeially on their interrelations. To
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11lustrate the problem thers are alown in Figs. 2, 3, and ¢ the
observed wotions of three homing missiles. In rig. 2 it is seen
thet the missile rolls and yswe in increasing osoillations of
about 10 seconds period until the missile atrikes the ground.

In sxtreme oases such & missile msy turn completoly over om its
~ beck, lose track of the targst apd descend in & steep spiral.

In Mg, 3, the missile pitoches in a staady osocillstion of nesrly
conatant smplituds end from 5 to-7 seconds pariod. Figure 4
shows & rolling and yawiag oscillstion which is dsuped as the
flight progresses. The pariod of the main oscillation is
spproximately 10 ssoonds but there is superpossd & rapid roll
oacillation of about 4° mmplitude and 1 1/4 seocond period,

The steady hunting motions illustrated in rigs. 3 and 4
sre objsctinousble only in so far as they arfect the path of
the center of grsvity of the mlssile. The unastadle motion of
7ig. 2 usually but not slways results in ocomplete failurs of
the missile and a wide miss, .

The sffect of & given hunting motion on the trajectory may
be estimated 83 follows, The error angle is equal to the ratio
of the velooity 4y/dt of ths missile transverse to the flight
path to the velocity ¥V of the missile, provided the nissile
looks along its flight path, If- this angle oscillates sinu-
#0idally with mexisun smplitude 85, the motios may be represented
by

#-ﬂnwag!'l
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b7 We formula ‘ :

Yoy + Nm*...u sin mﬂ‘-h

vhere y, i the nean valus of ¥. The maximm exoursion from
the trajectory is then D67 . For v = 400 rt/seo, % = 3% =
1/20 radiap, T = a7 Sedonds, the flight psth oscillates spproxi-
astely 20 feet. On the other band i1f ® =~ 1 ssoond, the Tligas
peth osoillstion is only 3 feet.

Thess sizple computations underestimate tha errer sinee
the actunl missile does not look securately along the flight
Poth under dynamie conditicas. This effeot is however ﬂoa.no-o
for the short period ossillations whers the arrors sre emall,

The presense of error eoignals from & homing devies wowld
S0 at first sight to remove moat of the souraes of instadilisy
aad to supplement the Serodynsnic damping forees which sre
present 1o any normal design, The Slament which introduces
Aiffiouity is the Eﬂ»'gn. lag between the presence of an
Srror angle and the Wplication of the eorrestive foraes -.l

Roments to the miseile. The lag may erise in the mechanioal
824 sleotricsl parts of the intelligance device, control system,
OF servomotor or my be iatrodused by the motion of the missiie
4n response to the ecntrols in & manner to {mtroduce errors

:.‘lgﬂﬁo!ﬂlgszﬁ»ﬂ&g;’
The physienl ﬁ»ﬂ.on.fu-a»uvgabagg! .
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be apprecisted by sonsidering the missile displaced from tde
oorreot flight path toward the targst but Leing returned to 1%
by the action of ths ocoatrols. 4s the error engle approsches
3er0, the control surface deflection 1s approseAing serc and

- shonld resch zero 8t the saws instant @ the flight path inter-
asots the target. Or if the control ‘s of the on=off type,
feversal should osour at the instant the flight path intew-

3

asots the target. 1If this oould 'osour, the asrodynsmioc dsmping
foraes would absork some of the kinetic spergy present and the
hext arossings would gosur with sussessively decressing speed :
until the missile reached squilibrium on a steady trajectery,
Bessuse of the inevitable lag present, the oontrol surface ,
remmins deflestsd in a direction to fucresse the srror angle :
\ of the mnimsile for a short time and tius fesds suargy into the
. oselllatory motion, Nquilitrium is resched at sz amplitudes of
oseillation such thas the smount of energy fed in is equal to
that absorbed by the sarodynamic daxping. IS may happen that
the squality of snergy fed in and adbsorted does not ocowr m_'

iy smplitude, in whiok case the ossillsticn builds up until
she miseile capsises.

o ik e

The smgunt of soergy fed im is directly propartionsl so the
time 1ag, 8nd t0 the overall seasitivity 1.s. to the magaitude
of the eorrecting foroes and momsits produced DY & glven error
angle, This oversll mamsitivity 1s dependent on such factors
85 the wrea of the oontrol surfasss, the spesd, sltitude, end

-0 %P0 B-B-N-3-A-1
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8%situde or the missile, the deflection or rate of deflection
of the control surfesoce for a given electricel input to the
servomschsaien, snd the seasitivity of the intelligence deviee,

The asrodynemic damping is & funotion of altitude and
airspeed as well ee of relative sreas of various parte of the
aissile and of the amplituds of oseillation.

The time lag 1n the intelligence devics is usually determined
by the amount of integration or smoothing found desirable %o
give & reascnably stesdy output signel from the intelligence
Qevies, For the rsdar homing systems used eo fer, the time
leg hee been within the rangs 0.08 to 0.25 seconda,

The time lag of the .. .:l electromechenical sarve system
is of tha order of 0,10 to 0.15 seconds, but considerebly smaller
velues can be cbtaismed by apecisl design.

Bither & time lag or 2 time sdvencs may be introduced by
the relstions between the motions of tha missile, the exis of
the intelligence devics, snd the direction of motion of the
osnter of grevity of the missile ss discussed in the outm'
on ths effect of roll on the error signals. Yor the usual
design of miesile the axis of roll liee between the longitudimel
sxis of the miesile snd the direction of motiom of its center
of gravity end ¢ time lag is introduced. Thus if & dieturbagse
rolls the missile sy for s right turn, a felss ssimuth erroe
is indleated 1in & direction to oid the turn snd amplify the
offect of the distwrbenes. Or from the point of view of lag,

~0-O0XFI-B-B-N-T-5A-ir
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Af the miseile 18 Off oourse to the lert and sorrecting to the
right, the centering or reversal of control is delayed usmtil

the missile moves off course to thy right & suffisient emoun$ so
bring the rotated reference exis on the target.

The use of automatio lead somputers to reduce errors
assooiated with wind and moving targets often laade to s 4iffismld
stebility problen as disoussed later in this report.

Auti-bunt Deviges.

Since hunting is svidence of a phase lag betwean the erroe
augle and the spplication of acrrective forces and mcmmts, the
rousdy is obviously the introduotion by soms msans of s phase
edvance whioh is greater than the lag. As the missile ocomes oa

ecourss, the oontrol amust de refuced or removed befors the srree
is sotuslly sero.

The most ooumon method of agsooaplishing this ,
‘ result is to incorporate a rate tsrm ia the saptrol, i.e. to

make the position or spesd of the ocotrol dependent ib part oa
the error and in part ou the rate of change of the errar.

A compenasting or anti-hunt eirouit oam oftsa be introduced
in the amplifier or output oireult of the istelligence devies
icsels, Ry ususlly takee the form of & suitable coddeaser-
resistanoe network which amsy be considared sither as & phass

sdvanoing dovioe for alnusoidal siguals or as intraoducing ¢ rate
oomponsat for arbitrary signsl wariation.

difrieulties often

srise with sush ® oirouit if she input signsls ars "rough®, i,s. :
flucteatiag in magnitude for & givan error angle as for exampls’

iammea i 2 e
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18 the case for radar reflections from many types of targets.
Pecsuse Of the sntihunt eirouit. the higher frequeney "roughness®
1s smplified much more then the slower variation as the missile
comes on sourse. A further charscteristic of thie snti-hunt
eirouit is thet good performence is chtained only with considere
able sttenuation of the input signal eo thst additiosal smplificatios °
is Tequired. .

The Tete term may be introduced by a gyrescopie tura
indtoator which meagures the angular rate at whieh the uissile
OOMSS On 0OuUrse, Thia method has besn found campletely sffestive
i obtaining syetsm atability. It has the dismdvantage that
winda oF moving targats reguire & stesdy rats of turn which
introfuces & aontrol aignAl. The pranense of this signsl 12
offost 1imits the maximum rate of turn snd thus ineresses the
erTors Asaceiatel with winds and moving targsts.
Zime to Qome on Gouree.

ons of the charscteristice of the cantrol system of iaterest
1a e time required for & misalle relessed wWith an initial erPer
sngle to ooms on its proper aoures. The time oan De sontrolled
to some extent by the overall seasitivity of the control system.
It has alresdy besn pointed out that increasing the oVerall
sengitivisy inoreasss the smount of eRergy fod into ths aystem
when a time lag is present. Even if the gystem is stadls, the
miselle mAy come on oourse with & damped oscilletory matioa and
the ¢emping is mmll if She sensitivity 1s too great. A TOWFA .
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Withous osoillstion oan be sesured with sultable values of She
‘eontrel paremsters. Both experience end shecry show that is 4s
ROSSSSATY 40 BEke & compronise between the stabilisy charaster-
istios snd the time to come o2 ogurss. In most sases i 18

rr - W MR

ascesesry to nake the time ¢0 coms On ecurse & matter of She .
oréer of 10 ssconds or more. - H
Rifest of Wing Quets. _
Wind gusts iutroduee disturbemees whieh exoite the naturel
modes of motion of the complete systam. The effests Dersist Lo
times wiiish depend on the pericds or time sonstants of the
Aatursl modes. and the Aissurbed motion at sy iastant depwads
on the hissory of disturbandes over compareble pest periods of {
time, Exeluding the effects of changes in speed along the X8~ ='
‘ Jeatory for which the time eonstant is very large but whieh ia
shamselves 4o aot osuse the missile to miss the targst, there
usielly exist modes for whioh the time oomstant is of the cwder
of 10 ssoconds. Hmnoe gusts in the latter part of the flight

path introdnee errors whioh can not be Wially corrected ia the
sime aveiladle, .

£V R ilp e 03"

W A,

N g

Sxperience has shown desressed dispersion in tests of homing
wisailes over witer as eonpared with Sests over land whioh is
ptobably to be attrituted to the &eerensed gustiness OVer WRMF.
In one ingtanee gvar land, a severe disturbance wes noteld fwom.
tlis sharp boundary between a hested layer of air at the ground
end & 90lA air mass aloft. Wails she desigaer of & miszaile et
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Tary she fragusnoiss of the nsturel modes of motlon through small
limits, it 1s prectically iaxpossidle to ahange their order of -
mgitude. sortunately the errors in the trajsotory deoreass

48 tha reotilinesr flight Speed incresses.

Methods of Anaizais.

The probles of the design of stable aystens has desn
Sppronabed by seversl methode of mathematios) anslysis apd by
experimente oa mechanioal, eleatromechanical, or eleotrioal
models. If eufficlent lnformstion 1e available from tests of
the component parts, the cholee of control PErSNOters to Gsmure
system stabllity san be made by any of thess Esthods of analysis.
The purely mathemstiocal methods require more or lass idealized
rmommmun-mmuormmtmuettm
system and are most ueeful for systems whose performance is
denorided by lineer diffsrentisl equatioas. The variocus methods
using aodels hevs the advantage thet scme. of She setual oom-
ponsnts cea be incorporated as part of the model, 8o that moa-
ligear sontrol mschanimes and on-off or step oontrole whoss
mthemstioal analysis is often difficult eam readily bs iaves- .
tigated,

The oontrol aystem of & homing missile cqastitutes s
olosed-ayele control systes or servomeobsnism. The ohief Aiffer-
omnumunymm-onm the paremeters of
the system are not constant dut vary through considsredle limits

during the flight of & singls missile. Mare epeaifioally the
L-0-BF-2- -T2 5
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Polrenstsrs agsco.uted with asrodynanic foroes and mOnents areg
funotions of the uwir spesd, air density, and sttitude of the
nipsile sud its control surfeces. If thess varistions are taken
into sccount, the ususl wethods of analysis of servomechanimms
mey be espplisd. These lnvolve a study of the Tegponse of she
system t0 oartain standardized conditions, the two most ussful
corditions trenslated in terms of a homing missils being a sinue-
301dsl displaceaent of tue targst at warious frsquensies cr a
sulden permmsnent displacement of 4he targst. If the system is ~
& linear one, its parformance is completsly known wben the per-
forzance under either of the ebove conditions is know.

Resders who ore intarested in the details of the mathdmatioal
procadures ere referrsd to the restristed psper by A. G. Hall
of the Servomechsnimms labaretory, lsssashusetis Institute of
Techuology, entitled "The Agslysis and Syntbesis of Linear
Servoaechaniens®, Teochnology Press, 1943. This paper deacrides
the sppliocation of the sinusolda) spelysis tO ths design of
linear servomschanimas with aontinuous control. An szemple of
analysis using suddenly applied 'u.-mmu may be found in
Restricted Technicel Hote N0A 809 of the Nationsl Advisary
Gomnittes for Aeronsutios by ¥. H. Ixlay entitled "Tha Theorstical
Yatersl Motions of an Automstically Controlled Airplans Subjestsd
%0 & Yewing Mossnt Disturbances, Robert ¥.,7ones of the same
laborstory has dsvaloped this method of atody of the sontrol
of ceraip types of misslles.

~-0-R-F-T D8Nl
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The preceding methods of mnalysis lend themgelves to @

ocomplete study of the performance of the system, inoluding not
oaly the queation of whethar the systeam is stable or mot but
¢ll gusations of the magnitude of the errors. For dstermination
of stedbllity, one may lp]';ly the method of smsll oseillations
commorly used in airplans atability problems. This sethod as
opplied to an airplens without sutomatic pilot 1s desorived in
groat detall by B, Melvill Joanes, in Division N. Vol 5 of
Durand®s Asrodypamic Theory undsr the title "Dynsalics of the
Aeroplane”. The mathod in effect determines the perioda and
denping of the naturel modes of oscilletion and the demping of
the peturel aperiodio motioms. If the damping ooostent turme
out %o be pegutive, the correaponding mode is unstebdle.

The mathonatical. methode ars in practios limited to systems
demcribed by linear differential squations and £ind soms
difficulty in the treetmeat of sctusl servo systems with friotion,

®dead” regions, and tixmes lag. For this reeson models have been
found usaful. These range in complexity from systems repre-

santing e single degres of freedom Of the missile to more ocomplete
flight tables which include the thres enguler componeats of the
notion of the "phantasmagorisa” whioh simulate one or two
components of the linsar motion. As an-sxsmple, methods of
sutomatio roll stabilization may be investigated with the satusl
S7T0 8nd servo elements bY using @ mechanioal system (damped
pentulun or damped rotor) to simulste the inertie and dsmping

~-0-0-Fi - BN % T
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of the miassile sbout its Toll axis. A system of thie t¥pe as
well as & more conplicated sleotro-mechenical model of the

longitudinel motion were used in the study of the Palican ant
Bet ocontrol eystems.

In agdition, Dr. 4. C, Ball of the Servo-
Eschenisms Laboratory, Massachusetts Institute of Technology,

daveloped a rlight table ip whioh the pitehing, yuwing, and
Trolling motions of the missile with yroper oross coupling wared
fully simulated and on which an overall teet could be mede of

the complete control system ineluding intelligencs unit, gyre-
Saopee, and sarvomechanism.

This flight table was extremely
useful in determining the best adjustments of the several,

pursmeters of the oontrol system,

\ Sxparience with these model methods &ud comperison with
h aotusl flighte of homing missiles show that the models reproduce
the angmilar motions snoountered in flight sxtTemely well.,

Desiguers of homing missiles will find that the use of this
Rethod of studying system stadility and overall performsnse will

save Mioh time 1o the development of a stadle aystem and ia
adjueting it Tor best performmnoe.

. '
it

ard

from

I the target ie moving or there is & satural wind, s flying ’ 7
miseile which alwmys heads toward the target follows & path
oD a8 & pursuit ourve or homisg ourve depending on whather
the motion 1s referred to the air or to the ground. The pursult

N
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ourve hes the obaracteristio that the radius of ourvaturs becomss
very small as the target is spprosched and becomes infinitely
Small for the ideslized ocase of 8 poiut target. The Emneuver-
bility of the missile im limited and heace the mimsile will not
bit s moving point target cr e stationary target in a oross

wind, The mmgnitude of the miss depends on the spends of the
missile, wind, and target and their relative dirsctions, om the
range, and on the mansuverability of the missile as expressed

by its minimum radius of curvature,

This problem 1o idealized form hes been studiesd by the
Ststisticel Resesrch Oroup, Diviaion of War Research, Columbis
University, under the direction of the Applied Mathematios Panel.
For convanience the effect of wind and target motion are combined
to give sn apperent terget motion of spesd v. (See Flgure 5). The
sximuth % of the lsunching position rsferred to the direction
of apparent motion of the target, the lsugching radius o }lu
ratio u of the apperent target spesd ¥, to the spesd of the
missile ¥, and the ninfpum turning redius 2 of the missile are
the quentities determining the miss for the osss of point turget.
Constent velooitles of target and missile, directics of leunching
toward the target, and missile continuing along sn osvulating .
¢irole when the minimum redius of ourvature is reached are
assumed,

The oomputed miss X 1» shows it Figure 8 in the form of
& plot of MWz, ve i for n = 0,1, 0.8, 0.3 and O.4 aud r, = 62,

’ R R o o e
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104, and 142 . The essentisl points to notice are (1) that tiae
saximum miss varies but little with launching radius; (2) that
the maximun miss is approximately egual to uzg.n? asd (3) that
the miss beoomes very small for & between 140° and 180°. The
obly factors within the control of the designer of the miasile
are the speed of the missile and its mintmum turning radius.
The speed ratioc should be 68 small As possible and the minimum
turning radius as small as possidle to minimize pursuit surve
errors. The user of the niasils may reduce the srror by making
hia attaok on a course such that ¢, is approximstely 145°., In
the case of ship targets this course gives a good sompromise
between the magnitude of the error and the projected length of
the ship whioh determines ths permissidle error which atild
yields = hit.
Computers.

The essential feature of the pursuit ocurve is that the
missile moves along & path which makes an sngle ten~! IET‘%_.“T
with the line jJoining the missile and target. JIf the axis of

the intelligence device ware rotated with respect to the longi-
tudioel axis of the missile by this smount in the opposite
direstion to the apparent target motion, the path with respsot

to axes £ixed 1n the target would ds straight apd the missile
would travel on & "oollision® course. If the user of the missile

nas the DecsSsary data to compute n end 4, , and the means of
offsetting the axis of the intelligence device by the computed

e EE E X WK
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amount and if the varistiona of n and ¢ may de negleated, the

pursuit curve errar may be eliminated,
It is in theory possible to deaign & computer whish auto-
metiocslly offsete the axis of the intelligence dsvice By the Pe=
quired amount. The simplest echeme in theary is to equip the
intelligenae device with a separate servo system which always
keeps the axis af the devios aentered on the target. If the
nissile flies & colllelon course the bearing of the target will
remain constent and hence the angular velooity of the intelligence
device will be gero. I the goatrole ara ¢0 arranged that the
miesile ie guided to maks the angular velooity zurd, the sourse
followed ahould bde the deaired colliasion Soures. In practice a
high preecision is reguired aince the rate of change of baaring
for a mmall offset is very small at long ranges. Yuwrthermore
the misgile is subjeot to numerous disturbances of attitude and
it appesra that an acourate linsar integreting angular veloaeisy :
meter would be raquired, It 1s not known whether the scheme
wonld work o not; it has not yet been tried oo @ misaile.
Another possibility which amounts to integrating the angular
velooity 1s to datermine the angular displacament of the axis of
the miusile after a certain time or digtance by mesne of & frse
gyro which maintaine 8 fized direction in apsca. A kuowladge
of the angular displacement and tha rangs at the beginning and
end of the displacement permits & computstion of the desired -
offest. This computetion aleo Assines & constant valus of &

oty e B A -
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throughout the flight.

3till another possidility is a continucualy integrating
angular velooity meter whioh continuously sets in the appropriate
offset. .

JStudy shows that the roughest sort of carreotion reduces
the pursuit curve rrors Acven though & true collision courss is
not obtaipned. Hence it is worthwhile to ezperiment with the
simplest conoeivable computers, for example those dependent
merely on the relative frequency and length of error signels ia
the two opposite directions.

The ochief bar to the genersl use of oomputers liss in their
effect on system stability -nd in faaot the automatio devioes

desoribed oan not be used daguuse they produce excessive bunting.
The oomputer essentislly puts in & lead on a moving target. If

the missile as & result of a disturbence rotates to ihoreass the
lsed, the anguler welocity developed acts to increase the lesd
still further and thus builds up an oscillation of increasing
amplitude. 7The computer can not distinguish betwean angular
velooity arising from disturbagoes snd angular velooity caused
by the missile following e pursuit curve. An automatio lead
computer is an inherently destadilising device.

The two methods of s0lving the stability problam are (1)
to foed in only a fragtion of the correct lsad angle or (2) to
introduse & time oonstent in the integration proocess whioh is
long compared to ths anatural periods of oasillation of the
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boming misaile. In the first cess the permissidle fraction is
depsndent on the stability reassrve of the ommplete systex of
intelligeace devioe, mervocontrol, &nd missile. In the second
oase ths time constant must be of the arder of at least 20 or
30 seconds for missiles exhiditing natural periods of the arder
of 1 to B sedonds.

The computer problem is susceptidle of msthemationl enalysis
for sny specifie missile and control system, and is not too
d1ffionlt if =ll elements of the systam are linear. Actual
experience with computers on & homing missile is not yet &vailsble.

VII. Bore Sight Rrrors.

If the axis of the intelligence device d0es not colncide
with the Airection of motion of the canter of gravity of the
aissile, there arises aa error which nay be termed the bore sight
orror. Let us confine our attention to the cese whare the
intelligence dsvice is not equipped with a computer or other
mesas of introducing an offset sngle, 1.0, the axis is fixed
with respeot to the missile. The missile then fliss at & fized
angle to the line joiming missile and target and hence follows
& logaritimio spirsl whose equation in polar coordinetes is
rF A t.‘ﬁ' where A and 4 are the ococordinates of the release
point and ¢ is the bore sight error. As the missile spprosches
ths tergat the radius of curvature decreases and finally becomes
Squal to snd would be less than that whioch the missile oan follow,
The redius of ourvature of the path is equal to//tang or Af ¢

DECLASSIFIED IN FULL

Authority: EO 13526

Chief, Records & Declass Div, WHS
1 201

Date: MAR




.

-6~ -0 N-P DI N-T-2-A-Er

is mall tos/e . Thus If £ 1s the minimus redius of turn of

the missile, this value is resched st a walus of 2 equal

toA.s . This valuo of the raugs to the target at whioch the redius
of turn besomes A, will be designated Ry. I it is sssumed

that the missile continuea to travel in a oircular path of

readius A, , the miss ia readily computed to be 1/2A +*. For if
the path were straight the miss would be R.¢ =/ ¢"and the ciroular
path produces s corvection 1/2/¢" leaving a residual mias of

/2 Ae"." Tor A, = 10,000 foet, ¢ .= 1°, Ry = 187 foat end the
miss 18 only 1.4 feet. The miss inoresses as the aquare of the
bore sight error.

Bore sight errors arise from meny sources in addition to the
obvicus ons of inasauracy of coustruction of the wahicle mnd of
the mounting braokets of the intelligence device. Both mechanisel
apd elsotrical imperfeotions of the intelligence devios may give
rise to b&o sight error. Thus in & rader boming davice the
electrioal axis of the sptenna aystem mAy not coinoide with the
geometrical axis bescause of unsymnetriosl distribution of
dielectrio or conducting saterial near the sntesns. The outpus
oirouits mey be unbalenced such that the output 1s not serc when
the target is on the axis of the antenns. The servo sontrol
systex may contain slements which ere not balanced when the in-
put signal is zero; for exsmple, the plok-off of & rate gyrosoops
may be displuced from the correct mero position. Errors from
these and similar csuses may be controlled by careful inspection
tests of the individusl companents and sn overall cheok of an

-~ T DB NT-TA34 7
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117 be made.. . The 'rsrorenoe axis of
od with Tespect. to. the. target uatil
tpu! iq Zero. in whieb. uu the. Ansular Ais-

or of spayiﬁjvor the .vehiole in fres, rngut.' In feot

mur”-r or m ooour .tn the noriaontal plane when

;gdmmana:almtor ‘oontrol ere used. JFor in this case the
rolling noment, dus to any lack of sjmetry.cf the missile about
its 3.01151#;1@11:&1 axie must be balanced by -application of rudder

to m the missile which then flies st an engle to ,i.ta iongi-
tuunnl uxiu.

_ Tvo methods have been used. to Toduce bore sight erroras from
aeroamamio oenses, The firat and most setisfactory.is to ‘
de-i.gn ;sho niuue 80, that the change 1n attitude with application
ot uonerol 15 oB. mn ag yossible. . _'r;j._g, requires aileron.
alqu&ar___egg;gq; rather than rudder-slevator control, so far
as thc horizontal motions ere concexrned.

In the vertical plane

4

Y

’
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the awrodynanic dssign should be such that the lateral foroes
are modified without change in attitude. One method ie to use
flaps on the trailing edges of the wings to ohsnge the 11rt and
to balance the pitohing mosients ac produceu by pitehing moments
from the tsil arising from changes %o the downwead angle. This
esn be done Dy proper ohoice of tail size apd locstion snd of
center of gravity location of the missile.

The second method whiech has Desn ussd to reduce baresight
errors from angle of attack changes 13 to mount the intelligense
device on trunnions snd couple it to the controls in such a
manner that the reference axie of the neouisno; devies is
rotated to compensate for changes in angls of attack, This ocom-
pensation can be made perfectly for steady fiight conditions
but there are residusl errors under dynamio oomditions. 1In
addition a etabllity problem srises 8¢ in the oase of computers
ond ususlly only a pertial  campensation can be mads if hunting
troubles are to be awided., In eotts inetances euch s coupling
of intelligence device to sontrols has been used as & msans of
demping 8o previcusly disoussed. In much & case the dore sight
‘error is not ocompletely slimimkted. '

A finsl source of bore sight wrror is the inevitsbdle ine
soourecy of construoction of the vahiiole itsslf s regards its
external ehaps. ‘The axis of Sero moment i.e, the direoction of
travel will vary somewhat from one missile to another of the

sams intended shape. Such srrors oan be measured in a suitable
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wind tunnel but only with great sxpenditure of time and the re-
quirementa for unifornity of flow in the wind tunnal are diffioult
to mest. 1In the oase of Peliosz and Bet miasilea, arrors of
about 0.8° were fcund frocm this source. -

With sufficient cere snd nsgleoting aotual squipmsant fallures
it should he possible to ksep the bore sight error to the order
of magnitude of 1°,

The preceding discussion of pursuit curves and bors sight
errors has assuned certein 1deal characteristios of the intelligsnce
Gevias, The faots that thw intalligenos device must look sway
from the target to produce srror signals and that it hes a oertain
lag have bsen neglected.

Let uas consider first en intelligence devios without lag
which gives an output sigpal proportionsl to the error angle up
to e oertaln angle 6 and which gives & constant output for
angles greater than ¢, « The maximum output signal gives the
ARinimun radius of gurvaturs of the path 2 . For any error
angle ¢ mmller than ¥ it wil) be assumed that the redfus of
curveture 4 1s glven by £ jg = .‘-;,5..; 1.9, the redius of ourwature
is infinits fa & = O, If then the discussion of the pursuit
ourve is resxaminad, it 1s sean that the axis of the intelligence
device must point awmy from the targst by an angle ¢ when the
redius of ourvature is 22 .

An exmot solution of this problem is 4iffiocult snd has not

-0 5-3-2-B-0-0-B-FdE
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besn osrried cut. We bave slready seen that the pursuit curve
error is entirely analogous to a bore sight srror of megnitude
tanl g '1:° = WieTe 1 1s the Tetic of the epparent target
opsed to the spesd of the misaile and 4 1is the azimuth of the
Mlasile referred to the dirsction of sppereat motion of the target.
This equiveleat bore sight error varies during the flight of
the missile along & pursuit ourve becsuse f), veries snd the
eompliostion of pursuit eurve saloulations is the deterninstioa
of 4 as a function of the ipitisl asimuth, initial range, snd
o, X% will be instructive howsver to conmider the simpler .
probleas of the effest of the valus of € on the miss arisipg
fros & constant bore sight error ¢ .

This problen hes bsen worked out by Dr. Skramstad(unpublished)
for the case where ¢ ' is smell, the latersl displeacement y of
the missile from a line joining the release point to the final
target position is spall comparsd to the initial range x, - X,
aad the slope of the trajsetory §f o the same line is mal)
Gompered to 1. The differentisl eguation is found to be

-G 2% - deful- 00

The solution of this differential equation was found to be

¥ =fizg-x)[108 25 %’“—'ﬁ-} ¢
- 4 -e-aos[,‘-ﬁ - %&_’]
&5
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o= W
where '(x,.’-O}Q.?O%Oo.o. i

For prestiocdl values of Ig A, » , and ¢athe ssooad term in the Ty
prackets is eatirely megligidle. I at & Tengs X, - X = By e ,
missile is umufnwudnhdmiua. the mios M

1s given by , .
Ny B PR -8 %

Wasnos s
NPT RYPRRRVE 3

mmn‘ndndrar..orn of, is oqesl SO A S ’

e ¢

o —
EPeRv R

.u“ i- ---L--T ‘ '

Hencs the nles is given by
K =kt + /3R
IF we sspume % v Iy we obtaln the following veluse:

PR oN e il

¢ % . {

<08 <0048 _ ! i

.10 L0117 {
: ) .8 .O0m3
‘ 50 0333

«38 «0480
n--:fmatm-unotr-.umut-o. ™us 1if
mmnnmm--.omuumummu.nm
is 3eT0, muumnnlﬂtdmluﬁwdﬁt
intelligance devies.. When ¢ is not sero, the effect of < 18
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t0 give an error term proportional %0 ¢ Whereas the miss due tg
bore sight error ealone 1is proporticnfl to ¢~. Henos the affect
o't ¥u predominstes at small valuss of ¢ .

It 1s possible %0 use the formnlae previcusly given to
oompute the pursuit curve errors dy means of an equivalent bore-
alght error. For the sximuth angls $ of the miasile referred
to the direstion of the appsreat of the target changes from
#t0éoh-4f. Introsucing sbe value of §I 1a the expressioa
for eguivalent bore sight error, thers is obdtained

-¢ ¢ ¢lo +
¢ ‘:'fi.:u-.*fﬁ%.:ﬁz::
This transcendental equation osn be solved far ¢ as & funetion
of o » bend Xt Snd with the expreesion for M in teras of A,
LA mftﬁ.vnlm.or*ulmuuocﬁ..*.l. and
X0/, oan bs found. The acourecy ia not very good when [é-h)
sxcssds about 0.3, .

Since largs pureuit ourve errors acrrespond to large valses
of ¢ , the term in & 1s the smaller but for& = Jy corresponts
t0 increasing the misgs by 50 $o 100 paroent.

The effect of & tine lag 7 1in the intelligence devioce may
be sstimsted in & qualitative way by eonsidering this effect also
as an squivalent bore sight error. The exTor signel estuslly
presant at & rangs R is that appropriate to & rangs R + V7 wiere,
¥ 16 the speed of the misaile. This mey De regarded as &us to
sa error sngle at range R 4iffering from that astuslly presead

LRI
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nummua-muen1moummm1umm
12 2o error Gngle detwesa R + V7 end R. Thie ie resiily seea :
% be !
racth - b * S ‘

mmmumcmnmmutucfoﬁ‘ﬂ&].
_ %he Tenge at Wiled £ =/ is then given by ' |

e -nefi o S

i oo de solved for Ry' ead introdused in the equation
Jrevicusly given t0 fiad the 0orrected miss. For most sases in : ,
prastics the total equivaleat bore sight error may be approxi-

i wtet by
f(lof*) 1
e magaitule of the sdditional errer is not large. ' 1
If the intelligence devioce overlosds as the targst ie ‘
‘approsched, the direstiocnsl informatios.may dissppear completely
oF the error eignile may even be Faversed in sigs, JFurshermore
sertain types, such as redar, have a ninimum renge within whish
Ro efror signals aresgiven. If the minimum range le Ry, the
missile in this sase sontinussd in s straight line and the mis»
P 10 giwen by ) s

Ney et - iy ag)
It for dxmmple B, = 5000 foot as was fousd in one design of

e a2 o0 = o o

MR Ny R O B R,
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intelligence devics, /A = 10,000 fest, 4.~ Iy and ¢ = Sy the
Bise 1s 69 feet. If Ry 18 reduced to 200 feet the miss 1s 30 feed
of whioh 7 feet is associsted with the minfsum range Snd 3% feet
with the radar sensitivity % .

Ix. gtrength problems of Homing Kinsiles,
The structural design of a missile is in most respectis

antirely analagous to that of an aircraft. It 1s desired Mare
only to osll sttention to two aesign oonditions peculiar to
alssiles.

For rooket o jet propelled miasiles 1t is often inefrficient
to design tue power plant of sufriociant size to inolude the
take-off condition. It 43 batter to use assisted take-off by
neans of a oatapult or by speoisl launshing roukets. In Germed
expsrience with anti-sireraft and long range nisailes, scoeler-
ations from £ to 16g have besn used in lsunching. The uiswile
struoture must be fdesigned to withstand the inertis loads produced,
and s0 mist sll of the parts of the intelligencs davice snd
control system. .

The seoond design oondition poouliar to missiles is that
of full control spplicaticn at maximwa speed. Beoauss of the
bore sight srror vhich msy be presant, tha intelligense deviee
will osll for the maximum rats of corresstion. The niseile mst
be able to withstapd the loads sc produded or sons asutommtio
device must be used to limit the sccelarstion shich way e
imposed.
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Z. Jaupching Problams of Jioming Kissllss.
Soms discussion haa Desn given of lsunching problems ia

ths discuseion of the ralation detwesn the fileld of view and
ths paruiseible motions of the missils. Ths targst mst oome
wishin the field of view snd remmin there. A sighting dsvies or
oomputer may be reguired for dstermination of the proper relesse
time,

A special problem ensountered in the releass of miseiles
from aireraft is that of avoiding manexvers which caues contest
betwesn nissile apd airoraft after relesss. IS appears
essential to kesp ths homing deviee discoansstsd from the 00B-
trols until the missile is 2t & safs distance from the airereft.
The cholse of &ir apesd and attituds at releass oan be mads
after the study of computed trajsotoriss confirmed by experi-
nsutal teats, In geaeral the air speed must ba lower then the
horisontal flight epeed of the miasils, the emount by whioh it
should be lowsr depending sowewbet on the drag-weight ratio of
ths missils. In some cases interferenss sffects between the
nissile snd the sirersft may csuse sn unfavorable trejectory.

_ Howewar no sush effects have Dees snccustered for missilss of
high wing losding.
XI. Qomolneigg.
Amymmuvuaf'mupmdml-up'ut

homing missiles for flight through air, primsrily to placs oft
mmspﬂnuomuummdyd'mnﬂ'
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Fig. 3 Dpirectioam: Seus1tivity of sateans of Policer reser reseiver,
Fig. 2 Unatanie oscillation of homing aiseile,
g 3 Undsmped osoilletion of homing miasile,
g, 4 Dauped osailiation of homing minaile, :
Pig. & Diagran of leunching variables determining pursuis
Wrve errore.
Fo d&istance to targst at lwunohing
&, asimuth of lsunohing position referred to
* direstion of apparent motion or target.
¥ Spperent spesd of targes, resultant of wing
sffedt and target motion,
g, ¢ poreuit SUrve errors dus to otfeots of wing, targat motion,
and 11mited Baneuverability of misails.
Tp Aiatange to target ot launching.
" & aximmty o leunching posttion Teferres to
‘ airection of apparent motion of targes,
¥ epperent apeed of Sarget, resultest of
Sffeot end targes motion, . '
peed of atasile,
Spesd ratic v/y,
sinimm redius of eurveture whick nissile
oan ba ;e to £ly, '
Riss referred %o poiat target.
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