
LT7 *n— ~ o~.i 036 ARMY MISSILE RESEARCH AND DEVVLOPMEN? COMMAND REDSTO—ETC F/s 1/3AEROBA LLISTIC STUDY OF AN ATTACK MIPII—Rpv .(u)
fl. 77 ft B POWELL. D W HOLDER. ft C DICKSON

UNCLASSI FIED DROMI TD. 77 16

_

~~~

fl! 
_ _

_ __I

HOE ~iiflU~ I.
A



~_I ____ 8

I 25 ~~~ 6



TECHNICAL REPORT TD—77— 16

AEROBALLISTIC STUDY OF AN ATTACK
MINI •R PV

U.S. ARfflY
missilE
R E SE A R( H Aeroba llist ic Directorate

Technology Laboratory

AflD
DEVELO P~~EflT
omm~n~ 13 July 1977

Ap~~oved for public release; distribution unlimited

C..~~dstone Arsenal , Alabama 35809 

~~~ lTD

~~
Ls
~
[
~

UU 1
~B

OMI FOF~4 1000 1 APR 77



DISPOSIT ION INSTRUCTIONS

DESTROY THIS REPORT WHEN II IS NO LONGER NEEDED. DO NOT
RETURN IT TO THE ORIGINATOR.

DISCLAIMER

THE FINDINGS IN THIS REPORT ARE NOT TO BE CONSTRUED AS AN
OFFICIAL DEPARTMENT OF THE ARMY POSITION UNLESS SO DESIG-
NATED BY OTHER AUTHORIZED DOCUMENTS.

I

TRADE NAMES

USE OF TRA DE NAMES OR MANUFACTURERS IN THIS REPORT DOES
NOT CONSTITUTE AN OFFICIAL INDORSEMENT OR APPROVAL OF
THE USE OF SUCH COMMERCIAL HARDWARE OR SOFTWARE.



UNCLASSIFIED
SECURITY CLASSIF ICATION OF THIS PAGE 11Th.., 0.1. lO,,.,.d)

0ED,
~~

1. F f9 IAa~~~~I1~ A FIflLI O A( E  READ INSTRUCT IONS
I”. U~JI’~~I J’...UBIL~I’I I D~~ll~JII “ BEFORE CO MPLETIN G FORM

I REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT S CATALOG NUMBER

TD-77—16 ________________________________

~ TITL E ( i d  £,.beltJ.) - - 
5. TYPE OF REPORT & PERIOD COVERED

/

“AEROBALLISTIC STUDY OF AN ATTACK - 
Technical Rep.,t

MTM~R PV” ~
“ ~~~~~~~~~ S.~ P EORWNG ORG. REP~~RT NUMBER

- 
. ‘TD—77—16

— 
*~ t’c,w v.,ltl ”OR GRANT NUMBER(.)

Hex B. Powell , Donal d W. 1lolder ,.~~~~ _-

~Richard E. Dickson
B. PERFORMING ORGANIZATION NAM E A~çD ADDRESS 10 PROGRAM ELEMENT , PROJECT . TASK

Commande r .1 -‘ fREA ~~~ ID~~~~~ N4~-.4$I *MBE R S

US Arm y Missile Command DAli L3623O3A214

Redstone Arsenal , Alabam a 35809 
- 

AM~~~~~~ o 632303. 2140511
ii . CONTROLLING OFFICE NAME AND ADDRESS IS. BEPOPT GAT E

Commander
US Arm y Missile Command -. .~ U -

Attn : DRDMI-TI 1~~~ WUVB OF F1&GE S

Redston e Arsena1. Alabama 35809 81 -
3 4. MONITORING AGENCY NAME B AOORESS(SI dl fl.,.,, t (~0o~ Controlfln 4 0mb.) IS. SECURITY d’LAS~~ (or mt. ~~~~~ — -

UNCLASSIFIED
IS.. DECLASSIFICATION/OOWNGRADING

SCH EDu L S

IS. DISTRIB UTION STATEMENT (of hi. R.port)

Approved for public release; distribution unl imited.

17 DISTRIBuTION STATEMENT (of U,. .b.ftac S .nf.r.d In Block 20 , it dltf.r..,I tro., R.po r f )

IS. SUPPLE MENTARY NOTES

~~1
l

IS. KEY WORDS (Ca,iflnu ..., ,.c.. .. .Id.~ it n.c...ay .~d ld.ntity by block nwrb.,)

Remotely piloted vehicle Man modeling
Electrooptical simulation system Man! machine s imulat ion
Target hit probability

3&. ABSTRACT (C~~~~.. ..v~~~~ ~~~ N n~~~..S y  Sdsr.Iltp’ by block n. ,b.~)

• ‘.~~~
_— ‘ This report presents the results of an ae roballistic study of an attack mini-RPV .

The work was performed by the Aeroballistics Directorate during the period from
January 1972 to January 1976. 

-

DO FO il 1473 EDITION OF I NOV Sb IS OBSOLE TE UNC LASSIFIED
SECURITY CLAW P~CA TIOB OF THIS PAGE (~~ sn GM. Fnl.’ d)



CONTENTS

Page

I. SYSTEM CONSIDERATIONS 

II. SYSTEM SIMULATION 25

Ill. SIMU LATION RESULTS 48

IV. SIMULATION VALIDATION AND FLIGHT TESTS 57

V. COMPUTER SIMULATION OF HUMA N PERFORMANC E
IN CONTROLLING AN ATTACK RPV 63

REFERENCES 76

S fl L~~~

- ;i_ ~ ;‘, . .i. _ _  

I’

1 

___  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
.4 

~~~~~~~~~~~~~~~~~ ——— — -.,.,~~- — . . - — — ~
- 

~
—. — - - . — — — — - _______ ._ —~~~~.

,——- ——
~~~_



FOREWORD

The contents of this report constitute the lecture notes prepared for the
Von Karman Institute for Fluid Dynamics lecture series “Remotel y Piloted
Vehicles — Aerodynamics and Related Topics , ” 23-27 May 1977. The lectu re
entitled “Feasibility Study of a Mini-RPV for Attack” was presented by
Mr. Rex B. Powell on 26 May 1977 at the Von Karman Institute. Copies of these
notes were supplied by Von Karman Institute to the lecture attendees. The
work leading to this report was conducted by the Aeroballistics Directorate .
Technology Laboratory, US Army Missile Research and Development Command,
during the period from January 1972 to January 1976. This work covered , in
detail , many aspects and subsystems of an attack remotely piloted vehicle sys-
tem ; however , only those item s related to aeroballistics are including for pur-
poses of this report.
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I. SYSTEM CONSIDERATIONS

A. Introduction

In the United States , the A rmy ’ s use of remote piloted vehi-
cles (RPV’ s) began in the mid—50 ’ s with the development of a series of vehicles
fo r battlef ield surveillance and target acquisition. These vehicles were designed
primaril y to support the tactical missiles in and planned for field use . For
various reasons , this series of RPV’ s was not extremel y successful . The first
and onl y fielded RPV of the series had significant flig ht control and maintenance
p roblems and imposed unnecessary burdens on the field commanders. The
second RPV of the series was designed to circumvent the problems of the sys-
tem while the third and fourth systems of the series were aimed at increased
capability . The requirement changes and improvements attempted during the
development phase caused excessive cost growth and in the late—6 0’ s all pro-
grams were terminated.

These efforts toward utilization of RPV ’ s were rather disappointing to
the research and development ( R &  D) community and to the field commanders
who still needed a reliable surveillance and target acquisition capability.
Several important lessons were learned from these programs which are valid
in beginning any RPV program. These are:

i ) Requirements must be realistic with respect to the needs as well
as the technology available to satisfy them .

2 ) Demonstrations to show the feasibi lity of technical solutions and
also allow for user feedback should precede full—scale engineerin g developments.

3) Adequate level of funding must be programmed ; and once a develop-
ment is started , it should not be continuousl y modifie d to avoid cost and sched-
ule overruns.

4 ) E ase of ope rat ion by the tr oops and m i n i mu m  ma intenance bu rden
are essential .

Today, after a period of inactivity in this field , several thin gs have
changed from these early beginnings . The operational needs for reconnais-
sance , surveillance , and target-acquisition systems are even more acute ,
since there is a need to com plement the progress made In the mob il i ty and
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fi repowe r of our forces .  Requ i r em en t s  for survivabi l i t y  in a modern air—
defen se e n v i r o n m e n t  and constraints  on cost make large , expensive system s
unre al is t ic  for tacti cal Arm y app l ica t ions .  And a new generation of technology ,
exemplifi ed hy the r ecent program s in m i n i — U P V ’  s is exci t ing a new generation
of the Arm s” s user/ developer team wi th  potential applications and technolog-
ical solu tions not feasible in the past.

Probably the most signif icant  impetus to recent Arm y H PV use came
from the technological solution s which allowed a substantial reduction in RPV
size and weig ht. With th is  rea l ization , a review of possible R PV applic ation s
to Army missions lead to the identif ication of the following key applications:

1) Su rveillance and designation — Anticipating that in potential future
conflic ts the forward observer , airbo rne or on the ground , wil l  be qui te vulner-
able , and realizing a need for better target—acquisition support for the present
fi repowe r elements and future laser—guided weapons , the review recommended
as the p r i m a ry  mission application an RPV Designator System . This RPV
would perform surveillance and target—acquisition missions within the range of
convention al ar t i l lery and he able to adjust fire or laser designate for semi-
act iv e laser—guided weapons. Such an RPV would clea rly have to possess
three key f eatures to make it attractive in thi s role:

a) Survivable  in a hostile air—defense environment .

I) ) Inexpensive.

c ) Easily operable by fo rward troop elements.

2) Over—the—hil l  sur veillance — The field commander continually
expresses desire to ho able to see over—the-hill , even if he is not able to
accu rately establish a target location . Such a system is of interest onl if it
is ver y  cheap and easy to operate and reliable.

3) Electron Ic warfare — Expendable ja mmer.

-i ) Attack HPV — The concept of this RPV is to provide an integrated
target acquisition/ strike capability by using the on—board sensor information
for terminal guidance either throug h manual or automatic control and by
car ry ing  a warhead as part of the useful payload. Such a weapon would have
extended point target capability and immediate target damage assessment.

Key features for such an HPV are essentiall y the same as those required
for the surveillance RPV , except , recovery is not required.

4
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The characterist ics of all the previously mentioned concepts appeared to
be best achieved b~ the m l n i — RPV . This can be seen not only from the fact that
sm all HPV ’ s would present smaller vulnerab le areas and low observable signa-
tures , but also by the fact that they could be handled by troops without elaborate
suppo rt equipment.  There also seem s to be a rule of thum b which states that ,
afte r R & D  has taken place, vehicles of a g iven  class tend to cost a given amount
of dolla rs per pound.

Wi th this  combined surveil lance/ strike miss ion  in m ind , work began to
establish the feasibi l i t y , capabili ties , and li mitation s of such a device. If
given complete freedom , a feasibility program would be designed to:

a) Dete rmine the effectiveness of a small R PV to locate and damage
tactical mil i tary targets.

h ) Define technological problem areas which eithe r prevent concept
imple mentation or require additional work for satisfactory solutior ~.

c ) Determine characteristics and impact of the aerodynamic perform-
ance parameters on comm and , con tr ol , and mission accomplishmen t.

d ) Provide unit  for user testing to form a basis for his evaluation and
feedback for design improvement.

In this case , such a com prehensive p rogram was not unde rtaken hut  was
limi ted to establishment of prel iminary design parameters and investigation
of the two recognized significant technical problems of data l inks  and terminal
perfo rmance with manual tracking.

B. Basic Concept

The basic concept of the attack RPV studied here is shown in
Figure 1. The vehicle is launched from a gound based site and flies a mid-
course trajectory to the target area. Flight during this period is either under
manual or automatic control. In either case, the ground station must track
the vehicle and provide position and velocity information. Additionally,  a
telemetry link provides video data and flight statu s info rmation , including
vehicle heading and altitude. The video data are used to provide a target scene
to the operator for target acquisition and target homing afte r target selection
is made .

5
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A number of technical  problem s are immediatel y obvious. The firs t is
that such a concept requires a near continuous up and down l ink  to insure a
success. This is a d i f f icu l t  requirement when one considers all possible
disruption s of the l ine—of—sig h t ( LOS) and bandwidth requirements. An exten-
sive study was made of the alternatives available for solution to this  problem ,
and several offered a reasonable degree of success. This problem will not he
disc ussed he re .

From the onset of this  study, cost was a major factor. If the concept
was  to have meri t , it must he less expensive than competitive concepts; there-
fo re, the m ajor thrust  was toward the use of unstabilized imaging sensor
for both target acquisition and terminal homing. The unstabi lized sensor
magnif ies  the problem s of interaction of the airfram e, oper ator perform ance ,
and ground display. Thi s i s the terminal horning problem treated here , both
from an analytical and experimental approach , wi th an effor t made to cor rel ate
the resul ts.

C . Mini-Attack RPV Cost Effectiveness Considerations

Befo re a weapon system candidate can he selected to fulfil l
a mi l i tary role , a comparative effectiveness of alternative means of meeting
the  requi rement should he conducted , and the cost of developing, producing,
and ope rating the system should also be considered. These cost effectiveness
studies should demonstrate a reasonable chance of providing an advance in
ope rational capabi l i t y  at an acceptable cost before development of a system .
When compa red wi th  othe r weapon candidates , the selected system should show
a lowe r cost per target  ki l l .  Weapon sy stem life cycle costs involve detailed
ana lysis liv experts wh i ch  use ~ ell documented methodology and will not be
discussed here in .  S~ stem effect iveness parameters unique to the RPV concept
wil l  be considered.

System effectiveness is a measu re of the k~~ree to which  the equipment
app roaches its inheren t  capa b i l i t y  and achieves ease of m a i n t e n a n ( e , operation ,
and re l iab i l i t y .  1-or pu rposes of t h i s  lecture , ~v s t en  e f f c ( - I iv enes s  wil l  be
d e f i n e d  as shown in Figure 2. From this fi~ ur ~- one can easily (lete rm inc

u s i n g  the values g ive n  in the lower r ight  ti ai~ ] ea rner  of each block) the maj or
dete rminant s of system ef fec t iveness .  Thes - ~ . ~

-
~~

- ind icated hy the heavy (lark
b locks. In the remainder of the lecture the value of each block is discu ssed ,
but I r i r n a r v  emp hasis will  l)e placed on th ’~ I’ t.~ nn inat i ons  of the pr o l) abul i t\
of hi t.
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- s i gn  afl (I fl~~~WJ f a c t u r in g  t echn ique s  strong ly  i n f l uence  hi g h ava i l  aid l i t ’ .
( w h i c h  o l t en  is greater than  ~) -~~ i o n  sonic  weapon . svs Ie i i i s )  . I l ic  RP\  a v a i l —
a l ) i l  i t ~ , which  includes  both l a u n c h  and f l i g h t  rd ia i ) i l  i t  v , should he coli pa r ab le
t o iithe I’ \\ capon candidates s ince iden t ica l  technolog y and es ign  t ech ni  iques
would I ie Ut il izecl in i ts  o l eve l  , pni i  t n t  and n i anu  factu re.

The pa rarneters w h i c h  i n f l u e n c e  the t i ack RPV er fo rn ian c e  inc lude :

1 ) The p ro b ab i l i t y  a a get acq in i  s it i on

2) Pro b ab i l i ty  of a hit af ter  target acquis i t ion .

g ) Proba b il i ty of ki l l  g i v e n  a hi t .

Ta i~~c ’t a cqu i s i tion for the a t t a c k  U PV is somewhat  com plicated since t o n  p i lo t
m u s t  not only con t ro l  the vehicle  but. al so in l o s t  a - t as an ol se ry e r.

‘la  rget acquis i t ion can be de l in ed  s if lh )! ‘ as the task of f i n d i n g  a known
ob jec t in a ( OT11 I) lex I i e l d  in a short t ime .  The task can lie def ined in more
detail as l ev e l s  of d i s c r i m i n a t i o n  as lol l ( ~~~ ~

I )  l) c t e c t h n , k n o w i n g  an obj ect  is Pr es( n l t .

2 )  Orientation , Loio w i  og the object ’  S genera l  shape and or ien ta t i on

3) Ik co gn it ion , knowin g the class on ’ type such as t ruck , house , et c .

-I Ident i f ica t i on , the objec t  can he d e f in e d  to  t ot ’ l i m i t  ~i the oh st i’ve i ’

knowledg e .

For I V  systems such as the one under  cool sidera t ion  In - c , t h e  l low in g  l i s t i n g
t l t t i 0 ( 5  the (Ii scr in -n in i a t i o n  facto r , or ta n - get r esolut ion , redlu i red for the  di s—
en ni inat lon 1 evel s p i cy  i on s ly  mentione d .

(I
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Resolution Lines
(TV Lines)  Min imum Object

I)isc rirn ination Level Required Dimension

Detection 2 .0  4- 1.0
— 0 . 5

Orientation 2. 8 4-0. 8
—0. -I

Recognition 8. 0 + 1. 6
—0.1

Identification 12. 8 +3 . 2
—2. 8

Once a disc rimination level for pilot action is established , the pro b ab i l i ty
of ta rget acquisi tion can be stated as the product of the probability, P~ , that a

target is in the camera field-of-view ’ ( FOV) and the probability , P2 , th at an

adequate disc rimination level is attained given a target is in the FOV. For a
system such as the one under consideration here , P1 is primari l y influenced by

F’OV , al titude , and target location info rmation . As a basis for discussion ,

assume a target array of 10 targets randoml y spaced in a 2 km 2 
area . Furthe r

assume that the FOV is +1 0 0 and the vehicle is flying at an altitude of 450 m.
In this  si tuation , the probability , P

1. that a target will enter the FOV is 0.92.

Of course , P1 will vary depending on the parameters identified earlier; how—

ever , it can be reasonably assumed that steps can be taken to assure that
0. 9. This being the case , the probability of adequate target discrimina-

tion is the most important.

A conside rable amount of work has been clone in an effort to establish
anal ytic al model s to describe the human observer’ s perfo rmance in term s of
ta rget acquisition j 1 j .  Basically, the task can be considered to consist of
three dist inct  steps.

10
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i)  Deliberate search over a fairl y well—defined a rea (TV screen).

2 ) Detection of contrast.

3) Recognition of shapes outlined by contrast contours.

l” or readily detectable targets ( i .  e . ,  good contrast , sufficient resolu tion),  the
pt ’obabi l i t v  of target detection is a function of target presented area , a rea
search rate , and scene congestion and is stated mathematicall y as

P = 1 - e~ 
700 at ,’ GA )

where

2
at = target presen ted area ( m )

A = area search rate (rn 2
/ see)

G = scene congestion factor ( possible targets per 100 x at) .

Using the target array presented earlier , 
~D 0.75 (i t  should be noted that

this value has been verified experimentall y ) .  The corresponding value for
iden tification would be approximatel y 0. 65. There fore , fo r a typical case the
probability that the pilot will have sufficient information to attack a target will
range between 0. 6 and 0. 7 , depending on the level of discrimination required.

Ano the r factor influencing the effectiveness is the target hit probabilit y .
If we consider rectangular targets and the mean and standard deviation of the
vehicle , then the singl e shot hit probability can be expressed as

11
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= mean impact point relative to target center.

If we assume a typ ical 3 >~ 3 m target , = (T~~ = 1.0 m , a2 
= 1)

2 0~ theti
P

11 
= ~~. 74.

The fin al factor involved in system perfo rmance is the probability of kill ,
i . e . ,  the target is out of action , given a hit. For the target considered

in this study and assuming modern warhead technology , app roaches unit s’ .

With the se assumptions , the success of a sing le fligh t would range between
0 .44 and 0.52 ; i .e. ,

~S~~~~D ~ Il~ P
K = ( 0 .6

~~ ~D 
0 . 7 ) ( 0 . 7 4 ) ( 1) = 0. 4-1~~ ~~~~~~

< 0.52

It should he noted that the previously ment ioni eu probability of success
made certain assumptions about target location Info rmation and system accuracy
and points out the critical areas involved In the design of such systems. With
improved system accuracy and target info rmation , 

~D could be enh anced an d
the probability of success will greatly improve.

The remaining effectiveness parameter unique to the RPV is survivabil-
i ty. There are sophisticated techniques for enhancing vehicle survivability ;
however , since the mini—attack IIPV is to be low cost , on ly the simpler ones
will be utilized. These include small vehicle dimensions to m i n i m i z e  visibility
and radar cross section , muffled engine to reduce noise , and proper design
to min imize  infrared ( IR) signature.

12



A qualitative summary  of typ ical mini—attack RPV effectiveness values
ace p resented in the following l i s t ing :

Parameter Val ue

System Availability h igh 0. 95

Sy stem Performance Medium 0. 5

Probability of De tection (0.  65)
Probability of li lt (o.  74)
Probability of Kill ( 1. o)

Su rvivabili ty h igh 0. 9

Operational Effectiveness > 0. 4

These pa rameters are utilized in war gaming studies, which may includ e
de tailed battlefield scenarios and target arrays , to dete rmine the most cost
effective weapon system when comparing the various candidates.

I” rom this cursory consideration of system effectiveness , it is clear that
sys tem performance is of major  importance and the most difficult to define.
With this in mind , the rem ainde r of this lecture will d eal wi th  the work under-
taken to establish the significant parameters influencing the Probability of hit.
Keel) in mind that the major driving force of thi s concept is the very low’ cost
goal . A gain , this implies a manual track and steering all the way to impact
and , consequen tly, a strong interdepend ence between miss distance and vehicle
fligh t dynamics. Therefore , the major goal of the study was to establish the
fe asibil i ty and methods for anal ysis of a manual system . Throug hout the lectu re
you will see references to automatic track and homing. This is included for
comparison purposes and also as an alternate means for providing guidance to
target impact in the event of a d ata link failure due to electronic counter-
measures (ECM) , masking, etc. Generall y, the additions of an automatic
tracke r will increase the weapon cost to a point where desirability may  be
ques tionable.

D. Test Vehicle Design

At the initiation of this study, sonic preconceived ideas ( not
all necessarily sound) governed the selection of the design and the direction of
the experiments. The first idea was that the most efficient airframe would

13
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reseml)le a conventional a irplane and ut i l ize  a roll to tu rn  control scheme. The
second was that the acquisition r equi rements  could be best met by a re lativel  v
slow ( 70) ~ i see) vehic le .  The size then would be comp atible with the payload
and s t ru c tural  requi rements .  ‘l’he th ird idea was that  the cost , su rvivabili t y,
and troop handl ing  goals all requi red as small  and l ightweight  ai rframc as
})O S sil)l e.

The f i r s t  step was to generate a realistic test vehicle with these i ’ c ~~ n—
cei ved ideas.

‘I’hc prel imina rv design was biased toward the preconcei ved ideas and by
the nee d to use onl y ex i s t ing  components to speed the program and reduce cost.
The refore , much of the preliminary design process resulte d from an intui t ive
exerc i se. Therefore , the approach in the presentation is s imilar .

Fig ure :1 is a schematic view of the initial airf rame. This configuration
was chosen p rimarily on the following pointS:

I )  The pushe r allowed complete freedom in confi guring the payload
package. Since the vehicle would use a two—cycle reciprocating engine , the
pushe r also allowed easy solution to the exhaust pollution of the payload.

2 ) The single boom lended itself to the catapult launch planned for the
program .

3) The low number of vehicles (3) constructed (lid not make reinforced
plastic molding economical . Therefore , this configuration allow-ed easy con—
stru~tion using conventional lig ht aircraft techniques.

Weight was a problem because of limited power available. A su rvey of
available power plan ts indicate d no good power/ weig ht ratio engines were
available in the 10cc and 80cc range. We were not interested in an engine
development; therefore , the decision was to use the avai lable 10cc’ engines.
This limited the available horsepower to approximately 1. 5. Weig ht had to be
kept to a minimum to achieve a reasonable power to weight ratio.

Detailed weights of the resulting vehicle are given in Figure 4. All

aerodynamic surfaces were constructed with a foam core (2. 43 kg/ m 3) with
a balsa skin covered with a 0. 0015 in. my lar sheet. The fuselage is a three
piece wood and plywood structure. The landing skid also serves as the catapult
drive.

14
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2.44 m

0.43 m — -

J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~1m

-

Figure 3. Test vehicle general arr ao o~en1e i~ hI~~’ Phase I.
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AIRFRA ME — TAI L 0.37
— FUSELAGE (FAIL SAFE 2.44

AND FUEL TANK )
— WIN G 2.33

E N G I N E  5.14

COMMAND AND CONTROL 0.51

PAYLOAD 0.63

M A X I M U M  3.54

EMPTY W E I G HT

MAXIMUM 9.82

FUEL WEIGHT 1.11

GROSS T. 0. WEIGHT MAXIMU M 10.93

Fi gure ‘1 . Test vehicle weight breakdown ( given in kg) .

To ope rate from existing test ranges , the vehicle was to be catapult—
launched and skid recovered. The launcher uti l ized up to six coil springs
housed between two aluminum I—beams with a 4 to 1 reduction pulley system
as shown in Figu re 3. Launch conditions were established by choosing the
number of springs and spring elongation . The launch shuttl e travel in all
cases is 2. 44 rn. Performance of the launcher is shown in Figure 6. Gen-
erally, a launch velocity of approximately 18 m/sec was used.

E . Perform ance — Drag

For purposes of the initial perfo rmance estimates , the vehicle
drag was computed using well known methods and techniques with no adjustments
for Reynolds number. This was satisfacto ry fo r our io~tt ’poses and within the
test measurement accuracy. Such methods are com pletely adequate for pre-
liminary design purposes. A summary of the drag estimate is given in
Figure 7.

The drag as a function of velocity and weight u s in t  the values of FIgu re 7
is show n in Figure 8 .

F. Perfo rmance — Thrust Available

The largest source of inaccuracy In predicting available thrust
for thi s class of engine is the knowledge of the power versus rpm , since I t
varies so much from engine to engine and depending on fuel mixture . For this
study the only available performance was that shown in FIgure 9.

16
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1. PARASITIC
FUSELAGE — SKIN FRICTION (REFERENCE 2) 0.0055

— PROTURBENC ES (ENGINES , OPTICS , ETC.) 0,0016
— PRESSURE DRAG (REFERENCE 2) 0.0033

TAIL — ZERO LEFT PROFILE DRAG 0,0016
CCP = 0.0120

2. TOTAL DRAG CD = CCO + CDL + CDP

CDO — SECTION L~~AG C O E F F I C I E N T  FOR NACA 23015

(C L ) (REFERENCE 3)

1 +~~CDL =
~~~~~ 

CL O.O54S CL (REFERENCE 4)
ir AR

Figure 7. Drag estimation .

4

3 —

WE IGHT ( kg)

11.34

’

VELOCITY (m /sec i

Figu re 8. Veh icle drag.
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HORS EPOWE R
RPM (550 1 t—I bf/ s ec )

10,5000 1.00
11 ,000 1.02
11,500 1.06
12 ,000 1.08
12,500 1.10
13,000 1.12

13,500 1.13
14.000 1.14
14,500 1.14
15.000 1.13

Figu re 9. Engine horsepower versus rpm .

Wi th the data from Figure 9 , the method for calculating thrust available
is demonstr ated in Figure 10. The procedure is outlined as follows:

1) Choose a propeller pitch , p, and diamete r , D, of inte rest.

2 ) Assume a velocity within the range of interest and an engine speed

~vith in the operating range .

:~) Calcula te J = V / N D

where

J = advance ratio of the assumed values

V v’iloclty

N engine speed (rev/ see)

D propeller diameter.

4) Calculate C P/p N3D~

20
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0.10 —---——- ----- - - - —---
~~~~~~~

- — - - - - -

ENGINE PERFORMANCE
AT V = 30 m/%e C

0.08 —

N = 200

30 40 50

~~- 208
70 PROP—ENG

PROPELLER
CU RVE FOR
P/D = 0.7

0.02 —

0 I
0 0.2 0.4 0.6 0.8 1.0

ADVANCE R A T I O , J = V /ND

l”igu rc 10. Pro p ell er— eng it ie  (II)(’l’atiIlg point .

where

P = eng ine shaft horsepower ( from I” igu r e  ~
)

p atmospheric’ density .

s) Repeat steps 1 throug h -l for other values of V , P , and N.

21 
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The problem now is to estab l ish a unique ( ‘on ( l it ion from tIi i s C ye r sus .J
p

assumed ~et w h i c h  is sat i s t i ed  by the 11 t I  e l le  r unde i’ actu al  condi t ions .  ‘I he
i i’o

~ el I t t  data are  cue i - al l y  p re sented i i i  the form given in 1’ I ~u i c  i l l  a ~ 
- 

P
ver sus  J , and the  set of a s su r i e d  C versus J values  w i l l  ( w i t h  some ca t - c  in

p
I e i - t i  ng val t ies in t e r s ec t  the p i-opel Icr cu rye. The i ntc rscction I l ien i’eii re-

sent s the uni que cons  ) i t io n sati si \ in  t he  eng ine , propel Icr , and veloci ty - i t u a —

ion.  At the i nte i’scc’t ion l i n t  t sn e  can t l ì en  obtain C , N , .J , ef ! ic iencv ii , and

I ’ . ‘1 1w th rus t  I~ roduced Isv  the  engi in -  propeller eon ib ina t ion  i.s  then

The va l id i t y  of th is  approac h is ( ) ) J V IOuSI \  dependent  on the s u i t a b i l i t y  of
the pr ~ el le r  data . Research of p ropel ler  data av a i l ab le  in the Uni ted  States
showed l i t t l e  if any useful r d-cent propeller  data. l’he most useful source w a s
\V. E. Durand -~~~ . ‘l ’hese data were generated wi th  propellers havi ng  a d ia m —
etc r of 3. 61 m . ‘l’he nons im ila i - i t v  of Reynolds nurn icr and blade shape caused
some conc ern over the app l ic a l ) i l i tv  of these data to this prol) lelr . As we will
see l ater , it appe ars that this is not a major concern. Wind tunnel tests now
in prog i-c ss at the Universi  tv of Alabama on m (x lc rn Iii ade shapes of I) 1’OI)el Ic rs
this si ze also agree wel l  w i t h  the data of Re ference s .

‘I’Iie conclusion to be drawn here is that the data of Refe rence 3 can Sc ’IVC

as a useful pre lim m ary design tool . 1 loweye r , for detail design and app l ica—
tions whe re engine—propelle r perfo rmance is s i g n i f i c a n t , addi tional work will
he required to f i t  a specific ap l)l i c’ation.

If one desires to find an optimum iirop ellc r for a giv en engine to m axi—
m i ze thru st  at a gi s-en velo city , the so—called speed i~ iwet ’ ( Pe ffid ’lefl t ~5 v~

use . The speed power coefficient , C’ , is defi ned as
5

(‘ = V /  ~ =
S PY

2 -

p

________________________ — - 
-
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l~ig~i re I i  shows the propel Ic r  dat a  I m m  f l e e  r e l I ( - I  - 5 at var iou  — P I)’ s with
- S1I~ )C ri ii) 

~ ~5(’ i I .  SIW if  t i n t  (lete ITh) m i ’  S N at m a x i m u m  ( ‘ h g 1111’ ower , P ,

hen C can be computed.  F i - s i  I - i  gu me 11 one can (lct c i-rn inc the J and P, D
S

which maxim i / i ’s  t i le  c i i i  u R Ile\ , di.  \V i h i  -J and P , I) the p I O j  i i ] ]  ( 1 ’  Si i.e and
pi tc- h may i~e s le te  i’ni wed.

— - C  = 1 . 1 2 6 A T V = 3 7 m /sec
I ~~~~~~~

012 -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

I MAXIMUM EFFICIENCY

N /
_ _ _ _  I \ /

-~~~~~~~~~~~~~~ 
‘
~~~~~._ I PITCH /

o.o s — /\834 DIAMETER
Ui I ‘~s.. /

I ~~iiU. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I—.-

~~~~~ 
/ /

0 - /
U 77.8 P

1.3

2 70 8/
0.04 -

/
/

524/  1 1

~0 Q.4 0T: 

0.7 

1 2  

09 

1 4

ADVANCE RATIO , J - V/ND

Hg-u re 11 . Speed tow el  i -n t ’  f f i  ci ( i t t
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I s in g  I he p r ev iou s lv  n le l I t i one ( I  t echn ique , a specif ic I) t’O P eIIe r — c i i g i  t ie
combina t ion  i e r f O rmance may lie established il l term s of t i  i i i  si versus  v e l w - i t v
-\d l i i i g  t h i s  to the data on I” igur e ~~ , t h e  result  is I- ’igi i re 12 front w h i c h  the
eN ! t. ct cd  ai  me i -aft  p e r fo rmanc e m ay  be ilete riii i t ie d .

4 - - -- - - - - - - - - - -

3 —

- T H R U S T
DR~A G ...\

~~ 

~~~~~: 

6;~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ s T :~~~ T

VELOCITY im/sec )

l”ign re 12. Tu rn st and d rag.

Added to i - i  g u I c  12 is I li t -  only  performance f’l I gi lt t es t  result obta in ed .
This shows (-lose ag m’ ( d ’ i I i ( ’ t i t  and wi l l  be usefu l for pre lirn inn  r~ design.  \lee h—
an i  zation ni the p i’eviot is l v ment ioned method on small  computers  has sc rved
as a u seful tool for I ) r c ’ l inh i r l a ry  ik-sign of othe r RPV and drone airc raft .
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U. Contr ol an d ‘E t - i e n t e t i ’ y  1.i nk s

I- or the te st  vehi c le  the m a j o r  i t e m  gove m n i t i g  the control and
t e leni et  r\ l i n k s  w a s  the av a i l a b i l i t \  of components .  Since ECM was not a p r o ) )—
li’iii , i t  was po ss i l i le  t o  make use of con in ierc i a l ly  avai lable  hardware

The ground coti t  i I s t a t ion  con si st-c- (I of three iii a 1( 1 1’ 1 )ieces of equi pment .
The f i r s t , the l u l l ’ s contr ol box , \vas clevelopeci f rom a Kraf t  R, C’ system
u s i n g  e i ther  two — two—axis S t i ( - k s  or a single three—a xis  stick with aux i l i a r y
con trols .  ( ~U t~ it t  5 fron t the coot io l  hox were  used to pul se width modulate an
RI- ’ t r ansmi t te r  u n i t .  .-\ll control data we re tran smittc- d to the aircraft  using
seven proportional channe l s .  The second piece of equ ipment  is the video
d i sp lay .  This was provided by an FM— T M  down l i nk  te lemetry  sy s tem.  The
groun d portion of this  consisted of a - I—f t  parabol ic -  r e c e i v i n g  an tenna , which
in our case w a s  m a n u a l l y  I racked u s ing  the receiver si giial stren gth indicator
on a conic CVR i ’ \ l — :~ receiver.  ‘l’his was followed by appropriate d i sc r imina—
toi ’s 1( 1 p rov ide  a \ -uleo disp lay and Ilig ht data recording.  The th u r d  major
gi’otiti(i stati on item was t l i t -  secondary 1)ilot control box which  was identical  to
the p i lo t ’  s and always had override capabil it \  . This was solely provi ded for
sat s - t v  ~)U i-p t  SeS iii  the ( ‘\ t ’ f l t  of p ilot control or video d ata l ink problem s .

‘ f l u e  a i rborne contro l  -i~~s te n i  ( -on si  s twl  uI the command receiver , decod e r
and e l e c t ro tnc-e han ica l  -~e i - vs s , I V  cami -r a , and t e l eme t ry  dow n l i n k  t ransn -u i t t e  i .

- ret -t ive r  and I ii’( otiel ’ j )  rovided the Seven control c hannels .  I- ’our  of these
channe l s  w ~ t~~ U st- el lo t  p i t ch , i s  11 , \ aw , and th mottle control ; the i’eii ’ a in in g
lii i- i-c w re u si -d  for FOV - s n t i o l  , autop ib l , and! any  desi mcc i a u x i l i a ry  fu ’ict ion

T u e  t - u n i p l s - t c -  - t s u l t  mdii sy s tem is shown in l-’igu re 1::.

II. SYST EM S I M U L A T I O N

A . (‘s e n -  ral

11w I i t i n a  i~v n b j t - t - t i v e  of tile m i n i — I H 5 V  s i m u l a t i o n  dc\-elcped
at t he t ~ \ t in y ~i i s s i l  e Research and 1) eve lop iu i ent  Cs s t i t m a n d  ( MIR A I)( ( ) M )
I ( t t  ist ot n- A rseiial , Al abania was to m v  I t ie  a tool for the (leti ’ irni ina t io mi  of the
ft-asihil it s- of an attack RPV . Emphas is  was placed on the te- m n i i n a l  t r a i t - c - i t  l’\

and on f i n d i n g  ~u lu t i t  ins to I imob lem s that we m c  ident i f ied in eai ’lier experi-
mental work. The ( - i k - ( - t s  on svst - n u  u w r t orn iam -e , as measu red b target - mI SS

25
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di stanc -c , i’esu lt in from var ia t ions  in c-c r tain sv stem pararnete i-s we re i nvest i —
gated. In ad d it ion , the pilot’ s pemforman c-c- was ciete irnu m e d  in term s of adapta-
tion to the termina l  traj ec to ry task. Fina l l y , the simula tion w-as used to
inve st igate  te rminal guidance schemes othe r than those emp loyin g a human
cont roller .

The baseline I) i~VSic al system modeled by the simulation is a small ,
single boom pusher  airc raft shown in Figu re :~~. This ai me i-aft was constructed
fo r a pr ogram to demonstrate the abi l i ty  to manual ] v fly and perform an attack
‘~ 

j a I V  l ink.  i light test  wi th  the baseline sy stem indicate d di f f icu l ty  for the
ope rator to perfo rm successful intercept.  As a result , cons idie ra)Ae s imula —
tion effort  was directed toward alternate designs which  would provide improved
man —ai rcraft performance. Therefore , the simulation effort  consisted of an
evaluation of the ’ baseline configu ration , de signated CO , and variations about it
as shown in 1-’igu ie 14. These airf rame variations resulted f rom a desire  to
roll stabilize the targe t image l ) re sdflted to the pilot. Table 1 provides a sum—
mary of significant ph ysical parameters for the configu i’ations simulated .

13. Equ ations of M otion

The cl assical Euler equations of motion , the deriv ation of
which are found in tile l i terature , were used in the simulat ion.  These equa-
tions at -c derived with respect to a set of axes f ixed to the aircraft  body and
roil in g with it ( Figure - is)  . ‘l’he equa tions in vector form are

- dvI- = f l i + f l I~~~/V (i)
cit

(2)

where F’ is the resultant exte rnal force vector and 11 is the resultant external
moment vector about the c - cu t e-i -  of gravity. These equations have the scalar
components

27
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0.3048
—0’

OFFSET

~ 
CHORD~~

j

______________________ 
CONF IG U RAT ION

C~~ tper ra ci i.f l 1.421 1,043 0.602 1.043

CN (POt tad ill —0.427 —0.304 —0.366 —0.304

CHORD (m l 0.3048 0.381 0.381

SPAN (ml 0.6096 0.4572 —0.3048 0.4572

R EARWARD OFFSET FROM 7.62 0 0 0
WING LEADING EDGE (cm)

FRACTION OF SPAN BELOW 0.5 0.5 0.5 0.33
MA IN W ING CHORD L I N E

Figure 14. Vertical wing configurations.
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i ’ABl.i -: 1. v I- ;III CLF : Ch ARACTERISTICS

Configuration CO

Type Small winged aircraft

Powe r Webma model a . - c engine ,
2 —cycle reciprocating;
Displacemen t 10cc;
Maximum horsepower 1. 14
at 14,000 rpm

Sivc ’ Span 2. -I2 ~ -1 ill

Wing area 0.929 rn

Length 1. ~u 3 - l m

Payload volum e 0. t ) i I ~~- 1 fli

Weight Total test vehicle 10. 20( kg
(10. 1-lb payload)
See Figure 4

l”ligh t control Kmaft 6—channel 72 .0S M h z
proportional

Configu rations Cl (‘2 C-I

Weight:

Ver tical ~v ing 1.36 1. 2~ 1. 2~
gross weIght (kg)

I- ~~m ( t i + q w - r v )
-x

I- = m(~i -I- mu — pw~ l-’orce (3)

F m(~ - 4- pv — qu)

29 
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I”igu re 15. Coo rdinate systems.
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I. pI + qr(1 — I  )
x ~

- z

= ~I + pr ( I — I ) Moment (- 1 )
y x ~‘

N - ~~rI -I- pq(I  - I )
z v x

where

1-’ = T — D — mg sin 1)
N

1” = —QS fC ~l + C 6 + n i g  (‘OS I) SIfl L~1’

F = -QS /C ÷c o + nig cos O cos c~ (s )
z I L w L e

\~~ 
6

L = QSb 
EC~~~~~

+ 
(C~ _ c ~~~ ~~ - c~~ p + C 2 o ]

M = QSc - C~ iv - C M 
- C

M 
ó
c

L 0 q

N QSb 

~~~ 
_ ( C \ r + C (V IP) ~ + (.

~~] (6 )

and

T= (-2.7 x io
fl

) rpm V + ( 7 . 2  X 1(i ) rpm ( 7 )

l) = QS C A 
(8 )

C = 0.019 + I .  173 (9)
At
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Q -: 1 2 V (10)

a ~
- 

~~. ‘ 152 -1 ( i i )
w

- (12)

- ( i :~)

S i n c e  t h e  : i imc raft  is designed as a platf orm for an unstabilized TV
camera , an electros tatic autopilot [6J is employed to provide pitch andi i-oIl
stability . The electi’ostatic autopilot , which consists of radioactive sensors
plat ed on tile w i n g  tips and nose of the airc raft and c-onnected to two differ-
ential  voltmeters, dlependl s upon the fact that the atmosphere contains equ i—
potential electrical fields that am - c a function of altitude. It is then possible ,
wi th  this  a r r a n g em e n t , to detect the a l t i tude difference between the wing tips
( rol l detection ) and between the nose and wing  (p i tch  dete ction) . This informa-
tion is usedi to deflect the ailerons and elevator such as to counteract the roll
and p itch motion of the a i rcraf t .  ‘l’he autopilot is represented mathemat ica l l y
by

-K f ( z )
a r r

= -K t’ ( / )
C i - F

where K and K are the autopilot ga in  factors and f ( z )  and I ( ‘1.1 are the
r I-

sen sor positions as a funct ion  of al t i tude ‘/ .  The- equ ations F i t -  t he eunt rol
surfaces deflections arc-

:12
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6 K X + ~~~a 6 a aa

6 -~~K x +~~~n ( l s)e 6 e c
C

6 = K x
i - 6~~ 1’

where  K , K , and K are the respective f ixed stick control  gains  and X
6 6 6 aa c r

and X are the stick angular positions.
e r

The forces and moments  in Equations ( :~) throug h (9 )  are the exte rnal
act ions upon the vehicle. They arc of two kinds , gravitat ional  and aerodynamic ,
and a re de te rmined by the variables (p,  q, r) (6 , 6a ’ 6 )  , ( u , v , w) , and

, ~,
‘., 0) . l’he control forcc- s, however , are internal forces d etermined by tile

c’onimanel s of a human or autopilot.

‘l’o determ ine the aircraft  position and orientation , we define a fixe d
f rame of reference OX 1, Y

F 
Z~, as show-n in l-igu re 15 . The orientation of the

ai rc- raft is determined by thi’ee ( oil sccutive orde red rotations. A ssuming the
airc raf t is ini t ia l l y  a l i g n e d  with o X 1, Y~ 

~
,
i’’ i t s  or ienta t ion is found by

1) 0 rotation — providing the eli-vat oin .

2) ~ rotation — p rov iditi  the az im u th .

: t )  ~~ rotation — providing the bank an g l e .

To calcul ate t i n -  ai mc’raft f l i gh t  path , the ~c1 t c - itv - t t n l i  ‘ o m i t s  in  1 hc-
OXY V. coordinate sy s te m a i-c i-esol \-c’(i into the IX Y V. 

- 
system and me —

grn ted. The transformations i-elating these two t i  o i - d n i a t t  s’~ stems are

1) Earth to body —

k-I (~~ I k ]  I n )  ( i i ; )

33
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\~ l i t re

(cos ~ 0 —sin o

[ 0 ) )  1 1 1 (17 )

\sin oi 0 cos o) J
cos~ sin~ o \

[
~ J = -Sill ~~

- eos ~ 0 ) ( i s )

0 0 i J

(1 0

[i ~t ] = ( 0 )  cos ~ sin 0 ) . ( 
~

)
—sin o cos

2) Body to earth —

( c l
i 

i o i
l k) 1 

(~~ )
i (20)

where

f cos 0 I) sin 0 \
= ( 0 1 0 ) (21)

Ii 0 cos 0 ) 
/

fe.os ~ —sin ~ 0 \
= ( sin ~ cos ~ 0 ) (22)

o 1/

3-I
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/1 0 0 \
( o  ]~~ = ( o cos c~ 

- -sin c~ ) . (2:~)

0 )  si n c ~ cos~ t/

The angular  o z-ientat ion (n , - . , ç~i) can he dote rrn m e d  in to I’m S of the air-
craf t  angular  ve lo c i ty  components  (p,  q, r) by pro ject ing- the total angu lar
veloc i ty ~ - onto i .) X YZ , reca l l i ng  that ~ = ip + jp + kr .  The relations oi)tained
are

P — 1 Sin

= (q c-os 0 — r sin c~) sec ç’ (24)

~ = q s i n ~~~+ r c - o s o -

Integration then gives

0 = f 0 +
= + 0  (2 5)

~~ =

‘ro find the vehicle position relative to the OX 1. ‘
~ F z 1~ (‘oordlinat e system ,

wc- have th e  accelerat ion terms -

( u \

= [c]  — 1 ( v ) ( 2 0 ; )

\ w J

which are then integrated to find positi on .

5
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‘ l i i i -  r i t o . ~~’ V output k - s i  r e t  from the s i m u l a t i o n  is t h e  a i r c r a f t  imp act
1n - t n t  in i -e lat ion t o  a kiiown :i i ’g c - t  - If the ta t - g r t  position is defined in the

-
~~~ ~~~ 

Ii- ix~ - ‘ I s~ ~-te m ‘N 
~ 

V. as ( N ,, Y 1. and th t -  a i rcraf t  I oo si t ion as

( ‘< , y , z )  , ~ht -~ t i o t  n~~j- e r a F — t ~n - ge1. sc- pa i- at ioi i  ; .s sunp ly

g \ = N  - x
1 M

-
~~ ~

- ( 27 )

~~,,
1 

~~ - /
‘I’ 51

C. _\~~ ~- t - a ft  :\t i n d v n O t i f l i t _ ( oet f i - i en t - s

I n  ~c -t op t he  computer  simulation , it was  necessary to con i—
pute the n.e I’ -dynamic  coe f f i c i en t s  called for in tile f l igh t  equations. These
coeffli i e i i t S  we re- computed as ri f i rst  approximation to be subsequently refined
by i~igh t  data; I c - i n i , c lassica l  a i rcraf t  thco i-v was  used. The effects of Mac- h
numb er  and low l t e y t i o l d s  number  were L~lore t l .  This is j us t i f i ed  h~ the fact
that a l t  n ( i s t  all  nf the data ~ keti involved a constant velocity of 30 rn / sec. The

Reynolds n u n h l o ( - m  at this  ve l oc i ty  is ~ i i ) , and ci f ee t s  of Reynolds number
a i-c n - I  . s i gn i l u -a nt  at t h i  value.  The Jt r imar\ -  i - e l e t ’ en c - e  for ti oc - computation

‘1 the aerodynamic coeffh -ient s w a s  Perkins  and llage [7 )  - ‘l’able 2 provides

a sun 0 !  n. t \  c o f  t he vehic ’li- parame- ters  used to gene i-ate tile aerodynamic coef—
fR -te n t s , and Table 3 t ’ i ~ -~~~n t s  t he- t - e . sn l t in g  co e f f i c i t -t i t s .

1 he - rtF’a l s ta l l i - - i - i -  wings have th r e e main e - ff c- - t .s Ofl tile a i r c r a f t

i t - i n d ’  . ‘, F - s :  ( 1 0  1 I I ( - y c a .-’,t ’( l ~i Ie -  t o t - i - c  t. - o c t i i c  m e e t  C , (
~

) an increase in

al a l t  l i-ag ( 1 t - i ? o  o t t - i l ~- o io t t i ( - e i i )  , and ( g)  a l a n g e -  in the yaw 111 10 co l t  ( t ) t ’ f —

l i t - i t - i L - h I t . i l - a i m ,  . 1 1 . 0  i i , ‘ -
, C- - , and C-I am - c - i i i 0 . - - p t i n t l F  th e same’

Li  w i t h  i t  r i i ~, t eu  u n 1  w m u g  - t  in -a s  o m i t . :  i i la - t - L I - n t .

I t  assu - n t m t i r s mat i .  .~~l ac - t o t  - iF u—n I in t ’o t - t’ -~l~ing the n i - t - e s s n l

it  - i~i ~f ’ . - t o u t t -  - - t ’ t f  I e-~ 
- - - - o ’ - 0!  iv I I i m i - i n  c i i  0 - \  t h i  I - - 0 hIve ~t j i  - i s

to he i t f lh c iu (  ~a’d. I - i t -  I r ; i ’  I ’ ’  o u i ~ 1 in  t In  ~, i n i t i i a t l o n  was i i  i t o  -~t

s i n t U h i o t . - t O . t  i i .  ro ~ a o  et i  i n  I m - -—4 0 t m m i o m — R i \ in an a t t a ck  i ’ ’  - ~ t O !  l i t . .

~~~~~~~~~~~~~~~ 1 -~~~



i’ ,- \ U I I -: 2. IN I ’ ! ‘1 I)A’l ’A l-’OR AER OI) YN1\ ,\lIC ( (  iE l- ’ l - I ( ’ I 1 ’N 1~~

Parameter Wing

E Jones e d g e — v e l t i c i t v  facto r 1. 0)3
a Thi -e e—d im ens iona l  l i f t  e cu -ye slope I ) 

- 0)5 1 / deg ~
_ \ spect i~ i t i o  I L - I

e Chord ‘ 0 • 3”l ill

h Span 2. lg s- I rn

S Wing at-ca 0 ) . 920 111

x \V in g  aerodynamic  c-enter 2-I  -; e- f ront  1.1-;

7. Aileron e t t e t o - t i \ - t u o t ss ta -t o t ’  u t •a

P at ’ a, i u t er Vertical Tail

r)
S A t-ca 0.0 > , ,  i11

a Li ft  cu rye slope 0 . ( O F. ( k g  ,i
y

7. 
- 

RI md I (k- r e f f e c t i v e n e s s  factoi-  0 . -19

I I )~ s t a u n - - f r om eg to t a i l  at’ i-n c - e - n t t ’  m - 1. ( 0 7 3  ill
V

ii  Vt- I oe - I t \  d i f ferent ia l  V - V 1.

Act -n (- i n t l - I ’  a ln - i v -  v e t - l i t - a l  -g 0 . i o m ’7 Ill

Pa i-ant -te r 1 - t i - i , ’> in ta l  Tail

• S A m e n .  ( I . l i n t , ’; 111

o a Lift cu rve slop - 1 ‘ o . 0) 7 5

7 1- ; 1i ~’ a t o m  ( ‘ I l k > t i \ ( i , t ’SS t a t  I t i t - - . 9

ri \ t - l u ( - I t \  o l l t t > - ’ - i - , t i o t l  \ / \‘ ‘~~ 3.,
t I \‘ -

I W i u i  at I i  t i  l o t >  - t tail n e t ’ ’)  CC H I t  - 0  1 - 0 ) 1 in
4 _t 

I

V S / ’- ~ 
I ;- -

_ _ _ _  _ .1 -.- - -_ _



TABLE 2. ( Concluded)

1’a t -anue ter  1-~ii Sk I OL

‘0 Center of gi -avity 35 - c I i ’nu :o  I 1- .

K . Stability -t i e  I f i t -  i en t  0. 0) 1

M a x i m u m  width )~ 10) 59 0 1

C - l e n gt h  ~~~. sn:~ i

K 
- 

Direct ional  s tab i l i ty  (- o e f f i c i e n t  ( 0 . 1

h eight at 1 / 2 P 0. 2 -133 111

h 9 h e i g h t  at :1/ -i  c 1, u .no ; 111

w Width at 1 2 C 0 .10) 59 m
I

w Width at 3; 1 1 0.074 m
I 

2
S Side a i-ca 0 ) .  252 ill

S

\e i -t ical  \Vi n g  I)ata I o n  (‘ oto l i gu ra t ion s
Cl , (‘2 , C3 , and C-I

Pat -ameter Cl (‘2 Cl C-I

Chord (rn ) 0. lo I s )~ :~~—~~ n . H I 0. ;;sl

Spa n ( m )  n 0 ;u )(;  n . -1572 0 ) . : ; o - Is  0 . - 1572

I 1 s t - I  fi-onl w i n g  I L  ( cm) 7. 02 0) 0 0

Ft-action (if 
~~~~ below w i n g  0. 5 0 . 5 0. 5 0) . 33

:18

— --

~

---- — - - a



TA I I I E l . \ I-,’ R( ) I )Y NA MIC C( ) l-; i- i- ic n-: ~ i s

Parameter Value

-1 . 0 - 1/  rad a

(
~ , O. l50/ raci 5

e

C 0 .O0 l-1/ rac l ó
I r

o

i) . 51/rad

C~ (F0-178/ rad /3

C O.125 / rad ô
r

r

C 
- 

( Cl)) See Fi~ inro 1-1 0 . 159 . . rad Ft

1.421/rad j3
1.0-13; rad ji
0. 002 . rad ~
1. 0-13 ,- - racl ~3
0. 0 ) 13

0)
( 0 .332 i-ad a

C~ 1 
1. o ; 5:; -

_ i’ad
q

C 0 ) . 917 i-ad O e

c (co ) See F igure  i i  0. 19!’ i-ad ~?

C )i . (l) ’02 , rad
m >

~~~~ i-ad a
ii

C 0 , iL l ,  / i-ad ~n~ r

39
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‘l’.\ I I J . I -  :t . ( Con -l t i ded)

P a o - a t u t ~~t - r  \ a lu e

C : ( i i  0) . () 19 4- 1. 17:1~ -’
1) 2( ‘1 0. 0 2 1 1  i- I. lT l t ,., + 0 . 79~~~~~

( ‘2 0) . 0 213  + I .  17 l.- - ~ + 0 . 02o 2
Cl  0 . 02 15 + 1. 1Tl ~~ + ~~~.

0.02 + L 1 . l o~ ~~{) .6 2~32

re su l t s  shown late r should l o t ’  \ i ( ’W e ( I  iii  a con iparat i~-e n -t anner .  He-cau se ( ‘t~ the
It ,  i t  g( ‘i ng  en t o s i d er a t ~oio , it is I)elieved that  the ae J-odvn anl ic data used in tile
s i m u t a t  1 ( 0  i s  quite- ade quate. If l lp len lent at iO tl  of a p ac-t ic-ulat - design would
m- c -qu i ie a illo i-c t i - u i-ough ac t -odv nan -o Ic analv si S.

1) . The Elcc-troop ti e ’a l S imula t ion  S\ s t e i o  - ( i-:oss)

The LOSS , depu ted sc hemat ica l ly  in I - i - gu i-c lo ; and shown
pu -to r a l l y in 1-igu i-e 1 7 , provide s realistic 011( 1 p i - e ( - i se l \ -  con t ro l led  envi r un —
iiicnts for  t ile noiodc ’st i ’uc-tive s imula t ion  of a wide  vai-ietv of u l t r a v i o l e t , visable ,
and n c -at ’  IR sc oi snu ’  svsten ls.  The cap abi l i t i e s of the  L( 055 provide for six
- c - g i l  - > - s  of treedom (0 1)01.’) , \ ii three t i e g r e e s  of i -ot at iotu a l m otion and th i’e e ’

Ie-gt ’ces of t rans]  a F uo a l  motion . ‘I’he three k -g t’ e ’-s ot  i ’ot at  ion a i c  provided
In . a t h r e e — a x i s , g inlha led flight table where the sensor is mounted in the inne r

ro ll 1 gimb aled hous iu io ~ - The f l i g h t  table jou - oc - h lcs  lot- all TYOJ SSi i t ’  bod~ angela i-
( i i  sp lac-ements , I t o i l ’ ,- rate s, and ac-cele rations i-cqu i i’c-d it t - open —100 11 or t i n  - s e - i —
I t i t  ‘p si t l l u la t io n .  The t ll ree dug t’et’s of t ransi  at  lot  ot i  motion al-c 1~ 1- O\ ide t l  by
t h u  t i  - t ransport  snl ;y .1, n o s. i R Fctc r oi l  tra il .- 0 ~~O i~t moves tile f l i g h t  table ~: I
hor iz onta l  h t - a i n .  ~\ ve-t ’ t ica l  J u n.11) ; l sSe i f l l ) l~ Ope r ate ’s  th roug h a u end box i’oR ’, ’~
atul i-au inside the v t - c - t i c a l  e- u l u n l n  hous ing  s tiu ctu t -e . Thi s translation pro—

~- i i  Ics all  ~ e 1 - al or alti t ( lc ’ ( I iH I ) lo c e - i i uc -ml t S , rat es, and a c ( - e l e r a t i n u l s  . The
longi tudina l  i-  t t o o - ;p o t t  5 \ a t C i o  t i ny ’ S ti le -  t e r r a i n  t a t -ge t  model t h i ’ i i u t - - h  a

t - a i - r h i g t - — u t m te~- I o u - - u!  o -w -k and i— al ] . t ~~s t - u t l l v  tow -aid t l ~e’ f l i g h t  t ( 1I) lC 0 115

longi tudinal  t i - av t - l  p ru v ide u s range t ’lo ~ t t t ’ c t l i ~~t l o i t - i - i n e n t ,s, i- ou t ’ s , a n t i  aced I I - —

ti orm s - The I o n -  i t  o u t l i n a l  sui)-j v sIc-i :  I ramisports t h -  thr ee —din i ens ion a l
It  - i r a  iii! I : tr ~~’ 1 ‘ O ut i d .  t h r e e — d i n -  i - m i s  a ina l target s  at-c’ s imulated on t - a . t e -  0 ’ ’

model w h I ( ’ i I  t e o t t u o r e s a - , f i t - i  I v  - i t  0 1 1 ( 1  g m’a t > h y  and m a n — m a d e  ecmp Ie ’xcs itt
(M0 : 1 and :00 0:1 s. - a l e s  t t h  the ca p a b i l i ty  to add t i - ~~et i  and n l o \ i n g  l1o’ t-t o
o t i o ~ s t - a l t ’ .
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I - - m l  p 1 c-m eu it a  l i t  in

~ !a ) o i -  E() SS c e ) m l l p ( u I l e l l t s  u s e - > 1  I l l  th ~ ~i n ) u l a t i o I 1  t i - i -  t i o t -

,-\ i - i - l i t ’d  I ) y u o a i n i c s  A D— - I analog comput e- i- , 1) l - ( I ’DP I I  20 d i g i t a l  t - o r t u p u t c i- ,
the 1 lu nec — a x i s  came i-a mount , and tile te nra in and t a m - -get t u o t i t  k- I - t s i n g  i - i - s u I t s
ft - nm ai -t ah -t i i - :i l  stet ( iies , the  m i s s i l e  a i r l r a m i -  dy n a m i c s  a r e -  m o d e - l i - i l  t i n  the
ana lo g  - o m p i o t er .  In t ( - !’I ot (- e ( i w i t h  the  ana l o g  c o u o p o i t c t ’  is  the  g i’o r i d s t a t i on

equi n ,c -nt  w l i l t -  h m e l  t ides th e - \ i (leo 01011 i t t  )I ’ , ( ‘01 111 11 On (i c-oil solt ’ , and ( I t a ’ (  i k e
:15 SI) o\ ~ 0 ill  I- i g U t c  15 . I lIC ‘l’\ caniera is t l l Ou nt ( -d on the t h r e e — n . ’-oi s c an oe -  u -a
mount  ( I i - g u r u s  19 and 20) - Tt-a i - d ory ( iota w e r e  (- O llt- ( ’te -( i  t i s i n g  X — Y  p lo t t e r s
and rt -di , ot c-t i out  a d i g i t a l  c n n u b o u t e r to ob t a in  m i s s  l i - s t a n c e  in f o i -m a t i o n . 1 - i g —
u i c  21 p r c ’st -tiLs a sc’hematic ’al r epre seut ta t ion  - i t  the s imu lat i on .

l’he opt- t -ator conti-ol s the  at i  a l t  c-on o p eter  via a c ’onlmanei cons o l e .  1 1tt-
o t 1  i - I i’ame- motion is I r a n s l t u ’ u u u ( - u i  l o t -  - - - o t i o n - ra I ix ed ( - t t o r - ( i i t l a t e s , a n t i  t h i s
j u o t t i t — m a t i o n  iS u t i I  1 - dr ive  t ilt’ ~-a r ious I’. ( )SS i t  - i 1 1 1 ( T i t ’ n t s .  ‘File’ g im l ) a l c - I
came i-a mount  is c a iu ab le ’  of s ini  tu l a t i u t  -g the  p i t c h , \ 0 1 \ \  , 011(1 i-oIl mot ion of the
-ano era  an(i is attached to the tw t t — d i n o c u u  s ional  l i n e a r  t ram lspo rte t- w h i c h  moves

y e i t i e a l l v  and lateral ly to simulate the t i -anslat ional  terms . l ongi tud ina l
t r ans l a t i on  is simulated by movin g  the te r ra in  m o d e l  toward the c a m e r a  mount .

In the normal operation of the EOSS, the various laboratory ( oulp On e i lt s
au - c  ele -t i - ica l l v and physically t-estrained from making c ontact. ‘Fhese l i m i t s ,
in tu rn , impose i’estr ict ions on terminal trajectory calculations. l vp ic -a l Iv ,
for ta t- get s p lac-ed upon the terrain model , the point of closest app i-oach between
the camera n u o u n t  and target is approximatel y 1 m.  Consider - ing tile fac- t t i - t a t
the ta m - ’g e-ts on the terrain model are scaled at either 600:1 or t O u ) : 1 , the c’losest
s imula te d  app i-oach possible using these targets would be 300 111 . 1-’oi- low
v e l o - i t v  ~-eh ie - l i ’s , such as a min i—RPV , the use of such targets prevent s tile
-o l l ec -t io n of useful  terminal trajecto m -v data . Because of this , time RP\  s imul a-

tion was conduc ted with a target scaled at 24:1 and made of soft ma te r i a l  to
prevent  damage in case of contact. Furthe r , this target was elevated above
the terra in  model to allow closer camera and ta t-get pr oximit~- . Wi th t h i s
a t -ran g ~-ment , i t was possible to obtain final separations of approximately u . 33
in , the re-iu ~ pi -oduc ing simul ated separations of approximatel y 7. 5 fll and m a k i n g
it possible to obtain accurate target impact information .

‘I’he actual system hardware used in the simulation consisted of an
We stinghouse ‘I’V camci-a , a Conrac TV monitor , and a K r a l t  ( i—channel  dig ital
propo t -tiona l radio control encode t’ . The TV c amera presents no interfacing

-1 3
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l o r o h u l e n o  .s because i t  i .s not in t lie simfl l a t d ) i -  loop at - tel is di r ec-t lv cou lnec- teel to the
I V  111011 itor. TaI )l t-  I p i - e-sc ’nt s the -haraete i i  stk-s ot the l’V c amera  used in

t h i s  s tudy .

T A l t l , E  - I .  TV CAMERA DATA

Sensol- Typ e (\Vc s t in g house W TC—2 5)

Beam focus Magnetic
Beam (lefl ec-tion Magnetic

Phy sic -al  Data

Site 2 . 2  -‘~ ::. o -~ 5.4  in .
\ \ e i g h t  ( less lens ’)  1.2 lb

Electronics

Input voltage 12 ± 1 V
Input power 7 W at 12 V
Scanning SyS t eyll 52 -5 h u e s

30 frames1- see
Interface 2:1
Video bandwidth 7 MHz

Pc rform ance

Maximum i-c-solution 550 h u e s
Signal-to—noise ratio ‘10 dB
at 4 fc facepla te Il l

‘I’he radio control sy stem was modified to eliminate the RF up l ink.  The
t ransmi t ted  encodem- output is fed into the receive r decoder to provide a i u l ~ e
di re(-tl y in to tile servo . The pulse width is proportional to the control stick
position .

Each servo c i r cu i t  c-on-pare s the width of the Pulse corn ing  from the
decoder wi th an in te rna l ly  generated pulse whose- width is determined h servo
l)OSi tiOn . If there is a difference between these two pu l ses , the servo changes
position until the internal l y generated pulse matches the pulse from tile decoder.

- 17
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It i tile R PV , t i i i  5 St t ’~ 0 l o S i t  ion is  n u t - c h a r t  i t - a l l y  ( ‘Olive ’ i-ted it l t ( i  a control
sur face  def lect ion . ih e  analog cOt i lpute 1’ u sed in t im e -d n iu l a t i t i n , how ( ‘Ve t - ,
needs a vol loge’ inpu t  and so the se r v t - s  used in the si 01 u l a t i t n i  a i-c t o o  c ehanica l  Iv
coupled 1( 1 po t en t iono et e  m’s. t h e  se- eve i ’  ‘s it i o n  i s  thus  t i -an slated into a posi-
t iv e or negat ive -  vol t age ~~hic ii t lo t ’  a u i a h t  ig c’ ou mu i t o t  c t  i ntc- i-p i e t  s a s o  deli -t ’t  ion .

‘I ’hi s method t >0 -ont i-ol , whi le  ni oi-e c t ) n I I ) l  cx than di i-i-c-I (-0th )] ing of the
t r an sn ) i t t c - r  potentiometer - s 1( 1 the a t u a l t ) g  c ompute r , u t i l i z e s  i u o o s t  of t h e  f l i g h t
ha rdw a i-c and , th t ms , s imula tes  servo  l ag ,  t io t i l i nca t - i t i c s , au l ( i  othe r- i t ems
which  c t t u i t i ’ i l i u t e  to the ‘lcd ’’ of the control s in the actual  HPV.

l’he studies invo lv ing  unn lanne cl  g-u i( ianc e schemes  used tile same s in - t u b —
lion model p m ’ev iou slv  eiescril)ed but mod ified in the control section. In these
studies  a television seeker ( l vS) was used.

III. SIMULATION RESULTS

- :\l a~ uj al I v  ( ‘ ontro i l i’d ‘F e em i n a l  Tu -a je cto  rv

In eval eu a t ing  tile RPV pe r i (  rmanc- e, the s ime t la t ion  e l f i  - i t  was
l i u i r  i l ( ’ t l  to t h e  te rminal  t ra j ec -to m ’v  whe t-c t ue  i ’t o t -m a n c e  is most -i - i t i c ’a I . i’l-tc
n o i i i i i ) a l  tm-a je c- t or \  t e p  resett led an e t i g a g e t n e n t  w i t h  m i s s i l e—ta t -g e t  s ep a r - a t i u t n s
nt 2 ( i ii in ran ge , 120 in in a l t i tude , and w i t h  the ( u - os - s—range-  separ -ation
a i - i - i t  i’a I - i l v ~a i-ied l id \\ ecu ii i gh i t s .  In all caises , the p u t  it had visual  (-o i-ttac ’t
w i t h  the tot  i- get wh -t i the c ’ui g age ’ i iue ’ui t  s t a t - i c - t i ,  The Ira je c ’tom-v i n t o t - i o  - - t i on was
pl i - t t t ’ - l  on X— ’i’ p l o t t e rs , in t l  m i ss d i st ance  in fo rma t ion  w a s  then t ’xt i -ac -t cd o t f —
1111 i’.

‘l ’hi-  ap pm - oa ch  ta ke- n in the s imu la t i on  was  to Pci-for-in a pa i- aunt- I i-ic Sttm ( iV
abo ut eon t i g u t - : t t i t t u u  (‘ to and i l ) S ( ’u ’vc  c i r c u l a r  c-r i -n i ’  i t r u i b a b i l i t y  ( C E P )  , ( I t ’ f i t ed
as a ci r t - l e  in w hich -so of t h e  flig hts wi ll  impact , fo r- a group nO fli ghts ( u s u a l l y
I I )  01 m o m - ’ 

- ) u u u t i o - i ’  the sa t - t i e  i n i t i a l  ( ‘ ( t t i ( i i  Ii  u rns .  l ii i  S pa m-an iet 1-ic study im cludeel
vii r - iati  t i n s  it  c - am - t i  ( m a  d ep ress ion  au tg l e (n ec t ‘ssa u-y t u r -  ho i - i  /s u ti  t e l  c. r i-flee- ) , rol l
aut otuh -0 ga in , ae ’t -oodymi arn k- -onfigii ration , an d control  ga in .  lit a dei i t i e tu i
qua] t tat i vu i c - s o i l  ts w& ’i’ e - ob ta ined I t  i i ~ c ontrol st a ti nil  t t i o di  f i c - a t i o t i s .

1 I t o 1 0 0  O t  ~ i O I ) 1I i u I  i ( i ( - u i t i f i e ( i  l o u -  u - i i t l v c i i t i o t i a l  b a m m k — t n — t u i’n c o u i t i g u r a t i u r o s ,
such as (n  , involved can t  e i’a dc-p m’e - sslo i o angli-  and ~‘eiii c-Ic i-oil .  Ti m e pi-oblem
arises I 1’OtlI thu  hoc - I  that  w i t h  t h e  came i-a a] i gne d oi l  the p m - in c ’ip le ( i-oil) v eh i—
-Ic a x i s , am, i n d u l c ( - t i  i - t i l l  inc t eases  t h e  p i-oh ab il it y  that  the ta i- get ~vi l I le ’ave

the - I V  I- OV l i t - c a n s >  - t hmt ’  c-a it  iera w i l l  exp o-r i  en -e a v awim ig  or sweet 1 big rio  i t i  in as
\ \ i - 1 l  as u - o i l i n g .
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In iur ~- ( st i - ga t ing  t h i s  pa i’auu e ’t c i , two e ’N l od  r ’ i e t i d - e - u  I pi l  t ) t S  \V(’ i’d uscu  I ar i d  the
data s ta t  i s l i t - a l l y  sumnie ’d to n l i t aj  ii v t ’ h i , - l e ’  p e r f o r m a n c e -  as shown in 1- i gu i-c 22.
Ihese ’  data i i l ( i i c o i t e  that  the  CE!’ is lld)t s ign i l i c an t lv  inf lue u l c-e t i  b ) \  c o t n iera

d e I )  u c s S  i oui  angle t o t -  ang le - s  gre ’at c u- than 5° . The ’ dct e-i-io rat ion of ~‘ch i c Ie PC r—
ii - i -t u ia n ( ’e  t h i ~~ ’ i’vt-d l o t -  the earner -a a l i guu ed  wi t hi t h e  p r in c-ipi c-  ax i s  u-c-st i lts t o - - r i

the t a c t  tha t  the I d l i i i  m u s t  ai n i t i n ’  nose dowtl t i  sec th i- t o  u’gct. ‘I b i s  maneuv er ’
i-equi i’es o - t i o o t i i ) t i a l  course c o r r e c t i o n , i ’ c s u l t i o ig  in the t a rg et  l e a v i n g  the I - ( )V.
‘I he pe r’iodk- loss i t  t a rg e t  m a k e s  inte  r c eb u t i o u i  c -x t t ’e u i i e lv  d i f f i  t - u o l t , auld , in
fact , nei the r j ) i l o t  h i t  the ta r - g e- I undt ’r -  t h i s  c ond i t ion.
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CAMERA DEPRESSION ANGLE (deg)

l-’igi,m i-c 22. E l f t - c t  on CE P of va r i a t ion s  in cam era - ( ‘ pu ’ (’ ss (in t o o

Ic pe i-fo rinance ( ‘a l - t nt it  be t i t e - a su  u’ e - ( i  1 u \  ( i P a lnu ic .  ,- \ umo ti m i ’  I I mpo [—
tant pa rant  etc 1’ i u t v o i  vt’s the n o eaui  i t lopa c t c - u  to id  m a tes - In the e a se  nI ( ‘al l ot ’  i-a

~~~ re sslon ang le , the y e i-t ical mti ean i nmpact 1 1 ( i i i ) t  I J ( ’( ’Oil i I ’S i i i )  P° i’tflnt u s  s l i t  ~~ Ti

in I - igu re 2 ;i . In the simulation e I I t u - t  t h -  p i l t u t  had th e beii - f i t  i i  a t t xc -e i  I
ing c’ ross cente m -c -d on t h u  1\’  n in n i  t t  i t’ . Wi th  his  a i- i - a mmgc - tmrcu i t  t l o i -  p i lot  t i - i t  _,
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1- i g n  u -  2: ; . I\Iean ve t -ti e - al impact  point ~~‘r sus c-ainei-a
dci) u t ’  SsiOfl angle .

t ( i  m a i n t a i n  the ta r~~ e ’t in thc- cente r of the tb sp] a~ . 1-’or In u ge’ v o t  i - i at ie ;i - t s  about
tin - opti m u r n  c - au r n - u - a  ( I t - I  iression au - tg lc - , l it- ciesi i-ed f l i g ht t i a t h i  and th e a c t u a l
f l ight  path di~-c-i’ ooc ’ with t - auuge clos’u i-c and t i n -  pilot dot ’s o u t  I i a v t -  t i m e  to m oike -
the u O ( ’ c t ’  ssa i ’\ c -u t ’ i ’ c ’( ’t inn S  t i t t ( ’ e -  he i-cal izes he wil l  in i ss the to rge-t . l ’hi s bias
can be i ’ e ( i h t ( ’ t ’ u l  h i y  u u o a k i e g  the trackin g cross Position a futu -tion of t ime - can-t i - i n
depression angle,  Jlo ~-, c -v et ’ , such a solution -ould reduce the t - f l  >, ‘c- t ivc  I- OV
in ce rtain e n g agem e n t  situations. I -igu res 22 and 2 :~ indicate ti - tat  a ( ‘at -tie ra
depression an g lo-  of from l to 12°  would h i e  adequate ft - n r a  a miss  di ~s t a o o ( - e
stan d point. Twe] vi’ ( 12)  dog i-t o ’ S was ( hlosel) bec-ause it  al so s o; it i nmUiii I c i i -
hot- i zon u t - i  e rc u ic t  - -

E ven with i i - -  optimum -aniera depression angle- , miss distant-c pe rform-
ance is inadequat e and ways to minimize it were u ie -d t -d.  An obvious parameter
to vary in th is regar d is roll autopilot gain. The same pilots wet -c - used and the

5()



sv st (’nu -e’rtnrnlattce i s  Sh ( t W t l  in 1 - i  ~l m t - c 2- I  - TIm e data i t u l i - a t ’ -  that  a rol l ~i t t t o —

1- i  I~ it i f l t~ i’OVds syst em He- r f e i t — t i i a o o t t I nu t is f’ai r — l v in  s t - u  - s i t  k -c - i - tim . It - - ar  h i t ’
c - ( i o i e - l u ( l c d  t h e n  that  the au top i l i l ubon e  (-Oo t fl (i t h J i - ( u v i t l e ’  the  r e t - d i d  i-oil s t a i i i l i / a —
t i t i u i _  The re’ason t ( t i -  t h i s  is t h a t  t I r e ’  auto p ilot , ri ’g~i l - ( l I c - SS  i - I  g t u i u i , ( lot -S m i - - I
p t - e \ e ’ t r t  ! 0 i -  t ct n t i o t~ a t \  loss ~i f ta r get t i i i i ’ uiog certain l i ank i o , ~ m a neu v e r s .  , \ I s
i t t he  n o o t t i p i l o t  h t t ’ e - t i u i n ’ s  t oo  (~l b - c t i \ - , t he t - e -s i st ancc t i dt -si rut h t o t o - , \ i - t s

‘~ - i l l  i l e g  racie l)C r iorniance.
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ROLL AUTOPILO T GAIN (dog b A /deg ~

I - i g u i - e -  2 - i  - 5\ ~~t e - u t i  perf orn ian c- e ~- e ’ t - u u s  i -n I l  a u t o p i l t i t  g a i n .

j o t -  m e - s u i t s  at t h i s  po l u i t  ind iea t e - i~ the need t i  roll 5t~m l ) i l i > ’d t > - ’  I V  i1na- ~e
pt ’ -~~t ’ i u t t ’ > i  to h i t  pilot .  ( )u e ’ w a \  would be to  s t a h i l i i > -  the I V  c a n t e r - a .  . \ o i i t b o > ~’u -

‘~ av , ant i  the  o u r , -  — i c - h e - c - t e d  in  th e  st ’- md v ,  i t i ~-t > l~ cs t i n ’  m i - I l  s t a h i l i , a t i on  of the
‘‘ u t i  i t -  a i m - i t - a n t > ’ . ‘F t m i - ~ t u i v n l v u d  th e si m u l a t i on i i i  fou r conf i gu u -at iun s f l-tat we’r e

-
- it i t a t  l i n t  S - i t  configu ration ( ‘ I )  l i v  I he- i n c l u s i o n  of ve r t ica l  \d I t t L ~ -S as sl i t  ice a in
I g o t > -  1 1 . j u t - s o -  ( - l i i t ~ig ( ’ S resultc l in a mor e ef fec t ive  1- 11 ( 10k-i - that l i i - > ) \ i u ht ’ S

1 ,  a liSt at lo im al nmo v enten t  W l t l i  l i i i  i l l  ma l  Vt ’ hi ( ’l  e 1 ( 11 1 .
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The s i m u l a t i u i o o  i t  the-sc e o n l i g r o i ’ a t i i i r o s  ~c as  c u n d r n t e ’ u h  wi th  an a u t o p i l o t
go in i - I  i i . 2 - k g  ~; ,, / 

cleg ~ and ut c-amer -a ( I c h u  r e ’ s s io oo  an gl  e’ of 12 0 
. A d d i t i o n a l  lv

the cou it  o i l  i i u r n - t  ion ‘c t t .S c hanged t (i a sluig ] (‘ s t ick  - - u t o t i  gu r ’atioru ( i . ( - . , with  t h e-
n i l  I c - i  ant i  t ’ l e ’~ a t or  on ‘ne ’ ~t I i e k )  — All  I l i g h t s  i i i - c-o u t i -gi l r a t  i o o i s  Cl th r’oc u glm C-I

WC i (  ‘ c’ c ) nclcu i - t e d  ~vi t  h t h e  fli erons in th e- ati top il u it I i x i~ on] \ -

(‘ouuopa  r a t ive  ~
- n - I o u - u i  a ne - c -  data , as m eas nu i - i- i l  by ( ‘I- P, a u -c show’ti in

I-’ig u u - t-  25 , Flo e ’  d ata a n - c - l, :tsi ’d on e x i n - r i d r o c e d  p i lo ts  at the c o n t r o l s and show
a n a ’ c ’ u : I g c  im; o - u vi mc ’nt liv a I a e l o i ’  of 2 for t h > -  roll s t ab i l ir c  ii  e - o n f i g t o i - a t i o n s .
C- n t  igc oration (‘1 , cc h i t - h  t t - t ’ f o r ’ o o o c ’ d  2. -1 t im es  oe ’tt i ’i ’  than CO . was c hosen t u t u -

I t  i - them ’ .~t u t i i e ’  5 in \ - o i  v i n g  uit t r a in c d  1 i i t  o to~ . l~ gur e  2 1 shows a cotnp a O U ti  ye
i u n j - ; o - t  ar t -av  ob ta ined  t i - o r - o  s i n i u l a t i o u - t .  Roll s t a b i l ij a t i i i o i  of the TV ( - an oe- I— a
alone , a l t h ough not s i i n o i l ~~1 i d , cou ld  held e i i u l h O u r a h u l e  t - e su l t s .  The pilots  task
woufci  i i ’  n i c i i - d  (h i ! f j ( ’u l t , how e- c c i - , s t t O ( c ’  he w o u l d  r o ~ hac - c- di u~ ’ - t  -oui tr ol over ’
t i r e -  I’\’ in a e- .
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AIRFRAME CCt NFIGURATION

I- i g u t i - e ’  25 . C t i t l i h i O u ’ O h i \ e ’  ‘ i - f o r — m am - e  of R P V
ae i - c it l ’ u t a r u  u Ic -onfigu i-ation s .
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A o u i i t i u c r  i n t ç i n r t ant  f a t - t i’ in a i r f i - ti n u o e ’  s e I t ’ e - t i o n  iS thoc -  p i lot ’  s a b i l i t y  to
adapt to the f l ight  task - It is  shown in l”igu i-c 27 that  i-tot ot il v can the pilot

l °~’ u - t i  - m u  1 u & ’ t t e  r a lI t ’  t a I u rn h e’d n u n o b  ‘ei of f l i g h t s  w ith c -u i o t f i  gii i-ation Cl , but
also i r n i u r o v e u u u e n t  is m o n - c  rapid to the ’ point  that an unt r -a ine d pi lot  is essent ia l ly

t -aincd af te r l u )  to 15 f l i g h t s .  i’hi 5 i s  an i m p o r t a n t  f ac tor  in the selection of a

fi nal -S\ .ste ’nI

3 —— - - - — -- - - - - ———-—_____

[~7/yJ BANK TO TURN

2 - 

VERTICAL STABILIZER WINGS

I iI-1/~~ _
L~~~~~~~~~L L L

~~~~~
O

O ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
NUMBE R OF FLIGHTS

1- igu i -v 27 . 1 n t r a ined  pilot adaptation to te t -minal  t i -ajectoi -v task.

,-\~~ a f ina l  conipa i- is uui , the single ’ f l ig ht hit  probabilit y was c-ornputed and
is shown normalized to t I -a in e ’( i  p ilot performance in Fig-u i-c’ 2 K . These’ data
a re hasi-d on a :~ - - :~ rn ta t-get and show clearl y ti -tat configu ration Cl is
superior to ( 0 .

In addition to the preceding, I im ited results ccc -  n- obtain ed for- othe’ r sv s—
tern J)ai-amete r c hanges. I I i c - s ’ s t c u th i c s  i n v o l v e d  control sy stem ~-a m-iati ons and
constant velocity surface winds.  A tota l ii i  30 f l ig hts w e - m o -  made ~ ith the aileron
contto l  ga in  varied b\ - a fac -t ot - o 2 w i th out an~ s i g n i f i c a n t  j i e -r lo r tn a i i c - e  change.
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l - igur e 2s . Comparative single f l igh t  hit p i - oba lt hl i ty
f u i r  untrained pilots normalized to trained pilot

perf orm ance (3 3 rn target) .

Quali tat ive resul ts  wet -c taken involv in g  a s i t ig le  stick control station and the
observation of all pilo ts indicate d that it macic their task simpler. A total of
71; f l ights  using c onf igurat ion (‘( I were made to determine the effects of wind
on ta rget impact  perfo rmance. The w i u i d  velocity in all cases was a c o n s t a n t
:r rn/ sec anti was varied in direct ion . The results show that the CEP pe r-fo rm —
an -e deteriorates b approximately 10~~ from the no w ind  cases. Since’ the
change was small , no run s wet-c macic using config -u ration (‘1.

B. Unmanned Te rminal (;uidance

To f u l l y  c-valuate an attack min i -— R PV -oimc ept , it is ne -essarv

to consider te rminal  gu idance schemes other than r n a n — -ontr o lled.  Three
fundamenta l guidance schemes were considered: ( 1)  at t i t u ihc -  pu t-suit U simi g a
strap—down ( body -fixed) TV seeker , (2)  proportional navi gation using a strap-
down TV sceke i- , and (3)  proportional navigation using a stabilized TV seeker’.
‘I ’he fi rst two candidates were considered because of potential cost benefits,
and t h e -  stat ) illzed i concept was considere d for accuracy comparison pU1~)O SCS.
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Au -i a t t i t u i t i o -  pu r suit control sc heme ut i li ze- s a slr-ap—down 01’ bod\ — f i x e d
see ke r’. ‘I b ue gu idatrc -e ’ corn n-t an d is  p i- op ort io nm al to the angle betwe-en t h e  t rue
I .( )S and the miss i le  a t t i t u d e .  i hoc - v e h i c l e  is tu rned to point the seeker bore —
s igh t  t u i w a r-d the- t a r get  - The C o n e - c h i t  i s  I u i - e s em - t t e o,1 mathematic a l ly  as

ö

cc he i-c’

contiol  stir-face d eflection

c’ouiti-ol gain

= ang le l - e - tw e-e - n c- c hicle att i tude and b or ’esight .

‘l’he majo r -  e’-eakne ’ss of th is  scheme is the inab i l i t y  to correct for bo r e—
Si nj ot ei’ r () t-s i-c suIt ing  from wind c u r -  moving ta rgets. f l -sul ts  show that 1or a
i-casouuahle c o n t r o l  g a i n  tha t  the c rosswind sensi t ivi ty  is approximately 1—n i
fu SS (h s t a n ( - o ’  I t e r I — uui ~ See- cvin d v e i ( i c i t v  The sensitivit to moving tat -gets  is
i -ot igh lv the s t t u u  e. (‘onside r i n g  these c’i-rors and othe r sy stem errors as w e l l ,
i t  is not an i-easonabl e to c x l  ue e-t  a CE P of from 1( 1 to 20 m for th i s  c-oncept .
‘l’he r -cfo in ’ , it is u t  ‘a sonahl ~~

- t - a ssunie that an attituck - pursui t  sc heme alone
canno t  h ol ’u y i ( l e  the t-cquire’cl pe r fo rmanc e for  an attack r n in i—RP V .  The poss i—

Hi it \  (hoes e’xist , howeve r , for au g-menting a n m a n u a l l v  controlled sv s t euoo  with
an attitude pt m t -suit s(-h em(- .

In proportional navigat ion schemes the vehic le  f l i g h t  path tur-ning i-ate
(-

~ 
) is proportional to the LOS i-ate ( ~

-)  . Implementation involves  makin g
ti- t

the ( - ( i ru t  rol Sn rfact ’ deflection propo i-tional to ~~; i. e •

o~~th -

Cs ua llv , pro Portional navi gation schemes a r e  mechanized ) u y  m o u n t i ng  a

sensor - on a 2DOF inert la l]v stabilized platform . In this manner  the se-eker
can lock on and track a target Independent of vehicle hod~’ motion . Another
possible mechanizat ion involves t In -  use of a strap—down seeker. In this  cas.~,

- ,i



the l) Oi -e Sight au u g -u i a i -  e r -ro t ’ , ( , is d i f fe r -entiated and sumnu ed with the vehicle ’
b(u iv i-ate c~ (obtained front on—b ta t~(I i-ate sen Stirs) to pi-ovicle an approxinu ate

- n-i
l ,()~-’~ i-ate , 

~~~~ 
I . e- .

ru

I :igu i~e~ 19 shows a s i n ip l i :~c-d block diagram of th en se - h - i c r - t i e s .

‘ibo ese t w o  c- onc e-b i t s  cc- c’ m e  in v e s t  igate’d f o r  I io th  c o t o f i  g cu ra t i o n i s  Co and (‘1
u s i n g  a lAS . \ Vl o e ’ui  th l i -  ‘lVS  is used in  t h e  s tabil ized tn oche , the I ( uS i’ate- is
ol)t ainedl cli rc -e -t l y from t h e  hat - u lcc-ai-e . To s i tuuu la te  the st i - ap— ul own cone -c-p t , ti - ic
se-eke -i - was I c -ft  in the c-aged n’uod e and the bon ’sight e r i o i - , also a bta in hwai - c ’
output , was di ffe- r-entiated and sum Iii e d  with the ideal I ~ a ic rates fr o n t  the
d ynamic -  s imula t ion .  The results rec-ealed the fol lowing:

1) The perfo i-mane-c of both sc’hemes is in die ’l  u e -u i c i en t  oh ai r fr -ame ( ‘on—
figu t-ation t om the i-angc of t i-aj e ’ctories conside t e d .

2) Both schenues can reasonably yield a CliP of a ltp r ox ima te- lv  1.0 m
in the abseiucc of lar - ge’, impulse dis turbances.

:;) The- propor -tiona l navigation sc heme’ us in g  a stl -aj )—c lown seeker- can
experience loss of lock for  inupulse  distu rbances such as cc - in c h gus t .  ‘l’hi s
t -esults from body rates of a nu ag imitud e exceediu ig the seekei- t r a c k i n g  i-ate
c’apabi Ii ty

Althou gh n-tore work needs to be clone in this at -c-a , tin ’ g e ’u uc ’ r-al conclusion
at this point is that a strap—clown seeker- concept c-am -ti - tot perform to acceptable
Ii  flu i t s  in the m i n i — H  PV attack role but may be useful as augmentat ion for
manned control . Of course , the stabilized se’eker performs satisfactorily b iut
has the disadvantage of bei n g costly.

IV . SIMULATION VALIDATION AND FLIGHT TESTS

Two methods were used in establishing ti-ic va l idit \ -  of the simula-
tion. The f i rs t  method consIsted of a qualitative comparison of the simulation
and the vehicle m m  flight as viewed by pilots who had ConSiderab le experienc e- .

_________ ‘I
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l” igure 29 . Proport ional navigation concept s .

‘I he — i c p i lots  all agi-eed that the simulation respon se was identic-al  to t i-ic vehicle
re ~~u oflsc  when viewed through the TV monitor.  The- pr - irn arv validation proce—
dii u - i - , mocv ( ’y e- r , consisted of a series of fl ight tests.

‘I he target used for the test was a standa rd neoprene weather balloon
i t ]  a tj of w i th  hel ium to a non-i Ina l 2— rn diamet er. It was I ci lie -i-e el at an altitude
‘~l ;

~ii i’roximateJy 10 m iiy five c otton s tr in gs set in çi~- t -ami dal  configurat ion f o r

— -~~~ _____- 4



stability as shown in I-igure 30. Data were obtained fronu two 70 mm cameras
set at right an gle’s and was reduced by measuring the distance from the tail of
the ai i-cr -aft to ti -ic c’ente - r of t h e  balloon at the point of c ’lu) se ’st approach.  I - i g —
~~~~~~~ I t  shocv s a typi c-al flig ht.

( ,t
CAMERA NO- 1 /

STAT ION

Figure 10 - I-’light test I an  t o t .

The piloting pro c-ed em re used consisted of a c-isual p ilot and a ‘l’V pilot .
The TV pilot ’ s tran snu itte r - ge -rue- rated a modulation signal amid applie d it to aim
out g’oi nu g RI ” c arrier wave . ‘l’he transnuittcrs were wit-ed together ’ and the
visual pilot had control uv c-r  which modulation signal  cvas fec i thi-ough to t i-ic- Ri- ’
carr ier .  In this  manner the visual pilot could gic-e -oui tro l  to the l’\ pilot or
r ( -g ai nu control h imsel f  if nccessar -v.

l-’light tests were made using configuration CO in May, Jul y, and August
of 1975 . A total of five flights encompassing 38 target passes were made with
data being returned on 20 of the pa sses. Data camera problems resulted in the
loss of data on the remaining passes. A complete summary of the tests is
given in Table 5 .

The pilots used in the flight test were the same- as those c ’x I ie i-ienced
pilots used in t i n -  s imulation . Comparative results from these tests shocv ti - tat
the plIot~ had a cumula t ive  (‘liP of ii in in the simulation and 7 . 9 n-i fo r’ the
f l ights .  l” ac-tors that explain the diffe rence in the results inc-lude the Iollowiimg:
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Figure 31 . 1~~l ) Ri l l flight test.
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1) I ’lie t ( ’ S t  s anu l  flc ’ id ‘e- w a s  2 11 iii g u t s  ali t! t h e  e - o I - r e s f i o n ( h i  log  s ime ul  a—

tio nu sai-irj ) lc s l i t ’  \‘ as 221 1 .

2) W i n d  gust  up to 13 m/  -Oe ’( ’ were c-vMhenu t j m u sonic of the f l i gh t s , and
the s i m u l a t i o n  i m c ’iuded comu stant w i u i d s  o uu l y .

:~) .-\ i - e l u ( ’t au uc - e  on -i the ’ PaI-t of both the visual pilot an ue h the ‘I’V pi lot
to engage the t a r get  in the vc’ r-tica l coo r e h i n u a t e .  This is in id ic -a te d  by time f a c t

that the mean vc ’i -t ica l impac t  h a u n t  fo r’ ti -ic Ilig ht ti-st was 5. -~ in , whe n’ ( ’a , s the
co i respo nud in g  value fi ’onu the s imulat ion was 0. 6 n -i .

The or ig ina l  t est plan called for f l i oh t  testin g c-on f i gu  ration (‘1. This
c-onfigu r-ation has been fabi-icatedl but  f u n d i ng  cuts caused time can ce l la t ion  of

this  e f fo r t .  h owever , ~v i t i u  ti -ic ciata col lecte d on coru f ig ’u iat ion u C c l , it is believed
that the s imula t ion  is a val i d  i’epresentation of the actual vehicle .

V. COMPUTER SIMULA TION OF HUMAN PERFORMA NCE
I N CONT R O L L I N G  AN ATTAC K RP V

A . hu t r Od ltm ctiOn

In the i-c-v iou s secti u n u s , the i-c suIts of f l ights of a i rote ct v 1 )C
attack RP V and sin ur m l at ion of an attac k Rl ’V in ti m e clectrooptie’al s imulat ion
fa e ’i l  i i  w i th  hu ii an m i;)(’ ‘at- irs ‘‘ in—the—l oop ’’ we’ me’ o-esented. This section cs-ill

1~ m ’( ’sent a n i t t . th od  tot -  al l  d i g i t a l  s i n m u l a t i o n  ; th u at  is , in addit iou t to the RPV , the
human - -~~c’ r ’ato r is s i t u - in !  a t e - t i  - ‘I ’m - cf fo i t  is i iuco fl ih ) le ’t c ’  at t h i s  t u n e ’ ; the u-efore -
i - n i i c h a s i  s c~’ il I be i t ‘no t i n -  n - i t t n i t  I at-ic! not i ’( ’SUII S. ‘liii S man  appear- to be a
i - a t i c e’ t ( l i s t a u o  t ‘ ‘rd a U t h  U i l - i d ’ ’’ hut  one , hopeful l y , that nu ay proc-c i n t e r e s t i n g .

)~ t i  m m n a l  Cont I’( d Man—Model

I )u u i-i no g t in - a st st -vt ’  ral decades t i e  me i-ias I eeiu conside rable
t U i t t  to inodi - 1 -r - ~m an as a c i  in t i o l  Icr , mainl y to sU,u lv ai re t -aft handi j u g .  l’he

fl l ( ’M t ~c n - i t ’s s i t i l was t i - t i -  f i - e.qrm en -v domain , des -i-ibing htmm u (’tid )iu app roach ~ , 9~
l o o n  i t  ha-s - ‘erta iru l i m i t a t i o n s  [ M J  In thc- s ix t ies  amu other a;)pl -oach r i s i n g  state

~‘a i-j a ij l t -  s i i o t d  oJ t i  nu I al c ontrol t i l l - e u  i-v show c-d great  ~irornise i l l  overe-om mn g some
of the l i m i t a t i o n s - -t th e- desc ribing function approach. in part icular , time opt imal
‘:-ont mo!  nm ( i ( Ie l  - t i  vide - , in addition to tim e niean tin- ic histo r-ies , the ( co) va n —
aiu ’( -  t i m e  hi s t u n t  ‘ ‘-i , m u l t i p le- input (disp lays) and! output , am - id is adaptive to
the task . ( fl  course , the vns eru - ihl e statistics are of part icular  inte r-est in

evaluat i  rig a -iv st ( ‘ n u t , S c- I t  c-e ti v en ue -  55.

‘ — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _ -~~-- ____________



Th e- model r us t - t i  ice re is the  Ha i t  i n - i — Ki e i nn - i  au — l e v i  son ~oloe he! [ 9 , 1() j , al so
know n as t i -ic Ul~N ( Bol l , He’ i-ane -k , and N e ’ w n t  o a i o , m c -  . i i ’  Optimal ( ‘ - oo t n o l

~l - a h c ’ l ( 0CM )  - ‘l i me - t a s k -  a s s o t u o i l t i o n - t  is  ti -tat t i n ’  w - e i I — t i ’ a i n u e d  we ’l l— n io t i v a t c - d
h i u u i m a n  t i l i ’ m ’ a t o i ’  hc ’Ic ac - c- s in - i  an opt ima !  u n a c u t o c ’ I- , s I i I )j e ( - t  to hi s  in h e r e n t  l i n u i t a —
t i o n s  and ti - ic ’ r ’e q o ii  r t -u ~~e ’ u t t s  ‘ - I  the c - o u o t r o l  task 1 1) 1 .  Thu nioc lel ba sc ’t I  uup or ’u t h u s
as sump t ion  has t~i- c -ni  c-al i da t e  -- I Ia , l I J  . ~\s Iuum ans , it  is  p leas ing to know- we
c!o st - u n - ic -  t h i n g s  om - t i i o o a l l y _

‘Fbi ’ n u - - t k ’ l  u t i l i i c - s  l i u n ’ a u - — qua d i -a t i c— ;a u s i i an  e s t i u i u a t i - - u u  au - i d ( ‘ i ) n t i ’o t
t hu eo t - c . H i t ’  t i e - t a i l s  of t i a -  iru o ei e l at -c ~vcll do c -o in , c - g c - ch 110 t lu i’ou_ ugi u 131 and t i n - i c
di V e -s Ft ( i t  i~u - u - n o i i t  t u e - u ’ u ’ -v i  ccv I c e ’  c . But only a brief otnt l I o~~’ ( i t  t ime model is
t- e-qu i ru e I i i  - fol l cv I In ’ a i tp l ic -at i - -ci to ti -ic at tack RPV P l Oi) 1 c-mi - i -

i i - - - ,-~ i i  - c-a i -i - - t o —c m ime -i - c - ui t  h u m an  l i m i t a t i o n - i s  a mc’ iuutro duc’ e (i  i t - i to  ti -ic c ii  ( ) ( Ie l
mac - ht - si -ri in l- ’ig irrc 32 . ‘I’he’ - u s e  u - c- a t  ion , ( t) , is 5111) Ie ’( -t e ( l  I ( - ob~-ti- rc-ati on
n - - i  sc , — 2 1i d l - , ar - te l  a ‘‘ i - i  -r c ’ept in al ’  ‘ t i n - i c  dcl an , ~ ‘—~ ) . 2 se-u , -\n i- st ir - i -tate - i t  the-
Iii a\  c d  s t a t e ’  - i t t ime S\ S t e ’ t n t , ~

( t — r)  , is n’e e’ou-i stt -ucted by a Na! i - i - t a t - i  f i l t e r and
t o o  gh t  r ip to - h a t e -  hc ti-ic preehic ’to i - . ‘l ’hucn time optimal control , n~tm ( t) , is corn —

I. Tine ’ e -o nut t - o l  i s  the- n seth je-eted to 0 0 0 ( J t ( - r  noise , —2 ’~ d13, and a ‘‘ n o e l )  t o —

r - i t u s -u l ar ’’ t ime -  - h - I a n , I ) . I sc-c ’ . \c tual lc  the n eut - omu sct u l ar -  t ime delay

is  m u g - l b  i t  in t i -tat i t  is int r od r n e e - d by w e i g h i n g  on the ( ‘ ( t t ’ t t t ’o I r a t e -  in t h e  j u e ’ r —

- -r -n - i an c ’e i n t o  k ’\ (c -  o st  Funct ional ) - That is , t he ’ w - i g i u i i n g  on c’or -it i-ol 1-ate ’ IS
adjusted So t i - ta t  the- c’ - u u i j  u u t en h  - I ) . 1 see’ i t t -  sonic’ val tue - itt ag i ’e ’c ’u oo cn t  w i th  the
U -s t  data u i - l a g  an a lv ’ed . -

Ti-tat t I I ( ’  ni -ic- i - c-n - it  l imi ta t ion s SO mock- I u - t i  i- c-main inva r -i ant , 01’ n-tea i-In so,
at’ i-o s-s a w ide ’ range of S \ ’ st ( ’n o  d v n u a r - i - i  ic ’s in val id! a t i u t n  t ( ’st is  the-  I)Ocve t- of ti - i t ’
l l  I ide] . ( H c’ou i-se , th t  c’sti n -t at e in , i -tn li (‘to i- , and Iai  u - i s  a i-c’ (leh ) Cti (I e ’fl t  ttpoti I h o c
s~~S t e t t u  S dyna tn  li-s and time task; there in  l ie ’s  the adaptabil i t \  of the uu t a  u t - I

‘ I i i ’  p 1 at - it  is def ined by an equation of state- ,

~ ,\> . + flu + En

and t I t u ’  disp la~ by au obse i—vat ion equa l  ion ,

- ( ‘
~~~ + i)u
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‘l ’he I C - s i -. i ’c -qn i i - e - u n e n t s  a t e ’  ~i t ’ f i n t t ’ ~h l uc ’ a i - st ft uuuc’ t io n a l  i i i - j t c ’ i ’ t o m n n i I u i t ’ e  i n t k ’~<

I ( I
f

l ~ ~~~I ’x + T ( 
- - c- 1

Q v  ~ u ’R u  ~ 
~~ dt -

‘j u t - s i ’  eq u a t ions  sup j  il y the I n fo r r u ta t i ou  t - - cotuo pute the - - i t  i rn al  f i l  tc’  i - an - tel  c - e m i t  o’-
C - a i n s .  if t h e  c’ontnol C - a i n l s a r c  not to l ie -  c o n s t a n t , t he- n nu u st  I i -  i n t e g r a l - I a u - k —
w ai - el s in t in e f rom t b ’  F i n a l  t i m c ’ . The ‘ ‘ l ina l ’ ’  c ’ou ’niit ion would  h e ’ n a t  t k  I- .
I h ~ l u t e - n g a i n s  ar e ’ i ’ i t u u c i t i c t c - d  forrr -ai ’ds in t i u n c ’  and p u -use -n t  no ( l u i t i c u l t \  -

Those- fain il Ia r w i l l  rn -dc n - ut  c-on - itt - oh I b e a t n - v nia~- have foun d t i l e  c o s t  iou - ’ —
t ion al a h it  sti ’an-,u- - I h c  problem actual ly hi - i  cog  solved has ti - ic ’ s tate c - q n a t i i  in

/ \ \ / — \ I R \  I x \  I i ) \  - IF :+ 1 — I n
~, il k t ) ~ i u /  I, ~i/  ~~1/  1 1/

an d ti - ic- d i s i i h a v  i- i -n r v : l t i i - o u  e ’ q t u u 1 1 1 i u ,

= ( ‘ f I ) ( ~~

I ’ i u c -u - u c -  m a n i p u l a t i o n  ann! I he - solut ion of the mu ’i u i t n - i ’ . R i c n ’ a l i  ‘ u l i : t t I u ~ 1 u s  I - - i -  t I l e

( - ( I n - i t t - i ) !  at - tel f i h i u ’ r  r a i n s  a u - i ’ h - i t  to ti -ic c -o f l - ih iu t c ’ l  ~t t - O g t ~~t I r  . ‘I ’he ’ c- uu ’g n r a ’ ’ u ’ S

i t i b t i t - n u is t e i  , s c i i t~ u i y  the i m o p t i t  r n a t i - f  c-it ’ s w h i c h  i h c ’ s u ’ n ’ i l i t - t h e ’  p l a u i t  ; i o H  t he  task .

( ‘ . l i o o ’ a n ’ i i e ’ u i  Equa t ions  of \ l i ~ t i ou I o n’  an A t t a c k  l l I ’ \ ’

~ i t o i - e  the m a n — m e t t l e - I  l i nus  i n - u n  I o u ’ n o o t i k I t c n l  t u s i u -r l i u n a n - —
q i a d u t T u i ’ ~~~auss iatu  i ’ u t u t r t d t h e o r y , i t  i s  an d’ s s a n \  to  l i n e-at -u t- t i n t -  usc — t e n t s

equa t ions  r u t  nmot ion.  ‘I’i u - linea r i i : i t i on  of a l t - d raft - u ’ e 1 c o a l u o n , s  of  n u m l i o n  is wi - I l
I n e - a U - - I  in Kol k ~1’fl , a im eh , is i - e l a t e - i l  f i t  h u e ’  n u r n — n o o d u l , t i n ’  l i n m e a t - L a u h t u c  in
l’- l i ’innu an at -tel K i h 1 i n -gsc~’oi ’ t I u  I 5J is i o t s t nu t - t i v e .

— -— - - - — ~~~~- —-~~~~~~~~~~~- --—~~~~~~ ‘ - ~~~~~~~~~~ —_____ — — — — — — a



i he e’oi-i f i g u u u a t i t - u c  C u )  u - e -q tui t ’e- s i-oil tu - tr u mn , and the - t - u s o c i t l u  o r u i n u u u u - 1

equat ions  a t- c ’ n o tu l i n e a u- w i i u ’ i m  p i i ’ s i ’ l i t  d i i ’I i c - u u h i  I c - s  i t t  m o d e l i n g ,  i a - u t . r , a l i ’ lv ,
c’on fi-gn m ’ a t i t i i  ( l  ~~~~~~ ( c i  ht ’ ( ‘ a - O I ( ’ n  le t t i c  anu ( l  m ( - n - c i eu _ t u n i c .  I-c) t ’tn ru at (-

In ’ e ’ ac o s e ’  t i - i c c-qu atiot i -c I - - n  ( ‘ 1 arc ’ m a s t i c  l i t u - n n i i c - - I  ( l”in otn ’t’ a , ; ) -

The n on p in i hi f t ’&- i’c’uoc’e l - c ’ tc t e ’e-ic tint ’ f l i g ht t e s t  a n t i  the V ( )SS simu lati on was
t i - ic p r e sen c e  -t g r i s t  in t i- ic f l i g h t  te st. It w a s  th e n - c -h - re ’  b ’ -i u le d I -  Cisc’ t h e  u t a h  —

mode- I  t i  - stucic- the c- ffc ’~~t us of g~t st 01-i ~e- i t  - - i -n ta t’ i c’c. l i i i  us r’equi n c ’  us a l i t  i c -a r  gu s t

ru t ode’!

D. I )rv d en o \Vinel Gust ‘~lodcl

‘I ’boe p r inc ip l e -  extu rnal ci is t u r l)ancc nu t  b i g  on t i n ’  R P\ ’ is cv inc l

tu rbulenc e - or gust .  l’he Drvclen moele’l I 1~ is a f i t - s t  i t  r ’ch c’ r- :\Ia rkov pr~ c~ ss
cv ith l~~c\e i’ si ic-ctra l d e n s i ty

- ; - (~~) = 2a: (~~~~~~~~~~~~ 

~
c’ he re

n ean— square gust y c- I o ei tv

e-quiv alent air speed

f t - i- q oii’ u ~~-v .

I .  = se-a l e ’  tu rbulence .

l i re ’  auto co i- i ’ul at i on function and cot - i -c ’lati oi -t  time ( 1/ c  point) a me

I)

2
= ~~ g

________ a



_OSb 2 CN r 
0 OSb CN 0 OSb CN~i r

- 

Iz —h

1 0 0 0 0
= 

~ 1 
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+

A x + B u

= YAW RATE CN = 0,114
,- = YAW PATH A NGLE

= YAW ANGLE OF ATTACK CN = 0427

y = CROSS RANGE DISPLACEMENT 0 0
= RUDDER DISPLACEMENT CN~

Q ’ 1 / 2 p V 2 C~ 1,421
p 1,225 kg / rn 3 C =0,125
V = 3 0  rn/sec

~ 1 ,935 kg—rn 2

m 11,325 kg
S 0,92903
b 2,438 rn

I”i gure 33 . S in op l  i f ied linearized yaw RPV equation
of motion for Cl .
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Replacing j w by the Laplace operato r , the wind f i l t e r’ is

/ ~~l / 2
f V 0 \

w (s)  ~2 — )  rg \ L f  g

n 
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V
‘
I 

(~~) +~

and the associate d i ’lrst orde r diffe r -ential equation is
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/ c _ 1 / 2
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\ 

J2) n ( t )
g 1. g g I.

wh i c h  is it the fo rm r’cqui i-eel by the state variable model.

An alternate fo rm [ 15] whI ch cviii  be use-d in the model is

1/2

- -j
~ ~~(t) +(~~~~

)
~~2 

~
) n ( t )

where- 13g ( t )  is ti -ic angle of attack created by ti -ic cvind gust.

F. Observation Matrix

~l r i ( - h  of the earlier work in us i n u g the man—nuodeling techniques

cvas in s i m u _ m l a t i n g  au -c-raft operating un d er imu strument flig ht rules (IFR) [10 ,
11, 12 , 1-I , is , ih , 17 , 1~~, 19 , 2 0] .  In the case of visual flight rules (VFR) it is
no t as c-le ar what information is available , but time work of Grunwald and
\lc- rh av at ‘Fechnion , Is rael (21 , 22 , 23 , : ; :t j  has gone’ a long cc av i n - i  a d c i t e s s i n g  the

\‘l -’R modeling problciui . Thei r approach-i is based upon the concepts of J. J.
Gibson 2-h , 2 ‘i , 2~i) - (;ibson ’ s approach to visual perception is to examine the
infor mation which is availabl e from the visual se-ct-ic; the physiological process
of ~n-t -cept ion is not at i ss ue .  The model is based upon t i e  relati ve’ motion of
textu ral points in the visual field , that is , “,~treamers ,” the velocity vectors
of the textu rr l points. An analogy would be the streaks or b lur inn a tin-ic

-xposure liv a r uov ftcg camera.

The problem treated l)y Urumwa ld  and Merhav was the horizonta l flight
o a I ’V—RI ’V .  The task was to cruise- along a i-oad while being sub jec ted to
gust disturbance-s. ‘l ’hey ut i l ized the optimal control n -ian—model as the basis
of the! m - analysi s .  I-oi- the fixed n e - t i t l e, the obse rved angular en - o r  it  yaw
was

70
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The error rate is

- V V
C (- .- + ~~ + y + n -

I)

The maim—m odel assumes that for analog displays , the rate is al so perceived
[10] . ‘I’he “looking distance , ” D, was constant in their cruise studs ’ , which
allow-eel st -adv— state analy sis .  It was found that two looking distances were
adequate te model human perception in thi s task [21 , 22] .

In an attack mode of operation the looking distance, D -= D0 
- Vt , decreases

to zero at the final time. The expression c and ~ woul d prese nt numerical diffi-
cul ties near the final time. An observed linear error in yaw

F: - ) ‘ + D~’

w i t h  error rate

E — 2V ~ + V~ -i- Di-

overcomes this difficulty. The Ponzo or railway lines illusion lends support to
an observed linear error in that objects of a given angular size are pe in ’c-ived
as larger when perceived to be at a greater distance. In the cruise case , the
results would be unaffected since

E D

that is , the only diffe rence is one of scaling weighting.

The velocity vecto r ret icle’ showed improvements in performance for
certain RPV configu ratIons 121 1. l-’or the velocity reticle , the observed
angular error in yaw is
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l” oi’ the re-a s- i t s  p r e- c-i ( u r u s I  v g ic  t o o , cc-c c hoose for t i r e’  c’ e ’lo e -i tv i c - t b - h e  the
obse n-c-ed Ii near  e mro r in yaw

= y + ii , + 1) ,~

cvhose error ’  i-ate is

= 2V ( ’~ + ~
) + ( -c  ~ - C’ u)

u

‘l’hough the two look ing distance nuodel was ad equate for modeling free
vi ewitu g ,  it is b e l i e ved a single looking dis tance  is adequate for model ing attack.

F. Cost Functional Pc rf orman ce Index

The state ant i observation equations dc’sc-t ’ihe the human ’ us
in ternal  model of the plan - i t .  The wc - i gh iu og  of the c - d u st  func t ion -t a !  i l c sc ni L - c ’ s  ti-ic
requirement s of t iic task , that is , what is to he ac’c’oi - iu i) l ished .

SuppoSe one controlled to m in in u i i e  time ohuser - v c ’uh l i t - t ea t ’  e r ror  itu y aw , i- ,
throughout  the attack. ~Vould this hi’ reasonable ! l” or

0

it follows ti -tat

4) v + 1)- .

Fo t’ c-on stat-it path an g l e - , 
~

- , that is zero control , angle of attae -k , and yaw

rate , t in  - stat ( ’ equat ions  i n n~ il c

V - : -4 )
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‘l’hc e ’ o i c -

14 y + V , t + (D — Vt) ~
‘

- i )  4 1) 4)

— - t_

V = —I )
- 4) 4) 4

\V he’n

I) = I )

i t  fo l lows ti -tat

‘rhis wi l l  lie i - e c ognui z ed as the condit ions for a constant bear inug col l i s ion c’ourse
fo r small angles. ‘l’he condi tions for a consta rmt bearing coll is ion course have
I n - t n found (lesi i’ahlt ’ iii a i r  defense and t o n i c  k- si i-able in sail ing.

‘l’h ere fo me , the w e ’i gh in o g omi the observation would be

‘1’ 2

~ ~v 
=

or

1’ 0
( 4) =

\
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Alte rnati vc- ly, one could choose to minimize  v at the final time , an inter-
cept p roblem. In this case ,

‘1’ 2
x l”x~~~y

that is,

1-’ = 1  -

cv

Inte rcept control leads to proportional navigation which reduc es the LOS rate
to achieve a constant bearing collision course [27 1.

The wei ghing in ti-ic c-on-iputer program is

T T /  ‘I’ \x Q~ 
= x ( ( 44 + C Q C) x •

‘- 1

‘i’he matr ix  (,~ i s  time va r y in g’ hc -c -a r ns e - of the lookin g distance’, 1) , in the ’ observa-

t ion  m a t r i x , C , is t in - i c  varying.  In most app lic ’ati eni s of t hc ’  man—model  to date ,
the gains have been assumed constant or p icce— w i - s~- const ant. ‘l’he control pro b—
1cm was one of steady—state reg-ulation . This is i-tot possible here ’ b -cau se ’ of
t lt c- t ime  v a ry i n g  cost on the state Q.

l ice control gain s must  be computed backward s in t ime f rom the t ime  u)j

i n r l ) a ( - t .  ‘F imat a we l l  t i - a in ne el  hunu an operator would tk-v c- lo i t  t ime ca r’ ing gains
St ‘ 4 - i t t  S to he a logica l  ‘,‘-~ I c -no  ,SJOF) of the optimal c o ur t  r-ol n m - ta ll  —model - I- o r- thi s
i- -as out  a t ime c a r v i n g  ti an — io cn h H c ’ompttte r p t ’ oig ram was developed [2 1 - A
-av -at , th is  ( ‘xte ’nt sio n of ti -ic nuod el has not be e-ni validated at th i s  Ii t in e .

It is pla imt ied I 0 ifl C ’ O t’~ ior att ’ a gust model it - ito t ine F( )SS sin -iu l at ion -

A c e o  t i l ing - Re-h ’ r e-n t e e s  29 and 34) , the I i  rst irc ie t ’ m e - c i t - I  used here is n i o i m’c
appr opr -iate to long itudinal gust and a sec-ora l order nn od e-1 shou ld he usc-d for ’
later-al and vertical gust. A nother app m ’ u ) a ( ’h  to s in u n la t in g  tu i ’hu lctnce ’ cc i i i  he
found In l teft ’ren ( ’v 31.

7-i



‘flue i - (  155 simulation would allow va li dation - i  of the t im e  varying RP\ -’ ru - t a tu—
nimode ’l d i s c - r o s  sc-ti he m’e , ti - ten - i the model c’oul ci 1)c u sccl to seek out areas of se -no si —

t i v i t v  to he investigated in the l- OSS ; that is , hel p design fur ther  test.

‘I’he mouk - 1 is easily modified to incorporate augmented c ontrols and dis—
p lac S. A I So , t Ltc ’ model may be use d to study ope t-ato u win n’kioacl b r  c-a n - i ons
c ’ i i o i l  i gu rat ions [ 32 1  -

The hur t - tan  oper-ato r has been characterized as a “one luertz servo in a ten
hci -tz world. ” h ow-eve r , the human operator is adaptable and a fantastic m i l a n - n - i a —
t i m  sensor - p rocessor .  It is hoped that models such as the optimal control
nuodel w i ll allow understanding of his capabilities and l inui tat ions at-id developn-ient
of systems he may use to full advantage.

The research itu biofeedback has shown how little is real ly known about
n-i an ’ s abil i t y to control ; another mode l ing problem of interest , but beyond ti -ic
Sec cLie’ of this s t c n h v .
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