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Abstract

Most operational intercept,,, tactical guidance systems are employing technologies which .
decade ago. Newer technologies have been slow to replace these mature technologies that meet the requir n e n t vo ;v .r
fu ture interceptor guidance systems wil l have more demanding requirements and technological advances h c ĝ  p.>off
po.en.ial. The I xc.ua- Series wil l bring together » group of speakers with both ™™^m*P™™^^  ̂S gv
n interceptor guidance system technology. These speakers wil l provide the audience with .he guidance s y s t e m c c l• olijy
fundamentals which wil l serve as background so that theoretical advances in fu tu re and proposed systems can K bo.h
understood anil appreciated.

This Lecture Series, sponsored by the (ii. idance and Control Panel of AGARD. has been implemented by the Consultant and

Exchange Programme.

Abrege

1 „ nlupar, des systemcs operationnels do guida ê tactique de missiles in.ercepteurs ton, appel a des technolog.es quu ale . dc
Pi us le vinst ans I.es n, uvelles technologies .ardent a remplacer ces technolog.es classiques qu, con inuen, cepend.u a
r^ondre uiJ bcsoins actue.s. I.es specifica^ns des fu.urs systemes de guidage des intercepteurs seam, plus ex.gean.es e, e.les
offr i ront ainsi de nombreuses possibili.es aux technologies nouvelles.

Ce evcle de conferences rassemble un groupe de conferenciers ayant une vaste experience pratique e. 'hcorique des
technologies des systemes de uuidage des missiles intercepteurs. Us fourniron, aux part ic ipants une synthese d£ elcn cn^dc
litse destystemes de guidage qui per.ne.tra de mieux comprendre el d'apprecier les -..vancees theor.ques des sytemcs lu turs ct

proposes.

Ce cycle de conferences es. presente le cadre du programme des consultants e, des echanges. sous I'egide du Panel AGARD du

Guidage et du Pilotage.
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Introduction and Overview
MissUe Interceptor Guidance System Technology

(Guidance System Technologies Used In Interceptor Missiles Against Other M.ss.les Or Airplanes)

Paul Zarchan
The Charles Stark Draper Laboratory, Inc.

Cambridge, MA, USA 02139

Theme

Most operational interceptor tactical guidance systems are

can be both understood and appreciated.

Overview of the Lectures

Lecture 1:

The first lecture is by Dr. Robert T. Reichert of the U.S. and is entitled " Modern Robust Control For
Missile™ uEJ loTSSgn." This lecture examines the applicability of H. control to the des.gn of automatic

concepts.

Lecture 2:

The second lecture is by Dr. U. Hartmann of Germany and is entitled "Midcourse Guidance

merits from an overall system point of view.

Lecture 3:

methods for decoupling are presented.

Lecture 4:

Lecture 5:

The fift h lecture is by Dr. R. V. Lawrence of England and is entitled "Advanced Missile Guidance."





Lecture fr.

sixth lecture is riven by Mr. Paul Zarchan of the U.S. and is entitled "Micro Based Technology - A
New T ?f SL Gu^VanceySystem Desigr, and Visualization." Several interceptor 8^JJ££

acceptable design.

Lecture 7:

unifying examples.

Lecture 8:

Numerous examples are presented to clarify and illustrate concepts.

Concluding Remarks

community.1
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1. Schmidt, G. T. (editor), Kalman Filter Integration of Modern Guidance and Navigation Systems,
AGARo'Lecrure Series No. 166, June 1989.





MODERN ROBUST CONTROL FOR MISSILt AUTOPILOT DKSIGN

by

Robert T.Rekhert
and

David .I.Yost
The Johns Hopkins University

Applied Physics Laboratory-
Johns Hopkins Road
Building 1 East 134
Laurel, Maryland

United States

ABSTRACT

Thi s pape r  examine s th e applicabilit y o f  H,  contro l  t o th e desig n o f  automati c fli 6ht  contro l

.y.t. » fo r  hi 6hl y maneuverable .  tail-controlle d missiles .  Th e fundamental s o f  modern -  robust -

contro l  analysi s an d synthesi s ar e reviewed .  Proble m formulatio n wit h emphasi s o n selectio n o f

frequenc y domai n weightin g function s fo r  desig n specification s an d th e rol e o f  modellin g une.r -

taint y ar e considered .  A n exampl e proble m i s include d a s a  tutoria l  overvie w o f  thes e methods .

1. 0 INTRODUCTION

Futur e homin g missile s wil l  nee d t o cop e wit h demand s fo r  greate r  rang e an d highe r
maneuverabilit y  resultin g i n mor e stringen t  autopilo t  performanc e requirements .  Desig n tech -

niques ,  use d i n curren t  practice ,  ar e limite d an d ofte n resul t  i n les s capabl e syste m perfor -

mance.  However ,  recen t  advance s i n robust-contro l  theor y (Ref .  [1-4] )  offe r  goo d prospect s fo r
meetin g th e desig n need s o f  nex t  generatio n missiles .  Severa l  anticipate d benefit s o f  h e

robus t  contro l  desig n approac h are :  greate r  n.xlblli. y  I n th e choic e o f  airfram e geo.e t
ful l  us e o f  availabl e airfram e maneuve r  capabilit y  an d greate r  toleranc e t o uncertaint y i n

desig n models .

Robust-contro l  desig n method s optimiz e performanc e an d stabilit y  base d o n engineerin g model s

whic h includ e performanc e specification s an d description s o f  ho w uncertaint y ««" "  * '
nomina l  plan t  model .  H, ,  optima l  contro l  provide s th e basi s fo r  controlle r  synthesi s whil e
.-analysi s characterizes "  performanc e an d stabilit y  i n th e presenc e o f  a  define d structur e fo r

uncertainties .  Th e combinatio n o f  thes e tw o powerfu l  concept s lead s t o a  ̂ hesi s  proc .  ,  ur e

tha t  explicitl y  account s fo r  a  specifie d leve l  an d structur e o f  uncertaint y i n th e nomina l

plan t  model .  Thi s pape r  focuse s o n showin g th e fundamental s o f  applyin g H ff l  optima l  contro l  an d

.-analysi s t o a  hypothetica l  missile-autopilo t  example .

Thi s pape r  i s organize d a s follows .  We wil l  begi n wit h a  revie w o f  severa l  ke y concept s I n

modern-robus t  contro l  analysi s an d synthesis .  Thi s materia l  i s draw n fro m reference s (R e ̂
(1 2  1 0 11]) .  A  descriptio n o f  th e tail-controlle d missil e proble m an d a  hypothetica l  mode l

wl U b e describe d next .  Thi s materia l  i s  followe d b y a  definitio n o f  th e uncertaint y mode l  an d

H optimal-contro l  Interconnectio n structure .  Lastly ,  a  compariso n o f  thre e design s I s mad e t o

illustrat e variou s performanc e characteristic s o f  H., ,  controllers .

2. 0 ANALYSI S REVIE W

Definition :  Linea r
Fractiona l  Transformatio n (UT )  .  Conside r  th e comple x matri x partitione d

X U M 1M- MH M X J
I  M21 M22 J

derive d fro m th e followin g linea r  equation s





i- :

whor « th e siz e o f  A  i s suc h tha n M UA i s square .  Thi s se t  o f  equation s i s wel l  pose d i f  th e

Invers e o f  I-M UA exists ,  i n whic h cas e th e vector s e  an d v  wil l  satisf y e  -  F u(M.A) v wher e

Fu(M.A) -  M22  -t -  M21A(I-M UA)' 1M12.

I f  viewe d i n a  feedbac k block-diagra m sense ,  th e notatio n use d her e denote s th e LF T forme d b y

closin g th e uppe r  loo p (hence ,  subscrip t  u )  o f  N  wit h A .  M22 may b e viewe d a s a  nomina l  elemen t

and A  a s a  linear-fractiona l  uncertainty .  Th e matrice s MU,  M 12 > Mn an d F U<M,A)  describ e ho w A

affect s th e i  mina l  element .

The framewor k fo r  analysi s an d synthesis ,  use d here ,  i s base d o n LFT' s a s show n I n Figur e (1) .

Any linea r  interconnectio n o f  input s (v.u) .  output s (e.y )  an d uncertaintie s (A )  may b e rear -

range d a s show n i n Figur e (la) .  P  represent s th e syste m interconnectio n structure .  K  th e con -

trolle r  an d A  th e uncertainty ,  v  i s a  vecto r  o f  exogenou s input s suc h a s referenc e commands .

disturbance s an d noise ,  e  i s a  vecto r  o f  erro r  signal s t o b e kep t  small ,  y  I s a  vecto r  o f

senso r  measurement s an d u  i s a  vecto r  o f  contro l  signals .  Th e conventio n adopte d her e i s t o

normaliz e exogenou s Input s (v) ,  error s (e )  an d uncertaint y (A )  t o 1 .  Thi s require s tha t  al l

scaling s b e absorbe d int o P .  Withi n thi s framewor k w e wil l  b e concerne d wit h 2  LF T structures ;

one fo r  analysi s (Figur e (lb)) :

wher e G  i s obtaine d b y absorbin g th e controlle r  K  int o P .  an d on e fo r  synthesi s (Figur e (lc)) :

FI( P.K) -  p n +  r̂ d-P r̂S r
I n th e absenc e o f  uncertaint y th e nomina l  performanc e measur e I s give n b y

and relate s th e worst-cas e response ,  ove r  frequency ,  t o th e exogenou s input .  Nomina l  stability ,

a wea k requirement .  I s attaine d b y K  stabilizin g onl y th e nomina l  plant .

When uncertaint y i s considered ,  th e analysi s proble m involves :  determinin g th e robus t  stabilit y

of  G  I n th e presenc e o f  a n uncertai n bu t  bounde d se t  o f  A's .  an d fo r  robus t  performance ,  deter -

minin g I f  e  remain s I n a  desire d se t  o f  response s fo r  al l  permissibl e set s o f  A  an d exogenou s

Input s v .  Stabilit y  fo r  unstructure d uncertaint y (onl y a(A)S l  i s known )  depend s onl y o n

JG I  S i  .  an d performanc e depend s onl y o n JG^ .  However ,  nor m bound s o f  thi s typ e ar e inade -

quate "  fo r  determinin g robus t  performanc e o r  stabilit y  wit h realisti c model s o f  structure d

uncertaint y I n th e plant .  Th e structure d singula r  valu e ( M)  wa s Introduce d t o dea l  wit h thes e

more complicate d situation s (Ref .  [5]) .

I n definin g ^ .  w e begi n b y specifyin g tha t  A  belong s t o th e se t  o f  block-diagonal ,  complex -

valued ,  bounde d uncertainties :

I  —

For  M <  C0*" .  p(M )  I s defined :

1

mln(a(A)|AeA .  det(I-MA)-O )





l-. l

unles s n o A. A make s I-M A singular ,  i n whic h cas e ,(M)-0 .  Th ,  functio n „  i .  dependen t  upo n Ch e

structur e o f  A  an d ha s th e propert y  M(oM)-|a|/i(M) .

The followin g bounds ,  whic h ar e relativel y easie r  t o compute ,  ar e define d fo r  „ :

wher e

p denote s spectra l  radiu s
o denote s maximu m singula r  valu e

u.  i  dtag(u 1.u 2 v'Vr 1'
D-  (  diag(d 1I.d 2I  d^Jjd^R^ l

wher e th e structure s o f  S  an d D  matc h A .  Not e tha t  U  an d D  leav e A  invariant :

o(AU)-<j(UA )  an d D'  AD-A .

The followin g tw o theorem s (Ref .  [6, )  establis h th e relevanc e o f  „  fo r  studyin g robustnes s o f

feedbac k system s wit h structure d uncertainty .

Theorem :  Robus t  Stabilit y

F (G.A )  stabl e V  A< A If f

Theorem :  Robus t  Performanc e

F (G,A )  stabl e an d flF u(G,

" f

3. 0 SYNTHESIS REVIE W

For  synthesi s i t  1 .  assume d tha t  performanc e weighting s an d scalin g factor s ar e absorbe d a s

t  o "  th e interconnectio n structur e ( P i n Figur e (I.., ,  s o tha t  V  an d ,  ar e properl y  -

malize d t o 1 .  Fo r  th e H.  optimal-performanc e proble m th e synthesi s goa l  i s  t o fin d

llzin g controlle r  K  whic h minimize s JF̂ P.K)! .  wher e

e' -  F 1(P,K )  V

FI( P.K) -  P Û  P

P(s) :

-( •  B 2u

+ D 12u

wher e x  i  s "  the '  ftate '  fetor .  V  i s th e exogenou s inpu t  vector ,  e -  i s th e err o ,  :  vector ,  u  i s th e

contro l  vector ,  an d y  i s th e measuremen t  vector ;  w e the n denot e th e matri x partitio n

P(s )
A

r-t C
M

, 
0
0

1
B2

0 D,
D2l 0
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We hav e assume d tha t  D..- 0 an d D 22- 0 I n orde r  t o .Impllf y th e equation ,  show n here .  Th e mor .
genera l  cas e i s treate d I n [2] ,  I n additio n t o th e abov e assumptions ,  i t  i s  require d tha t

( A B ,  C, )  b e stabllizabl e an d detectable ;  ran k D 12-  numbe r  o f  contro l  inputs ;  ran k D 2l -  numbe r
of'measurements ;  0 12-[ 0 I] '  an d D 21-[ 0 I] .  Th e las t  tw o requirement s may b e achieve d b y ap -

proprlat e scalin g o f  u  an d y  an d a  unitar y transformatio n o f  V  an d e' .

I n th e solutio n techniqu e w e wil l  mak e us e o f  th a followin g notatio n fo r  th e Hamiltonla n matri x

and algebrai c Riccat l  (ARE )  equation :

wher e X  wil l  b e th e solutio n t o th e ARE:

A*X +  X A +  XRX -  Q  -  0

and wil l  b e denote d a s X  -  Ric(H) .

To proceed ,  conside r  th e proble m o f  findin g a  controlle r  K(a )  t o satisf y th e performanc e goa l

of  I  |F .  (P.K )  I  1 ^  7 .  We defin e tw o Hamiltonla n matrice s :

C*(-UD 12D*2)C1

B1(-I+D21D21)B1

wit h ARE solution s denote d X.-RlcJH ^  an d Y.-Rlĉ J  .  Th e state-spac e equation s fo r  th e con -

trolle r  K(s)-[u(s)/y(s) ]  ar e given :

x - AX+ <7"2Y.,C*)e' + F(y-y)

D12u

C -  .(Dt,C .  +

.
wher e x  denote s th e stat e estimate ,  e '  denote s th e estimat e o f  th e worst-cas e erro r  an d y
denote s th e measuremen t  estimate .  Thi s controlle r  ha s th e observer/full-stat e feedbac k struc -

tur e familia r  t o LQG optima l  control .  However ,  th e additio n o f  th e worst-cas e erro r  t o th H

stat e dynamic s represent s a  departur e fro m thi s familia r  structure .

Th« optima l  H.  controlle r  1 .  foun d b y performin g a  minimizin g searc h i n 7 -  Th e .oall.a t  valu o
of  7  i s chose n consisten t  wit h th e followin g requirements :  X f̂cO ,  Ŷ O an d p(X a)Ya))<7 a.
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elves .  Her e A  i s considere d t o b e a  full-bloc k o f  unstructure d uncertaint y (onl y

known) .  Tha t  is .  fin d K  t o stabiliz e th e syste m an d t o minimize :

I F (F.CP.K).*)!. .  V  A  I  «(A)S la,, . .  <
fa r  functio n (whic h w e denot e A p)  .  Thi s yield s a n actua l  structur e fo r  A .  i n Figur e (2) .

ver y poo r  robus t  performanc e an d stabilit y  i n th e presenc e o f  th e rea l  plant .

i n orde r  t o reduc e conservatism ,  withou t  removin g i t  altogether ,  w e wil l  nee d to^merg e th e tw o

rr̂ rn r  ̂:r̂r; .  -'. -  —-  -  •  -• < ̂ t

contro l  laws .

We wil l  examin e th e performanc e characteristic ,  o f  th e thre e desig n approache s discusse d here :

H.  «ptl«l-p«for«anca ,  H.  robuat-.tabllUatlo n an d ̂ ..synthesis .

A. O PROBLDt  DESCLIPTIO H
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relativ e t o th e cente r  o f  mass .  Th e contro l  proble m require ,  tha t  th e autopilo t  generat e th e
require d tall-deflectio n (« )  t o produc e a n angl e o f  attack ,  corre.pondin g t o a  maneuve r  calle d
fo r  b y th e guidanc e law ,  whil e .tablllzln g th e alrfram e rotationa l  notion .  Senso r  measurement s
fo r  feedbac k typicall y Includ e missil e rotationa l  rate ,  (fro m rat e gyros )  an d norma l  accelera -
tlo n (fro .  acceleromet.r.) .  Reasonabl y accurat e mathematica l  model ,  o f  th e rlgld-bod y transfe r

function ,  fro m tall-deflcctlo n t o th e senso r  output s ar e generall y availabl e fo r  design .

Typica l  uncertaintie s t o b e considere d i n thi s contro l  proble m Include :  aerodynami c charac -
terlstlcs .  mas s an d balance ,  wind ,  flexibl e mod e dynamics ,  actuato r  nonllnearltle s an d senso r

nonllnearltle s an d noise .  Th e firs t  thre e uncertaintle .  generall y ar e handle d b y usin g suffl -
clencl y wid e bandwidt h feedbac k loops ,  whil e th e las t  thre e uncertaintie s I n th e lis t  ac t  t o

restric t  th e amoun t  o f  bandwidt h tha t  may b e use d practically .

For  th e proble m considere d here .  I t  I s desire d t o desig n on e controlle r  t o trac k commande d
acceleratio n maneuver s wit h a  stead y stat e accurac y o f  0.5 % an d a  tim e constan t  o f  les s tha n
0 2  seconds .  Th e controlle r  mus t  provid e robus t  performanc e ove r  a  wid e rang e o f  angle s o f
attac k an d mus t  avoi d saturatin g tall-deflectio n actuato r  rat e capabilitie s a s wel l  a s avoi d

high-frequenc y instabilitie s cause d b y unmodelle d flexible-bod y modes .

5. 0 MISSIL E MODEL

The nonlinea r  stat e equation s fo r  thi s contro l  proble m ar e give n as :

a -  (cos J(a)/mv)( F ]  +  q

wher e

F,  -  C n(a.« )  QS (Ibs )
Mz -  C"(a,« )  QSd (ft-lbs )
O/  -  dynami c pressur e (Ibs/ft 2)
S -  referenc e are a (.4 4 ft s)
d -  diamete r  (.7 5 ft )
m -  mas s (13.9 8 slugs )
I  -  pitc h moment  o f  inerti a
v  (182. 5 slug-ft a)

u -  velocit y componen t  alon g missil e
cente r  lin e (3109. 3 cos o ft/sec) .

The aerodynami c coefficient s and C ff l  ar e give n b y th e followin g polynomia l  expressions :

C -  aa *  +  ba l  •« •  C o +  d S
n« -  .00010 3
b -  -.0094 5
c -  -.17 0
d -  -.03 4

C -  aa *  +  ba *  +  c o +  d S
B.  -  .00021 5
b -  -.019 5
c -  .05 1
d -  -.20 6

These value s give n h.r e ar .  purel y hypothetica l  an d ar e Intende d fo r  tutoria l  use s only .  Th e

angl e o f  attac k i s assume d t o rang e ove r  0  t o 2 0 degrees .

The nonlinea r  stat e equation s ar e linearize d abou t  tri m operatin g point s (M y -  0 )  t o for m

linea r  state-spac e equation s o f  th e form :
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x-  A x  +  B u
y-  C x  +  D u

wher e x-( a q) .  u-[«l ,  an d y-( q nj .  Here .  n z  represent s th e acceleromete r  measuremen t  (assume d

t o b e a t  th e cente r  o f  mass) .  Fo r  a n angl e o f  attac k o f  0  degrees ,  th e state-spac e matrice s

are :

IV -  f  -0. 6 1. 1 B  -  [  -.1 2 1
[  32. 4 O. j  [  -130. 8 ]

C-  I  0  1. !  D  -  I  0
•1.0 2 O. I  I  -.20 3

For  a n angl e o f  attac k o f  2 0 degrees ,  th e state-spac e matrice s are :

A-

C-

-1.1 8
-300. 2

1.
0.

0
-2.5 4

1.
0.

B -

D -

-.1 1
•130. 8

As a  representativ e averag e mode l  t o us e i n th e desig n proces s w e wil l  selec t  th e followin g

state-spar e matrices .  Thes e d o no t  actuall y correspon d t o a  give n linearizatio n abou t  a n

operatin g angl e o f  attack ,  rathe r  the y represen t  a n averag e valu e fo r  eac h elemen t  o f  th e

matrice s whe n examine d ove r  th e entir e angl e o f  attac k range .

A-

C-

-0. 9 1
-134. 0 0

0 1 .
-1.7 8 0 .

. 1 .-[..11 7 1

. ]  [-130.8 ]

D - 0
-.20 3

I n additio n t o thes e dynamics .  I t  i s  assume d tha t  th e missil e tail-deflectio n actuato r  may b e

represente d wit h a  secon d orde r  linea r  transfe r  function :

(1.4s/u- a)

a -  15 0 rad/sec .

6. 0 UNCERTAIHTY DESCRIPTION

Thre e uncertaint y description s wil l  b e use d fo r  thi s desig n example .  Th e firs t  capture s th e

dominan t  effec t  o f  aerodynami c deviation s fro m th e assume d desig n model .  Th e secon d represent s

uncertaint y i n th e actuato r  gai n an d phas e characteristics .  An d th e las t  represent s unmodelle d

dynamics .  Figur e (4 )  Illustrate s th e locatio n o f  th e uncertai n element s (A ^  I n th e desig n

model .  Th e controlle r  mus t  handl e th e aerodynami c variation s tha t  resul t  fro m operatin g ove r

th a anil e o f  attac k rang e fro m 0  t o 2 0 degrees .  Examinin g th e state-spac e matrice s ove r  thi s
ring e w e s° e tha t  th e A(2.1 )  elemen t  v.rla .  b y a .  muc h a s 140%.  A s expected ,  thi s ter m varie s
rh e mos t  becaus e i t  relate s directl y t o th e rotationa l  stabilit y  o f  th e rigid-bod y alrframe .  We

wil l  nee d t o Incorporat e a  parametri c uncertai n mode l  t o captur e th e uncertaint y I n thi s term .
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Variation ,  i n th e othe r  term ,  ar e kno w t o b e fa r  le. « .ignlflc.nt .  fro .  physica l  considers -

tlons .  an d wil l  b e ignored .  Th e normalizin g .cal e facto r  fo r  ̂  ( k  I n Flgur .  (4) )  fo r  thi s

exampl e l a 1.25 .  Th e effec t  o f  thi s uncertaint y wil l  b a t o mak e .axlau a us e o f  th o rate-gyr o

senso r  fo r  a n Inner-loo p feedbac k pat h t o desensitiz e th e .y.te .  fro m variation .  I n th e rota -

tiona l  aerodynamics .

The secon d uncertaint y (A j  I n Figur e (4) )  capture s uncertaint y I n th e actuato r  gai n an d phas e

characteristics .  Wit h a  normalizin g scal e facto r  o f  C-.6 ,  thi s uncertaint y structur e represent s

as muc h a s 3 5 degree s phas e uncertaint y an d gai n variatio n fro m approximatel y . 6 t o 2.5) .  Thi s

uncertaint y wil l  hav e th e effec t  o f  preservin g gai n an d phas e margi n i n th e Inne r  loop .

The thir d uncertaint y (A j  i n Figur e (4) )  1 .  use d t o represen t  unmodelle d flexible-mod e

dynamics .  Figur e (5 )  Illustrate s th e frequenc y dependen t  weightin g functio n WU(B )  an d a  repre -

sentativ e flexibl e mod e transfe r  functio n fro m tall-deflectio n t o rate-senso r  measurement .  Th e

weightin g function s represent s a  frequenc y dependen t  magnitud e boun d o n th e unmodelle d transfe r
function .  Fo r  conservatlvenes s w e elec t  t o over-boun d th e hig h frequenc y characteristic s sub -

stantially .  Th e effec t  o f  thi s uncertaint y wil l  b e t o limi t  th e bandwidt h availabl e t o th e

controlle r  t o handl e aerodynami c variations .

7. 0 IHTERCOHHECnOH STRUCTURE

Thus far ,  w e hav e define d th e nomina l  mode l  o f  th e plan t  an d th e uncertaint y structur e fo r  thi s

problem .  Th e remainin g portio n o f  th e Interconnectio n structur e t o b e define d I s associate d

wit h th e performanc e goal s (i.e .  exogenou s Input s an d error s associate d wit h th e trackin g

performanc e specifications) .  Figur e (6 )  Illustrate s th e input/outpu t  diagra m fo r  th e intercon -

nectio n structur e chose n here .

As state d earlier ,  th e performanc e objectiv e i s t o trac k ste p commands (»J C)  wit h a  0.5 % track -

in g accurac y an d a  maximu m tim e constan t  o f  0. 2 seconds .  T o accomplis h thi s w e wil l  defin e a

frequenc y dependen t  weightin g functio n tha t  wil l  b e applie d t o th e trackin g erro r  signa l  (tj c -

ij )  (I.e. ,  a  sensitivit y weightin g function) :

(14.945 1 s  +  200 )
Wc(s )  -"eV /S (42.700 3 .  +  1 )

Thi s weightin g functio n ha s a  lo w frequenc y gai n o f  20 0 (fo r  0.5 % trackin g accuracy )  a  gai n

crossove r  frequenc y o f  5  r/ s (fo r  0. 2 se c tim e constan t  o r  better )  an d a  hig h frequenc y gai n o f

0.3 5 t o limi t  overshoot .

One additiona l  exogenou s Inpu t  t o b e define d I s th e rate-gyr o senso r  noise .  Recal l  tha t  thi s

Inpu t  I s require d I n orde r  t o satisf y th e ran k o f  D n requirement .  Fo r  thi s proble m it .  I s

assumed tha t  th e gyr o I s a  nearl y perfec t  device .  A  scal e facto r  o f  .00 1 i s applie d t o thi s

input .  I n practice ,  I f  realisti c gyr o characteristic ,  wer e available ,  a  frequenc y dependen t

weightin g woul d b e appropriat e t o characteriz e th e anticipate d nois e spectrum .

Lastly ,  w e defin e a n additiona l  performanc e outpu t  tha t  wil l  no t  nlgnlficantl y alte r  th e

characteristic s o f  th e .olutlon .  However ,  I t  1 .  Include d t o satisf y th e ran k o f  D U requiremen t

fo r  th e H. ,  optlaal-perfomanc a synthesi s case .  Thi s outpu t  l a forme d b y placin g a  smal l  con -

stan t  weightin g (.001 )  o n th e commande d tall-fi n deflection .





8. 0 COMPARISON OF H, ,  an d ̂ -SYNTHESI S DESICHS

We wil l  examin e thre e controlle r  designs .  Th e first  desig n wil l  b e obtaine d b y solvin g th e H.

optU.l-p«fo«anc e problem .  Th e secon d an d thir d controller ,  wil l  b .  obtaine d b y solvin g flr. t

fo r  th e H.  robust-.tablllratlo n controlle r  an d the n th e ,,-synthe.l s  controller .  Th e softwar e

provide d I n (Ref .  18) )  wa s use d t o perfor m th e desig n steps .

Conside r  firs t  th e controlle r  obtaine d b y solvin g th e H .  optl»al-p«for«nc .  proble. .  Recal l

tha t  thi s approac h Ignore s th e uncertaint y descriptio n b y assumin g tha t  th e give n plan t  mode l

i s a  perfec t  representatio n o f  th e rea l  plan t  t o b e controlled .  Fo r  thi s cas e th e Interconnec -

tio n structur e i s obtaine d b y removin g th e to p thre e exogenou s Input s an d erro r  output s show n

i n Figur e (6) .  Figur e (7 )  show s thre e ste p response s obtaine d usin g thi s controller .  Th e thre e

response s correspon d t o th e desig n mode l  respons e an d fo r  model s obtaine d b y linearizin g th e

alrfram e a t  0  an d 2 0 degree s angl e o f  attack .  Th e respons e fo r  th e desig n mode l  show s a  ver y

good response .  However ,  whe n th e plan t  deviate s fro m th e desig n mode l  (her e th e deviatio n I s

due t o a  chang e i n angl e o f  attack )  ver y poo r  performanc e i .  see n fo r  o-2 0 degrees ,  an d a n

unstabl e respons e I s obtaine d fo r  *- 0 degrees .  Upo n clos e Inspectio n o f  th e controlle r

dynamic s I t  i s see n tha t  th e controlle r  1 .  actuall y cancellin g th e plan t  dynamic ,  an d sub -
stitutln g dynamic s tha t  satisf y th e performanc e goals .  Thi s cancellatio n o f  mode l  dynamic s I s

th e sourc e o f  th e poo r  performanc e observe d here .

The lac k o f  robustnes s observe d wit h th e H M optl̂ l-perfor-anc .  controlle r  clearl y motivate ,

th e nee d t o includ e modellin g uncertaint y I n th e proble m formulation .  We wil l  procee d alon g

thi s directio n b y usin g th e ful l  interconnectio n structur e sho w i n Figur e (6) .  Th e .las t  tw o
controller s t o b e examine d her e ar e obtaine d b y solvin g th e H.  robuat-.tablllzatlo n proble m an d

by performin g th e D- K iteratio n t o obtai n th e p-synthesl s controller .

For  th e firs t  ste p o f  th e D- K iteration ,  th e frequenc y dependen t  D-scal e matrice s wer e initial -

ize d t o Identitie s o f  th e appropriat e sizes .  Th e resultin g controlle r  fro .  thi s firs t  pas s i s

th e H  robust-stabilizatio n controlle r  (i.e. .  th e controlle r  designe d wit h respec t  t o th e

conservativ e mode l  o f  A  I n Figur e (2)) .  Fo r  th e firs t  pas s th e performanc e leve l  o f  JF̂ P.K)! .
-  2. 0 wa s attained .  Fo r  th e fina l  D- K iteratio n th e robust-performanc e leve l  |D(s )  F̂ P.K )

D(s)- 1!  -  1.0 7 wa s achieved .  Fo r  evaluatio n purpose s th e H. .  controlle r  wa s reduce d fro m 8t h

orde r  t o 7t h an d th e „  controlle r  wa .  reduce d fro .  20t h orde r  t o 8th ,  u.ln g a  balance d trunca -

tio n mode l  reductio n procedur e (Ref .  [9]) .

Figur e (8 )  Illustrate s th e ste p respons e performanc e characteristic s o f  th e H. ,  robust -

atablllratlo n controlle r  fo r  th e desig n model ,  an d fo r  th e mode l  linearize d a t  tw o angle s o f

attac k ( 0 an d 2 0 degrees) .  Figur e (9 )  lllustrate a th e M-synthesl s performanc e fo r  th e sam e

thre e plan t  models .  Clearly ,  th e ̂ -synthesi s controlle r  exhibit ,  superio r  trackin g performance .

Not  show n her e I s tha t  bot h design ,  satisf y th e goa l  o f  gai n stabilizin g th e unmodelle d

flexible-mod e dynamlc a an d tha t  single-loo p stabilit y .argln s ar e ver y goo d (bette r  tha n 6d b

and 3 5 degree s a t  th e actuato r  Inpu t  an d a t  th e senso r  output.) .

Comparin g th e wors t  cas e perturbatio n .atrlce a fo r  th e H .  an d / i  designs :

0.099 0
0

0.005 7
-0.056 8

0

•0.341 6
0

-0.019 5
0.195 9

0

-0.204 9
0

-0.011 7
0.117 6

0

-0.138 4
0

-0.007 9
0.079 4

0
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0.934 6
0
0
0
0

0
0.934 6

0
0
0

0
0

-.934 6
0
0

0
0
0

0.934 6
.00 1

show,  ho w th e full-bloc k uncertaint y atructur .  assume d I n th e H.  .ynthe.l .  allow s Interactio n

betwee n th e varlou .  uncertaint y atructure .  an d th e perfo«anc .  Input a an d output. .  Allowin g
thi s Interactio n pre.ent a a  mic h .or e conservativ e de.lg n challeng e an d consequentl y th e H.

de.lg n wa s unabl e t o attai n acceptabl e perforaumce .  I t  shoul d b e note d tha t  onl y th e rea l  par t

of  th e worst-cas e uncertaintie s ar e show n above ,  however ,  I n thi s cas e th e Imaginar y part s wer e

negligible .

As a  fina l  chec k o n perfon»anc e o f  th e „  controller ,  a  nonlinea r  slnUtlo n respons e o f  th e
sy.te a I s show n I n Figur e (10) .  Th e autopilo t  wa s connande d t o develo p a  25 g acceleratio n

response ,  an d a s expecte d th e controlle r  perform s ver y well .

9. 0 SUMMARY

Desig n fo r  robus t  performanc e an d stabilit y  requires ,  a t  a  .Ininua .  tha t  th e designer :

1.  defin e a  no.lna l  aode l  o f  th e plan t  t o b e controlled ,
2.  defin e a n uncertaint y structur e t o characteriz e a  famll y o f  plant s I n whic h I t  I s an -

ticipate d tha t  th e rea l  plan t  resides ,  an d
3.  expres s performanc e goal ,  wit h normalize d exogenou s Input s an d frequenc y weighte d errors .

Use o f  a  synthesi s procedure ,  suc h a .  p-synthesls .  whic h preserve ,  th e structura l  relationshi p

betwee n uncertaintie s an d performanc e element. ,  I n th e Interconnectio n structure .  I s essential .

Failur e t o accoun t  fo r  thi s structure d relationshi p may lea d t o overl y conservativ e specifica -

tion s an d poo r  designs .
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Figure 3. Tai l-Control led Missile Problem
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Figure 5. UnmodellEd Flexible Mode
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Summary

Midcours e Guidanc e Technior.e s ca n "I f  i«ntl y
as  overal l  performanc e o f  tactica l
conforme d carriag e i n cas e ° f  " -
ship-base d system s ca n onl y b e met  b y a .er -alte r

c a ste r  launc h i n cas e o f
capabilit y  o f  th e guidanc e

*  x  t  matc h th e k ine -
whic h may includ e advers e

weathe r  condition s an d counter-measures .

The pape r  addresse s a  numbe r  o f  operationa l  aspect ,  |  relevan t  t o these s ign^o f
midcours e %uidanc .  system s an d th e essentia l  P««q u i«J « J  o r  th e P ^  ̂ ^  inert i al

option s o f  midcours e guidance ,  suc h a s pur e ™e "̂* !  ̂ ^  atlo n an d targe t  predictio n

method s t o achiev e adequat e alignmen t  ar e

termina l  guidance .

1.  INTRODOCTIOH

l. l  Backgroun d

s
plac e i n th e termina l  fligh t  phase .

feature s suc h a s ^̂ ^
-  fir e an d forge t  o r  launc h an d leav e i n connectio n wit h lon g firin g range s

-  th e simultaneou s engagemen t  o f  severa l  target s
-  th e capabilit y t o cop e wit h natura l  o r  man mad e obstacle s temporaril y

obstructin g th e lin e o f  sigh t
-  th e capabilit y  t o acquir e an d trac K target s wit h ver y smal l  Rada r  o r

IR-signature s i n connectio n wit h variou s countermeasures .

Xnertia l  guidanc e technique s ar e ve ^  usefu l  t o ̂̂ ^ ^
thes e requirements .  Th e basi c technologie s o f  ̂f̂ ^ ^  (/1 /  t o /V )  .  However ,

and hav e bee n reviewe d i n severa l  P a P «™ Lidanc e wa s expensiv e an d require d

-  - -  irssŝ f  .ii.-ass ;
sensor s an d th e associate d signa l
method s use d t o alig n an d t o * i

whic h may includ e th e usag e
hth e

variet y o f  possibilitie s t o ai d th e
th e launc h vehicle ,  th e determinatio n o f

n technique s (GPS )  .  Finally ,

definitio n chose n fo r  thi s pape r
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Fig. 1.1 Definition of a Missile INU

1. 2 Operationa l  Aspect s

Whils t  the .  actua l  implementatio n o f  a

*spec? s whlch'must̂ on.slaere d S'S .  eaVdesig n stag e o f  ever y  P ro je ct .

Dy th e targe t  acquisitio n syste m ar e o f  crucia l  importanc e fo r  th e design .

However ,  midcours e guidanc e technique s may als o b e

rac y an d resolution .

calle d alignment .

befor e missil e launch .

overal l  performanc e requirement s (e.g .  missil e reactio n time )  an d t o th e tota l
erro r  budge t  o f  th e INU .

-  me necessity of data links between the target detection and ««?*1"' .f"lA e*

"1 Vr%£ 5Sld,n,f Sero/st.^^̂

INU computed location by passive (preferably) or active means.





ro r  .,11 .  "rget , longe r

o .  n o

p latel y autonomous .

The typica l  fligh t  ph... .  o f  ̂-g-giaf̂ S.S t  pi;*. ;
launche d afte r  prop.i r  a .  g nme"Vhir ^  i s "hlSSi d an d th e guidanc e command ssaf e separatio n fro m th j  launc h v.hicl a l a achijva a an a ^  law g ai m a t
applied .  Th e majo r  optimizatio n c r  ̂ ri a fo r  th .  »wcou r  ^ uidanc e {zcr o effor t

^̂ r̂'̂ r̂.Î d̂ rtancê fdl̂ n̂ âri ^  .?."« « JSfoSL- S criteri a t o b e
th e termina l  guidanc e system .
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TARGET/
MISSILE
UPDATE

ALIGNMENT,

INITIALI-
ZATION

SEPARATION,

GUIDANCE
UNLOCK

HANDOVER,
SEEKER

LOCK-ON

MISSDISTANCE,
FUZING PARAMETERS
LETHALITY

Fig. 1.2 Typical Missile Flight Phases and Optimization Criteri a

2.  MIDCOURSE GUIDANCE TECHNIQUES

2. 1 Genera l  Requirement s

«„
follows:

Navigat ion deponent errors^ ,

velocity.

Scenari o dependen t  nrrors .

launc h vehicl e t o th e missile .

The effect s o f  thes e error s ca n b e judge d b y
fo r  th e desig n o f  th e guidanc e syste m

tw o criteri a whic h ar e o f  majo r  importanc e





ACTUAL
MISSILE POSITION

ATTITUDE
ERROR ̂ -c"

SCEKIR
ERROR ANGLE

LAUNCH
POINT ̂ ^*

L"

^^"^ /POSITION
/ERROR

ESTIMATED
MISSILE POSITION

TARGET
POSITION
T

ACQUISITION
RANGE RA

Fig. 2.1 Definition of Seeker Error Angle

7.nrn-0ffort-mlBs is an indicator of the overall performance °*

sas
nition s o f  Fig .  2. 2 zero-effort-mis s i s define d b y

(2.1 )

( 2 . 2)
where the relative velocity is given by

and the LOS-rate by

TARGET

SEEKER DIRECTION
IN SPACE

b

( 2 . 3)

Fig .  2. 2 Missile-Targe t  Relativ e Geometr y

2. 2 puldane e Option s an d Principle s

2.2. 1 Basi c Option s
A numbe r  o f  Guidanc e option s or e availabl e dependen t  o n th e informatio n supplie d

prelauSc n o r  a^erUunch ? Thes e option s may b e categorize d i n th e followin g groupings ,

-  Pur e inertin l  guidance .

The targe t  informatio n i s onl y supplie d u p t o th e instan t  o f  missil e launc h an d n o
dat a lin k exist s durin g th e remainde r  o f  th e flight .  Thi s approac h meet s th e "fir e
JnS forge! "  retirement .  However ,  i t  i s  onl y applicabl e fo r  stationar y target s o r
shor t  fligh t  time s i n cas e o f  maneuverin g targets .  * aa<nn . „  «. hB

sors.
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-  Update d inertia l  guidance .

The midcours e guidanc e syste m i s update d i n regula r  interval s wit h respec t  t o th e

reduce d leve l  o f  targe t  uncertainty .

-  A<2e d inertia l  guidance .

thi s metho d offer s a  numbe r  o f  advantage s whic h may b e quit e attractiv e iror a
overal l  system s poin t  o f  view .

time .

.  . .
relativel y shor t  updat e interval s o n inertia l  guidanc e

2.2. 2 Element s o f  Midcours e Guidanc e

wel l  a s th e seeke r  contro l  demands .

{"FUNCTIONS
PRELAUNCH
INFORMATION

AORESSED THE INU

INERTIAL
HCASUREHEN1
UNIT IIHU)

MISSILE

AERODYNAMICS/

DYNAMICS

SEEKER
SIGNAL
PROCESSING/
TRACKING

TARGET/
MISS1E
RELATIVE
GEOMETRY

Fig .  2. 3 Genera l  Guidanc e Syste n Bloc k Diagra m
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Ther e ar e thre e majo r  functiona l  block s withi n th e missil e IN U (Fig .  2.3 )  whic h ca n
be characterize d a s th e Targe t  Predictio n Block ,  th e Inertia l  Navigatio n Bloc k an d th e
Inertia l  Measuremen t  Uni t  (IMU) .

The guidanc e law s use d durin g th e nidcours e phas e ar e speciall y designe d fo r  eac h
application ? Fo r  exampl e i n on e cas e i t  may b e require d t o appl y a n altitud e hol d mode i n
th e vertica l  plan e an d pursui t  guidanc e i n th e horizonta l  plane .  I n other s i t  may b e
desirabl e t o carr y ou t  a  pop-u p maneuve r  i n th e vertica l  plan e o r  t o us e a n optima l
guidanc e la w i n bot h steerin g axes .

i n th e followin g section s th e basi c element s whic h provid e th e necessar y

essentia l  fo r  midcours e guidanc e ar e th e informatio n abou t

-  th e ow n attitude ,  acceleration ,  velocit y an d positio n
-  th e predicte d targe t  acceleration ,  velocit y an d position .

Based o n tha t  informatio n i t  i s  straightforwar d t o deriv e rang e
(closin g velocity) ,  sightlin e spi n an d Los-directio n wit h respec t  t o th e missil e (i.e .
th e seeke r  loo k angl e demands) .  „,,<,. -

I n genera l  i t  shal l  b e assume d tha t  th e targe t  trackin g syste m i s abl e t o P r°y" e

at  leas t  u p t o th e instan t  o f  launc h th e followin g informatio n wit h respec t  t o a  refe -
renc e frame :

-  LO S directio n i n spac e
-  LO S rat e
-  Rang e an d rang e rat e
-  Targe t  acceleration .

I n mos t  airborne ,  shipborn e o r  ground-base d tactica l  air-defens e system s th e
targe t  i s detecte d an d allocate d wit h respec t  t o a  tangen t  frame ,  whic h i s define d a s a n
earth-fixe d frame ,  aligne d wit h a  geographi c fram e a t  a  fixe d locatio n o n th e earth ,
usuall y th e missil e launc h poin t  (/9/ )  .  Th e geographi c fram e i s aligne d wit h th e north ,
eas t  an d dow n directions .

The problem s o f  targe t  trackin g whic h ar e closel y relate d t o targe t  predictio n an d
stat e estimatio n hav e bee n discusse d extensivel y i n th e literatur e (e.g .  /10 /  t o /13/ )  .
I t  shoul d b e note d tha t  i t  i s  no t  alway s possibl e t o generat e th e complet e se t  o f  infor -
mation ;  e.g .  i f  th e targe t  trackin g syste m doe s no t  provid e rang e data ,  ther e i s n o wa y
t o predic t  targe t  rang e durin g midcourse .  I n case s wher e th e informatio n provide d b y th e
trackin g syste m i s incomplete ,  i t  i s  necessar y t o replac e th e missin g dat a b y reasonabl e
assumptions .  This ,  however ,  ca n lea d t o a  significan t  degradatio n o f  th e targe t  predic -
tio n accurac y afte r  launch .  Th e targe t  trackin g syste m i s therefor e a n importan t  an a
limitin g facto r  o f  midcours e guidance .

2.2. 3 Targe t  Predictio n

I n genera l  targe t  trac k dat a ar e provide d i n spherica l  coordinate s (se e Fig .  2.4) ,
i.e .  th e LOS-fram e (1) .  Thes e dat a ca n b e processe d fo r  targe t  predictio n i n tw o differ -
ent  way s

-  Th e rang e dat a an d derivative s (R ,  R ,  R )  an d th e sightlin e spi n dat a an d derivati -
ves ( a a  .  r  ,  r  )  ca n b e converte d t o equivalen t  dat a i n th e rectangula r
tangen t  'frame. "  The 1 fligh t  pat h i s the n predicte d i n th e tangen t  frame .  Thi s may
offe r  th e opportunit y t o mak e bette r  us e o f  som e know n a-prior i  informatio n o n th e
targe t  characteristics .  » ,  INORTHI

TARGET
LOS

1"  " n
Fig .  2. 4 Definitio n o f  Trackin g Parameter s

i ,
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-  Targe t  predictio n i s continue d i n th e LOS-system ,  wher e th e motio n o f  th e .issil e
afte r  launc h i s take n int o account .

accordanc e wit h th e dat a availabl e fro m th e fir e contro l  system .

wit h respec t  t o a  path-fixe d fram e (superscrip t  k )

(2.4 )

wher e th e targe t  acceleratio n i s modele d a s a  firs t  orde r  stochasti c proces s wit h know n

varianc e
k .  . .  (2.5 )

( 2 . 6)

( 2 . 7)

_ 4. *j

dt T T =T

The targe t  velocit y vecto r  i s  the n transforme d t o a  referenc e fram e t

V*  -  fil l  v £•Ls p *l c '̂" T

and positio n i s determine d b y integratio n

t, _ ;

(t0)

TARGET
UNCERTAINTY
AT LAUNCH

NON-MANEUVERING
TARGET
UNCERTAINTY
AT t « r k

MANEUVER
UNCERTAINTY

= '  l

Fig .  2. 5 Uncertaintie s o f  Targe t  Predictio n

The followin g definition s ar e use d i n Eqs .  (2. 4 t o 2.6 )

(VT,  0 ,  0 )
(2.8 )

(2.9 )

CV V .  ' 8x!  8 T
cr  V :  c x:  s r

(2.10 )

wit h s  -  sinY- ,  c  -  co s Y -  etc .
T i  fr

Eos ( 2 4 )  t o (2.7 )  ca n b e combine d t o a  nonlinear ,  time-varian t  9th-orde r  stat e
«ouatio n '  whic h ca n b e use d t o predic t  th e targe t  position .  A s th e missil e positio n R
ev£uai,xwi! r  wi«*w*» ^  Vh « naviaatio n calculation s i t  i s possibl o t o aotcnnin e
th e relitive ygeoifetr V TndTth e necessar y guidanc e an d seeker'pointin g demands .
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The LOS rat e i s give n i n th e tangen t  fram e b y

^t
HEs-  <*MT> <

wher e th e LO S an d relativ e velocit y ar e define d b y

t  t  _ t

and

X*  -  X j  -  Xj j  •
The di«ctio n cosine-matri x (DCM)  fij .  compute d b y th e navigatio n algorithm s

.2.2.4 )  i s the n use d t o transfor m the '  LOS-unit y vecto r  R̂j .  an d th e LOS-rat e t o

body axe s (superscrip t  s )

(2.11 )

(2.12 )

(2.13 )

(Sectio n
missil e

(2.14 )

(2.15 )

wher e the y ar e require d t o determin e th e guidanc e demands .  Th e loo k angl e demand s o f  th e
seeke r  ca n b e calculate d fro m th e LO S unit y vecto r

(2.16 )

wher e £ *  i s define d a s th e LOS t o missil e bod y DCM (se e Eq .  2.27) ,

The cartesia n loo k angle s ar e obtaine d fro m

si n
(2.17 )

-  ta n
(2.18 )

Alternativel y i t  may b e appropriat e t o predic t  th e relativ e geometr y directly ,  du e
t o th e fac t  Sa t  targe t  measurement l  ar e usuall y provide d i n relativ e ̂ -coordinates .  T °
predic t  th e line-of-sigh t  (se e Fig .  2.2 )  we us e th e 2n d derivativ e o f  th e LOS-vecto r

d_
.  x  d t

wher e 1 1 denote s th e derivativ e wit h respec t  t o th e inertia l  fram e an d |
th e LOS-frame ,  a .  th e missil e acceleration ,  an d w  -  ( P ,, ,  q  „ ,
angula r  rat e vecto V o f  th e LQS wit h respec t  t o th e LOS-frame .

(2.19 )

I f  Eq .  (2.19 )
we obtai n wit h

i s resolve d int o it s  component s wit h respec t  t o th e pointin g system ,
0,  0 )

(2-20 )

(4y -  a i y  -  2r i l
Eq.  (2.20 )  an d th e targe t  mode l  (2.5 )  ca n b e combine d t o for m a  nonlinear ,  time-varian t

stat e equatio n

d
dt

1
aTx
1

aTy
1

8TZA ff

^TT
•
•Wf m

q

.'i l

m

'

n
&P

0 0 0 0 1 0 0

1 0 0 (9ii+r ii ) 0 0 0

o o -I/KM T o ° -Vtgo pi i
0 1/R ĵ , 0 0 0 -Pil -2/tgo

X +

4

0
.

-8MX

"MZ/̂ T T
^[-"M/̂ T T J

(2.21 )





I n th e stat e equatio n (2.21 )  th e followin g definitio n i s use d fo r  th e time-to-g o

(2.22 )

and th e LOS-rol l  rat e i s obtaine d fro m

wher e

yi s "  (p is '  q i

(2.23 )

(2.24 )

i s  th e measure d angula r  rat e o f  th e missil e an d Wgl  i s  th e relativ e rotatio n rat e o f  th e
LOS wit h respec t  t o th e missile ,  give n b y

"  *  *
y  s i  "  { " sl y  Xz'  X y '  c l y  X  z >

Fro m Eqs .  (2.23 )  throug h (2.25 )  we obtai n

Pi i  -  c ^  (p i s  c l z  +  q i s  s l z  -

wit h s l y =  si n (  \ y) ,  c l y =  co s (X y)  etc .

The transformatio n matri x

sly )

(2.25 )

(2.26 )

cl z  c l y

- sl z

cl y  s l z
cl z
sl y  s l zal y  "I z '  "l y  -l z '  n y

whic h i s als o require d t o transfor m th e measure d missil e acceleratio n

(2.27 )

(2.28 )

must  b e initialize d properl y a t  missil e launch .  £ *  ca n b e update d b y directl y
integratin g th e loo k angl e rate s

Xy (t )  =|(q n + s  - q c >l z (t=0 )

(2.29 )

l z Sl v (t-0 )

-l y

whic h ca n als o b e considere d a s a n augmentatio n o f  th e stat e vecto r  o f  Eq .  (2.21 )  .  Eqs .
(2.21) ,  (2.26) ,  (2.28) ,  an d (2.29 )  for m a  highl y nonlinea r  se t  o f  9  stat e equation s

whic h ca n b e use d t o predic t  al l  relevan t  guidanc e parameters .

2.2. 4 Inertia l  Navigatio n

The missil e navigate s wit h respec t  t o a  tangen t  fram e whic h i s a n earth-fixe d fram e
wit h it s origi n typicall y a t  th e missil e launc h point .  B y definitio n i t  rotate s wit h a n
angula r  rat l  identica l  t o th e *art h rat e wit h respec t  t o inertia l  axes .  I n contras t  t o
th e loca l  geographi c fram e use d i n many application s o f  terrestria l  navigation ,  th e an -
nula r  rat e resultin g fro m vehicl e motio n i s no t  involve d i n th e navigatio n algorithms .
The x-axi s o f  th e tanlen t  fram e may b e nort h oriented ,  bu t  othe r  orientation s give n b y
th e targe t  syste m (e.g .  toward s th e LOS)  may b e possibl e a s well .

A bloc k diagra m o f  th e navigatio n syste m i s show n i n Fig .  2.6 .  Th e specifi c  forc e
vecto r  i n coordinate s o f  th e tangen t  fram e (/9/ )  i s  give n b y

-  S (2.30 )





MO

r,: r  A  fframe .  Th e velocit y wit h respec t  t o th e tangen t  fram e ca n b e define d a s
(2.31 )

The specifi c  forc e vecto r  ca n the n b e expresse d a s

X*  -
(2.32 )

wher e Q < i -  th e skew-symmetri c rotatio n matri x (L .  -  geographi c latitud e a t  origi n o f
tangent'flane.w i e -  angula r  rat e o f  th e earth )

(2.33 )

and

c-
0 :  o» i e si n L e

- H si n L ^  :  0i e o  .

0 :  "i e co s  L <

I'-s'-s I  at.oj.1 1

:  0

:  - w
i e co s  L 0

:  0

—sr
spherica l  eart h an d a  north-oriente d tangen t  fram e t o

•̂̂ ft r  |-"/°"- »

(2.34 )

(2.35)

noted
^••cooxruxiio^c o ^AUA . A** ^ I i iynt
and longitude respectively.

srs^-s,
TO : NAVIGATION ALGORITHM
AUTOPIOT '

[BODY-MOUNTED
! INERTIAL MEASUREMENT
"UNIT

ACCaERATOK/
GRAVITY I
MPUT !

ANGULAR
RATEKPUT

MmAUZATON ALTITUDE
WFORHATDM

EARTH RATE
= AT LAUNCH POUT

L_ ______ 1 I
Fig .  2. 6 Strapdow n Navigatio n i n Tangent-Fram e Coordinate s

shal l  b e summarize d briefly .

A quaternio n i s define d a s a  scala r  q .  an d a  vecto r  wit h orthogona l  component s

Q - (2"36)
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The element s o f  th e quaternio n ar e initialize d wit h th e Eule r  angle s V ^  e  t .  *  t  a t  launc h

qo -  co s  -  co s t  co s  +  si n si n f ^  si n f t

*-Co.

Vi  ,  6 L
q -  -  co s j — si n 2~ ~

si n -  si n

+ si n

.i n cos

cos f* -  si n

(2.37 )

q,  - cosf ^  co s -  co s  k  8i n -  si n

and update d durin g fligh t  base d o n th e quaternio n differentia l  equatio n

' " • "
q[
q j .

i
= 2

q. ^3 q 2

q 3 qo " q i

-q z q, q0 .

U3 s

— ts
(2.38 )

wher e w *  =  ( p ,  q  ,  r  )i s  th e bod y rat e vecto r  i n senso r  axe s wit h respec t  t o th e
tangen t  "frame. "  "  "

i n case s wher e th e rotatio n rat e o f  th e tangen t  fram e mus t  b e take n int o accoun t

Eq.  (2.38 )  ca n b e modifie d t o

1
q- j

-q, -qz -q,

qo -q3 q2

q3 q. -q!

-q2 q, q..

s 1
~ i s "7

Q Q

q. q3

-q, qo

. q2 ^1

q3

q 2

q i

q o .

wher e w^ t  i s  a  constan t  vecto r  fo r  a  give n launc h latitud e  'L  o

U)  \ ¥ "  (w, a co o L  ,  0 ,  -w ,  »i n L  )
— ir .  I B w  » •  « «

(2.39 )

(2.40 )

As strapdow n inertia l  system s ar e implemente d i n discret e time ,  i t  i s  necessar y t o
develo p discret e tim e version s o f  Eq .  (2.39) .  Fo r  thi s purpose ,  i t  i s  a  common approac h
t o expan d th e quaternion s an d th e measure d angula r  increment s int o powe r  serie s (Taylor' s
series )

q , o qk  +  T  q k  +  T  q k  +  T  S k
•P *  •  T  *  » •

(2.41 )

(2.42 )

wher e T  denote s th e integratio n ste p siz e betwee n th e samplin g interval s k  an d k+1 ,  an d
<f r  th e angula r  incremen t  i n roll .  Simila r  equation s a s Eq .  (2.42 )  hol d fo r  th e angu -
ijfĉ lncrement s i n pitc h 6  an d ya w $  .  A  thir d orde r  discret e tim e algorith m fo r
JnT quaternion s ca n bederive d fro m Eq* 1 (2.41 )  an d (2.42 )  whic h i s  onl y base d o n th e
angula r  increments .  Th e firs t  elemen t  o f  th e quaternio n ca n the n b e expresse d a s (e.g .
/18/ )
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1 o,k* 1

48

48 24

(2.43 )(»..». ,  .gl̂ ĵ l l  _ * • - * •> " *» " * • • '

~q>*\  2  "  4 8 2 4

wit h th e su m o f  th e square d angula r  increment s

Simila r  expression s a s Eq .  (2.43 )  ar e obtaine d fo r  ,  , .  q  an d q  &££*£?S£F£££
th e applicatio n o f  Eq .  (2.43 )  <" hic ^ l s  ̂ ^"viaationfrtm e i s limite d i n a  stric t
formatio n o f  th e measure d acceleratio n t o th e navigac i  rota tio n vecto r  retai n
sens e t o situations ,  wher e bot h th e acceleratio n vecto r  L  tn e cas e o f  non -
thei r  directio n i n spac e durin g a n integratio n "»*«>£• l -  th e othe r  hand ,  th e navigatio n
rigid ,  vibratin g vehicle s thi s wil l  no t  be™a^  h  ' lesa  demandin g tha n thos e o f  hig h
accurac y requirement s  ̂ ô tactical̂ mlssiieŝ ^  t£jdav , s advance d signa i  processo r  system s

-  - -  •  •  "b y computationa l
th e overal l  erro r

budge t  Thi s may requir e certai n algorith m refinements .u g e
The relationshi p betwee n th e quaternio n element s an d th e directio n cosin e matri x i s give n

by

q ,  - q
z)

2 (q ,  q 2q : - q ; «
2 ( q

-  q .

2 n 3

2 (q ,

2 (q 2

<-<

The actua l  Eule r  angle s ca n the n b e extracte d for m th e C..-DC M a s

-  q ,

-  q , (2.44 )

ta n

6 =  -si n C 01

-tan' 1 ̂

regular "  interval s usin g th e *  equation s

£c -  £  +  \  £  (1-£ T £ )

whic h remove s th e orthonormalizatio n error s fro m th e DCM,  an d

9

1 * \

C 2

whic h remove s th e quaternio n normalizatio n erro r  |*Q |  usin g

Q*  -  q. -  q,i -  q 2J -  Q  ,  *

and
QQ

(2.45 )

(2.46 )

(2.47 )
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Referrin g t o Fig .  2. 6 i t  ca n b e summarize d tha t  th e navigatio n calculation s ca n b e per -
forme d throug h th e followin g steps :

' • ,(s)-frame .  I f  required ,  thes e may b e compensate d b y th e earth-rat e component s
(i n som e practica l  application s thes e ar e no t  important) .

2.  Th e specifi c forc e measurements ,  carrie d ou t  i n th e sensor-frame ,  ar e trans -
forme d t o th e tangen t  fram e vi a th e £  ̂-Dd t

3.  Th e gravit y contribution s (Eq .  (2.34) )  t o th e specifi c  forc e measurement s (Eq .
2.32 )  ar e removed .

••
KSJS.S-.SS S a .  Jraŝ s .  sMSys& j  -sr s

supporte d b y som e indopendent .  externa l  altitud e information .

6.  Th e Eule r  angle s ar e extracte d fro m th e £  |-DCM .  i f  the y ar e require d fo r  gui -
danc e purposes .

2.2. 5 Aide d Inertia l  Navigatio n

full y passiv e o r  autonomous .

For  tactica l  missile s aide d inertia l  navigatio n may b e o f  interes t  fo r  mainl y tw o
reasons :

-  T o compensat e initializatio n error s
-  T o improv e th e accurac y o f  th e termina l  fligh t  phas e

ss-s .
of

-  th e trackin g rada r  o f  th e launc h vehicle ,  whic h may b e abl e t o trac k th e targe t
and th e ow n missil e simultaneousl y

-  th e missil e seeker ,  whic h may b e abl e t o detec t  an d t o localiz e certai n terrai n
feature s o r  man mad e object s

,3 2

navigatio n algorithm .  ,

MISSLE
MOTION ̂

INERTIAL
MEASUREMENT
UNIT

— a«
STRAW
NAVCA
ALGOR

t

DOWN
JIOH
rm

ERROR
COMPENSATION

COMPUTEtl,.
POSITION ̂

1

H

POSITK
ERROR
t

NAVKUTKK
ERROR
ESTMATOR

1

POSITION
MEASUREMENT

W

Fig .  2. 7 Bloc k Diagra m o f  Aide d Inertia l  Navigatio n

«.. .
error s i n th e navigatio n frame .  I f  w e defin e th e erroneou s 2,-DC M a s

2J
(2.48 )
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wit h

e*  -

:£y
the n w e obtai n th e followin g acceleratio n erro r  i n th e t-fram e

4? -»£*!£•.• -  ifi^-A' S

wher e

(2 .49)

-a *

The positio n erro r  i s give n b y

and fo r  constan t  misalignmen t  angle s w e ca n writ e

£ -  fi
Eqs.  (2.49 )  t o (2.51 )  ca n b e rearrange d an d combine d t o th e navigatio n erro r  stat e
equatio n

(2.50)

(2 .51)

wit h x .  -

S.  I  S.

a.  a.  &?
s.  a.  a,
.  - t

( 2 .52)

(2 .53)
The measuremen t  equatio n i n cas e o f  positio n measurement s i s define d b y

meter  scal e facto r  an d bia s errors .

rat e o f  2  Hz .  Th e accurac y o f  th e
and 1 0 m i n rang e

» . - -alignment errors of £ - 6 -

gaS3nT^r-2 asfume^to be^mrâ

about  3 5 m.

Tl  E  IS )
Fig .  2. 8 Positio n Aidin g Use *  t o Estimat e Initia l  Alignmen t  Error s
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2.2. 6 Inertia l  Sensor s

.  Th e requirement s impose d o n inertia l  measuremen t  unit s o f  tactica l
characterize d b y ver y stron g demand s o n mass ,  volum e an d cos t  and ,  i n general ,  b y mode
rat e demand s wit h respec t  t o accuracy .

Tabl e 2. 1 an d Tabl e 2. 2 giv e a n overvie w o n wha t  may b e considere d a s typica l  accu -
rac y classe s o f  angula r  rat e sensor s an d accelerometer s fo r  tactica l  missil e applic a
tions .

Erro r  Sourc e ( 1 a )

Fixe d Bia s ('/« )
g-dependen t  Drif t  C/h/g )
g'  -dependen t  Drif t  ('/n/g' )
Scal e facto r  (* )
Inpu t  Axi s Misalignmen t  (mrad )

Accurac y Classe s

Low

100
60
2
1
5

Mediu m

20
15

0. 2
0. 2

2

Hig h

2

-
0.0 1
0. 5

Tabl e 2. 1 Accurac y Classe s o f  Angula r  Rat e Sensor s

Erro r  Sourc e (10 )

Bia s (mg )
Scal e facto r  (% )
Inpu t  Axi s Misalignmen t  (mrad )

Accurac y Classe s

Low

50
1
5

Mediu m

10
0. 3

2

Hig h

2
0. 1
0. 5

Tabl e 2. 2 Accurac y Classe s o f  Accelerometer s

These accurac y classe s ar e generall y no t  relate d t o specifi c  senso ^ t echrK> 1°gie s
wit h th e exceptio n o f  th e "hig h accuracy "  angula r  rat e sensors .  Thi s senso r  clas s doe s
not  sho w In ? g-dependen t  drif t  term s an d i s therefor e relate d t o th e lase r  gyr o techno -
logy .

Despit e o f  th e genera l  technica l  mov e toward s solid-state ,  optica l  rat e sensor s
(Rin g Lase r  Gyros ,  Fibe r  Opti c Gyros ,  Integrate d Optic s Gyros )  ther e i s stil l  a  larg e
variet y o f  "mechanical" ,  competitiv e sensor s o n th e market ,  whic h als o too k significan t
advantag e o f  th e progres s i n digita l  microelectronics .

As a  result ,  today' s senso r  technologie s offe r  highl y integrate d measuremen t  unit s
withi n th e mas s an d volum e constraint s o f  typicall y 1  k g an d 1  It r  includin g electronics .
Thf  performanc e dat a o f  thes e senso r  package s ar e onl y partl y determine d b y th e require -
ments o f  midcours e guidance .  Othe r  importan t  requirement s may resul t  fro m autopilo t
design ,  seeke r  stabilisatio n ("strapdown"-seeker )  an d seeke r  signa l  processing .

3.  ALIGNMENT TECHNIQUES

3. 1 Definitio n o f  th e Alignmen t  Proble m

The targe t  designatio n dat a i.e .  LOS,  rang e etc .  ar e measure d wit h respec t  t o a
maste r  referenc e syste m (index :  m) .  whic h i s locate d withi n th e launc h vehicle .  Similarl y
th e dat a require d t o initializ e th e IN U o f  th e missil e ar e availabl e wit h respec t  t o th e
same referenc e system .  I t  i s therefor e necessar y t o transfe r  thes e dat a fro m th e launc h
vehicl e t o th e missil e IN U vi a a  transformatio n matri x £  B,  wher e s  designate s th e
senso r  fram e o f  th e missile .  Th e transformatio n matri x £  ca n b e spli t  u p .int o a
nominal ,  predetermine d (fixed )  par t  £ ^  an d a n unknow n (time-varying )  par t  £ r .  whic h
lead s t o

f a m c a •  c r  (3.1 )

The transformatio n matri x £ m i s  determine d b y th e misalignmen t  angle s e  ,  e  ,  £  ,  whic h
ar e usuall y smal l  (se e Table "  3.1) .  Base d o n thi s assumption ,  th e transformatio n matri x
can b e define d a s
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-e z(t ) i  e x(t ) (3.2 )

wher e £iv (t )  ,  i  =  x ,  y ,  z (3.3 )

«
agin g an d teirperatur e differences ,  especiall y  fo r  larg e structures ,  e.g .
resul t  i n additiona l  errors .

shown i n Tabl e 3.1 .

Vehicl e

Aircraf t

Shi p

MSL Statio n

Fuselag e

Wing

—

Azimut h

5 mra d

10 mra d

10 mra d

Elevatio n

5 mra d

20 mra d

10 mra d

Rol l

3 mra d

50 mra d

5 mra d

Tabl e 3. 1 Typica l  Value s ( 1 o )  fo r  th e Misalignmen t  Angle s
at  Differen t  Missil e Station s

th'e y ca n b e modelle d a s a  periodi c rando m variabl e (/19/ )  .

dynami c alignmen t  techniques. -

I t  shoul d b e note d tha t  o n to p o f  th e misalignmen t  an ^  quotedfo r  each îssil e

ignore d i n th e remainde r  o f  thi s paper .

3. 2 "On e Shot"-Alignmen t

Thi s i s th e simples t  metho d whic h ca n onl y b e used ,  i f  th e missil e
fairl y  toleran t  wit h respec t  to_alignmen t  error s o r  i f  aidin g technique s .ijila r t o

situation .

The transformatio n matri x £  '  i s  the n store d i n th e fir e contro l  syste m fo r  eac h

sr s  ̂ffî-r̂ n̂r̂ x̂-î .̂ 1.? '  ;s a s
followin g sections .
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3. 3 Dynami c Alignmen t  o n f l  Movin g Bas e

can
The alignmen t  betwee n th a maste r  IN U onboar d th e launc h Chicl e an d th e missil e IW U

achieve d b y con-parin g directl y th e measurement s o f  th e ia l  I*™ ™ ** •

(/20/ p /21/) .

Thi s metho d o f  alignmen t  i s generall y abl e t o provid e accurat e results ,  however ,  a
coupl e o f  importan t  point s mus t  b e observed :

-  Dynami c alignmen t  depend s o n th e existenc e an d th e typ e o f  motio n ° f «£ launc h
vehicle .  i n specia l  case s th e misalignmen t  angle s may b e no t  o r  onl y poorl y o b
servab!; .  A  lo w leve l  o f  motio n generall y increase s th e "» « retire d toestimat a
""misalignmen t  angle s wit h reasonabl e accuracy .  T o enhanc e th e observabilit y
may b e usefu l  t o carr y ou t  specia l  maneuver s (/22/ J .

-  Th e compariso n o f  nois y measurement s need s tim e t c allo w fo r  som e kin d o f  fil -
tering .  I t  i s  therefor e obviou s tha t  th e alignmen t  proces s canno t  b e initiate d wh e
th e fir e command i s applied .  Thi s woul d lea d t o unacceptabl e launc h delays .

The separatio n o f  th e maste r  an d th e
th e so-calle d "lever-arm-corrections "
tiv e position s o f  th e IMU' s exactly ,
rectio n i s

&mi  * *  &m +  -i m x  ̂ ms -i m -i n

missil e IM U require s kinemati c corrections .
I t  i s  therefor e necessar y t o kno w th e rela -
The genera l  equatio n o f  th e leve r  ar m cor -

(3.4 )

th e maste r  IM U (se e Fig .  3.1) .

instrument s (/20/ )

may b e necessar y t o interpolatio n schemes .

intende d t o giv e a  quic k overview .

MASTER
IMU

MISSILE
(SLAVE )

IMU

3 3  l  Stat e Vecto r  Presentation s o f  th e Alignmen t  Proces s





Mis

Fixe d misalignmen t  angle s

The requiremen t  fo r  angula r  rat e matchin g i s give n b y

'fiJttJ.-fiW.-tfI .  -<«•. -  *

Eq.  (3.2 )  ca n b e writte n a s

-
'

- £z  £ y

-' y  £ X '
( V

Afte r  combinin g Eqs .  (3.5) ,  (3.6 )  an d re-arrangin g term s w e obtai n

s  ,. r  n s
^sm°yi s -^im -  Q i <

wit h £  -  (£ x,  K y ,  t z)  an d (se e als o Eq .  2.24 )

-"I s

0

r .

• r i s  ''i s
r i s  °  - pi s

*i s  p i s  °

Similarl y w e obtai n fo r  acceleratio n matchin g

wher e a ms  i s  give n b y Eq .  (3.4) .  Usin g Eq .  (3.6 )  wt ,  ca n writ e

wit h fl !  -  (a ov,  a BV,  a., )  an dsx '  "sy '  -s z

0 - asz sy

sz

L - asy  a sx

(3.5 )

(3.6 )

(3.7 )

(3.8 )

(3.9 )

(3.10 )

(3.11 )

Eqs.  (3.7 )  an d (3.11 )  ca n b e combine d fo r  simultaneou s angula r  rat e an d acceleratio n
matchin g

10J
1

4"a" «
_£l
A;

(3.12 )

iMine-varv<r. g misalignmen t  angle s

To deriv e th e .tat ,  vecto r  equatio n o f  th e time-varyin g alignmen t  erro r  £  w e tak e th e DCM

£s -  4  £ s  (3 ' U)

startin g point .  Afte r  differentiatin g fi j  an d usin g th e basi c relationshi pas  a
1 i  s

Cf l  -  fi i  Di s
we obtai n fo r  th e relativ e angula r  rat e matri x

.  «  •  r  r
C -  0? .  -  fi !  Q i m C B

I t  ca n b e show n afte r  differentiatio n o f  Eq .  (3.1 )  tha t

<3<14 )

(3.15 )

r .
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Expansio n o f  Eq .  (3.15 )  i n connectio n wit h Eq .  (3.6 )  yield s

-
ordtr  ttm I t ntjltett d

The alignmen t  erro r  5  ca n b e observe d vi a th e acceleratio n erro r  (Eq .  3.10) .

misalignmen t  qnole a i p conne c

i n general ^  qualit y ô ĥ̂ mâ ê IMÛ wil̂ ^
proces s ca n

j  facto r  an d

improved Cnavigatio n accurac y durin g midcours e guidance .

The "true "  angula r  rol l  rat e o f  th e missil e IM U may b e define d a s

Pi s "  Pi s  -  AS P Pi s  *  B P

measure d rol l  rat e

(3.17 )

(3.18 )

'̂.Ul'l St o

•

Qim

S.

3.

"Pi s ° °
0 -qis 0

o o -r is

*

- 1 0 0

0 - 1 0

0 0 - 1

P.

Q.

E4U),sm
(3.19 )

Wit h

B - and

The metho d ca n als o b e extende d t o dea l  wit h acceleratio n dependen t  drif t  parameter s a s a
separat e erro r  source .

Matchin g

!„«.« .  o ,  -in ,  th .  d.« .  P«VW.4 irectl y b y th e ...tj r  .n d th e

i s
.  positio n

(se e als o Sectio n 2.2.5) .

Thi s approac h ha s th e potentia l  fo r  increase d accurac y ̂"-ê relie s  on̂ th e
-lon g term "  effect s o f  misalignment ,  ."ha s als o definit e 5 ^  o f  th e lignoen t

SSliJT.Ŝ t.lirSSS'tiS .
need naturall y som e tim e t o propagate .

of  th e lignoen t

fa°ct COtS Pat  th e velocit y an d positio n error s
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3.3. 2 Alignmen t  Processin g Algorithm s

The algorithm s use d fo r  th e alignmen t  proces s ca n b e -  broadl y speakin g -  separate d int o

-  Leas t  Square s Estimatio n (LS )

.an d
-  Kalma n Filterin g (KF) .

estimatio n problem .

measurement s (e.g .  correspondin g t o Eq .  (3.12) )
(3.20 )

corrupte d b y zero-mea n noise .  Thes e measurement s ar e the n processe d i n suc h a  wa y tha t
th e quadrati c measur e o f  th e estimate d paramete r  vecto r  x .  f c

J( k) * >
(3.21 )

i s  minimized ,  wher e th e matrice s i  k ,  H  k  ar e define d b y th e composit e matri x o f  al l
observation s

id )

4(2 ) and H v  *• H(2)

H(k )

and B"i s  a n appropriate ,  symmetri c an d positiv e definit e weightin g matrix .  Thi s lead s t o
th e we'l l  know n "batch "  versio n o f  least-square s estimatio n

T _  -1. .  .  - l  . T ~- i  -  (3.22 )

i n practic e i t  i s  ver y desirabl e t o wor k wit h a  sequentia l  for m o f  Eq .  (3.22) ,  whic h i s
give n b y th e followin g equation s

£(k )

E(k )  H(k )

-  E(k- D tE(k )  +  H(k )  E(k-l )

Eq.  (3.2 3 b )  ca n b e interprete d a s a  time-varyin g gai n matrix ,  wher o

Ed)  -  [H T(D

(3.2 3 a )

(3.2 3 b )

(3.2 3 c )

(3 ' 24)

/26/ )  . ^
neasureJBen t  dat aThi s metho d ensure s b y (exponential )  weightin g

filti r  ar e repeate d her e fo r  th e sak e o f  completeness .

The stat e estimat e updat e
each measuremen t  i s  give n b y

K(k )  [i(k )  -  H(k )  i K
(3.2 5 a )

wher e k| k an d k|k- l  denot e quantitie s a t  tim e t  k ,  however ,  base d o n measurement s take n u p
t o tim e t  k  o r  t  M  respectively .
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The Kalma n gai n matri x i s give n b y

-  E  (k|k )  H(k) T B' '  0 0
(3.2 5 b )

wit h B(k )  denotin g th e measuremen t  nois e covarianc e matrix .  Th e erro r  covarianc e updat e
i s define d b y

E(k|k )  -  [ I  -  K(k )  H(k) ]  £(k|k-l )  (3 ' 25 C)

The stat e vecto r  estimat e i o(k )  an d th e erro r  covarianc e matri x £(k )  ar e extrapolate d
betwee n measurement s b y

i KF(k|k-l )  -  E(k,k-l )

£(k|k-l )  -  E(k,k-l )

S(k.k- D
(3.26 )

fi(k-l)^  (3.27 )

stat e transitio n matri x an d ̂  *£ p"*  "̂ ^̂ and̂ k̂ dViiote s  th e

proces s nois e covarianc e matrix .

matio n proble m int o account .

t o a  fractio n o f  1 0 % withi n abou t  2. 5 sec .

t I ! iTPAll J STRAIGHT
STWOY STATE TURN j™*, *

, 2 3 4 5 *  7 ' TIM E

i J i 7 I » TIMEts]

Fig .  3. 2 Least-Square s Alignmen t  Applie d i n Acceleration/Angular-Rat e Matchin g

PERFORMANCE ASSESSMENT

4. 1 reflation .  7 f

s y a t . i . .
ment  o f  thei r  effect s o n th e performanc e dat a o f  interes t

An exampl e i s show n i n Fig .  4. 1 Jher e th e in f
th e expecte d seeke r  LOS erro r  durin g »i"" « "t e exp e
i s a n importan t  seeke r  an d » is °"; «
desig n drive r  fo r  th e ••«* « "fy 1

fe r  th e missil e maneuverabilit y
cerncd ,  th e seeke r  ") S erro r  i s  cause d b y tw o
th e positio n error .  Th e « ttltud *  o r  "

^̂ ^
r  i n applications .  I t  may b e a
fielS-oi-view Pand a n importan t  facto r

as th e navigatio n syste m i s con -
effects ,  th e attitud e erro r  an d

a«c^y'  in f  luence d b y misalign -
or  LOS displacemen t  i s dominate d b y

«••
and
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ACCELERATION VELOCITY

[ TARGET STATE

POSITION

J
>•*

|

RANGE
RANGE RATE

1

^T.

J — .

AZiiUT N
aEVATION

TPirKlNf i 1—

_J

•TUP-LINK ]
l
i
t

SEEKER LINE-Gf-SIGHT ERROR
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ATTinHlF FRRORS | H POSITION

t i

INITIALI-
ZATION

T t

ANGULAR
RATE

SIGNAL
PROCESSING

ERRORS h
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METERS

A 1

INITIALI-
ZATION

* f

POSITION
AIOWG

1 sk "kr- 1
MISALIGN-
MENT

QUANTIZATION.
WORD LENGTH

Fig .  4. 1 Summary o f  Erro r  Effect s o n Seeke r  LOS

up-link.

establishe d fo r  ever y specia l  application .

Angula r  Rat e Sensor s

Day-to-Da y Bia s Stabilit y
In-Ru n Bia s Stabilit y
g-dependen t  Drif t
g>-dependen t  Drif t
Scal e Facto r  Erro r
Non-Linearit y
Sensor  Misalignmen t
Dynami c Cros s Couplin g
Temperatur e Sensitivitie s

Accelerometer s

Day-to-Da y Bia s Stabilit y
In-Ru n Bia s Stabilit y
Scal e Facto r  Erro r
Non-Linearit y
Sensor  Misalignmen t
Cros s Couplin g
Temperatur e Sensitivitie s

Initializatio n

Misalignmen t  Angle s
Vehicl e Dynamic s
Velocit y Erro r
Positio n Erro r

Tabl e 4. 1 Summary o f  Senso r  an d Initializatio n Error s

Targe t  Stat e

Jer k
Acceleratio n
Velocit y
Positio n

Targe t  Trackin g

Range/Rang e Rat e
Azimuth/Elevatio n
Sightlin e rat e
Sightlin e acceleratio n
Dat a Stalenes s

Targe t  Updat e

Dat a rat e
Launc h vehicl e positio n
Launc h vehicl e attitud e

Tabl e 4. 2 Parameter s Affectin g Targe t  Uncertaint y

4. 2 Assessmen t  of  Erro r  Budget s
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of  th e individua l  erro r  contribution s t o th e resultin g perforaanc *  figures ,  whic h i s
ofte n understoo d a s a n erro r  budget .  Th e erro r  budge t  give s a n opportunit y f o co» « u p
wit h a  wel l  balance d syste m design ,  whic h reveal s o n th e on e han d th e specification s o f
th e critical ,  mos t  dominan t  component s an d avoid s o n th e othe r  han d th e over-specifica -
tio n o f  device s wit h onl y nino r  contribution s t o th e overal l  error .  Fo r  exaaple .  i f  th e
targe t  LO S uncertaint y i s i n th e orde r  o f  som e degrees ,  i t  make s littl e sens e t o desig n
an inertia l  guidanc e syste m wit h a n accurac y o f  0. 1 degre e equivalen t  LO S error .

The method s use d t o asses s th e erro r  budge t  ar e chose n i n accordanc e wit h th e
actua l  desig n progress .  I n th e earl y desig n stag e i t  may b e sufficien t  t o us e simpl e or -
der-of-magnitud e o r  covarianc e analysi s methods .  I n th e fina l  stage s i t  wil l  b « necessar y
t o us e detaile d mathematica l  nodel s o f  th e overal l  syste m t o prov e an d t o verif y th e
desig n b y simulatio n techniques .

An exampl e fo r  a  simplifie d order-of-magnitud e assessmen t  i s show n i n Tabl e 4. 3 a s
a functio n o f  th e fligh t  tim e t .  Th e definition s ar e chose n i n accordanc e wit h Fig .  4.1 .
Due t o th e simplification s th e metho d i s limited  t o first-orde r  effects .  Some o f  th e
erro r  source s show n i n Tabl e 4. 3 ca n b e interprete d a s "root-sua-square"-value s (e.g .
drif t  D) ,  i .  e .  the y ca n includ e differen t  effect s lik e g-dependen t  an d g'-dependen t
drift .  I t  shoul d b e note d tha t  th e simplifie d analysi s i s base d o n averag e value s o f  th e
fligh t  parameter s o f  interes t  (e.g .  averag e acceleration ,  velocit y etc.) .  Afte r  evalu -
atin g Tabl e 4. 3 th e resultan t  seeke r  LO S erro r  i s give n b y th e root-sum-squar e erro r

-  /4 V
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Tabl e 4. 3 Simplifie d Midcours e Guidanc e Erro r  Budge t

TARGET

Fig .  4. 1 Definition s fo r  Simplifie d Erro r  Analysi s

The time-varying ,  linea r  covarianc e analysi s represent s a  mor e sophisticate d tool .
The metho d (e.g .  /20/ )  i s  base d o n a  discret e tim e formulatio n o f  th e erro r  equatio n

k- l
(4.1 )

(Se e Eq .  2.5 2 a s a n example. )  I t  ca n b e show n tha t  th e covarianc e matri x o f  th e erro r
vecto r

£ -  E  CJ £ J£ T]

propagate s accordin g t o

£ -  E  E k !  E£_ !  +  2 k_!  (4 ' 2)
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wher e

i s  obtaine d b y simpl e natri x algebra .

o n . r o r  co.put« d
effect s o f  th e differen t  erro r  group s ca n b e investigate s

fa r  a s possibl e b y simple r  nethods .

The basi c schem e o f  suc h a
ful l  representatio n o f  th e missil e an d
"hig h frequency -  effect s suc h ft s J 2
gratio n ste p size s i n th e orde r  1  mse c o r

of
tyMcall y  require s inte -

e .ost̂ mplrtan t  submodule s wit h
sensbr s an d th e strapdown -

4.1 .  Th e strapdow n algorithm s i n compute d missil e

—

MSI ATTTrUOE/POSmON ERROR
ERROR ANGLE

Fig .  4. 2 Hidcours e Guidanc e Performanc e Evaluatio n Scheme

The simulatio n i s the n repeate d se * e™*"icall v  selecte d b y appropriat e rando m numbe r
drift ,  acceleromete r  bia s etc. )  ar e "̂ î?* 11*8^^  o f  a  suffientl y larg e numbe r  o f
generator s a t  th e ̂̂"̂ '̂"ĝ v̂̂ ^̂n d « n b e visualize d b y histogram s o r
bir Ucnar?s .  *%&*"£  ̂^GfZZ  -̂ n exampl e fo r  zero-effort-mis s (>« )  an d th e
seeke r  erro r  angl e a t  handover .  Th e mean valu e

and th e standar d o r  root-mean-squar e (RMS)  deviatio n

-- •  "
function s
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*«» > -  i r
«/2a '

F(d )  -  1  -  e
'/20 1

.s  indicate d i n Fig .  4. 3 a .  wher e th e varianc e 5  '  ra t  b e fitte d t o th e simulatio n

result s

and

S.../V F
/  (  2  -  §  )  -5 '  -

shown i n Fig .  4. 3 b .
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5.  COMCLUDIKO REMARKS

rithms .

targe t  uncertainty .
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FLIGHT CONTROL DESIG N ISSUE S
I N BANf-TO-TUR N MISSILE S

BY
H.  A .  KAUFMANN

SENIOR SCIENTIS T
HUGHES AIRCRAFT COMPANY

8133 Fallbroo k Ave .
Canoga Park ,  C A 91304-011 5

SUMMARY

pUal̂ p̂S,̂ ^ ^

hav e bee n fligh t  tested ,  s o onl y simulatio n result s ca n b e presented .

The firs t  issue d discusse d I s wh y a  designe r  woul d """"̂ ^

S â s=e ^
propulsion ,  guidanc e an d autopilo t  subsystems .

tage s o f  Includin g a  skld-to-tur n capability .

wlja!"irsr»5?cieS4.pisj si ,s.s!ir< '̂& ran.J ass
radom e erro r  fo r  missile s wit h rada r  seeker s i s discussed .

Simulatio n studie s hav e show n tha t  som e performanc e Penaltie s ™»b « J

priatel y genera l  terms .

INTRODUCTION

missiles .

thes e algorithm s wil l  actuall y provid e goo d mis s performance .

DESIGN CONSIDERATIONS

H r  -̂s;s n:r??iuŝ s
configuration s woul d maneuve r  mor e efficientl y wit h BT T control .

Why don' t  w e hav e mor e missile s wit h BT T control ? Th e guidanc e Problem s fo r  homin g
missile s ar e compounde d wit h BT T control .  Generally ,  respons e tim e I s slowe r  wit h BT T
control ? I t  i s  mor e difficul t  t o maintai n trackin g o f  th e targe t  usin g a  simpl econtro l

(5 )  COPYRIGHT 199 0 HUGHES AIRCRAFT COMPANY
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two-glmba l  seeke r  wit h BT T control .  Body-rat e couplin g betwee n th e autopilo t  an d guidanc e
i s increase d wit h BT T control .  Fo r  thes e reason s an d others ,  ver y fe w missile s hav e bee n
designe d fo r  us e wit h BT T control .  Unti l  recently ,  th e guidanc e an d contro l  disadvantage s
hav e outweighe d th e alrfram e an d propulsio n advantages .  Thi s tradeof f  conclusio n I s n o
longe r  valid .  Some solution s t o th e guidanc e an d contro l  problem s ar e presente d i n thi s
paper .

• "  Providin g contro l  logi c t o accommodat e a n alrbreathln g engin e fo r  a  homin g missil e I s
a guidanc e an d contro l  challenge .  I n orde r  t o satisf y carr y constraints ,  minimiz e weight ,
and optimiz e englr, *  performance ,  alrbreathln g alrframe s ar e generall y designe d asymmet -
call y an d hav e a  preferre d maneuve r  plane .  Thi s asymmetri c vehicl e tend s t o benefi t  fro m
a BT T autopilot .  Th e conventiona l  skid-to-tur n (STT )  autopilot ,  i f  use d wit h th e asymmet -
ri c vehicle ,  woul d no t  onl y requir e complicate d engin e an d Inle t  design s I n orde r  t o accom -
modat e sidesli p bu t  th e ai r  Inlet s woul d Induc e significan t  pltch-yaw-rol l  aerodynami c
couplin g moments .  Thu s th e asymmetri c rollin g alrfram e ha s ne w an d differen t  contro l
problem s tha t  mus t  b e solve d b y th e guidanc e an d autopilo t  design .  Thes e Includ e respons e
tim e penaltie s an d couplin g throug h th e guidanc e sensor .  Th e las t  I s th e mos t  seriou s be -
caus e th e ban k angl e steerin g commands ,  respondin g t o targe t  motion ,  com e fro m th e guidanc e
senso r  tha t  ha s th e couplin g path s I n rol l  throug h glmba l  dynamics ,  bcresigh t  errors ,
trackin g dynamics ,  steerin g laws ,  filterin g an d fo r  rada r  seekers ,  radom e error s an d
polarizatio n attenuatio n (fo r  passiv e o r  semlactlv e systems) .

BAHK-TO-TURN CONTROL

The goa l  o f  th e pur e BT T contro l  la w i s t o rol l  th e th e missil e s o tha t  I t  alway s
maneuver s I n It s preferre d maneuve r  plane .  A  maneuve r  i n thi s plan e wil l  b e calle d a  pitc h
maneuver  wit h a  pitc h loa d factor .  A  BT T contro l  mus t  b e suc h tha t  th e loa d facto r  I n
th e orthogona l  ya w plane ,  I s drive n towar d zero .

I f  th e loa d facto r  commands (a H)  an d (ay )  ar e reference d t o horizonta l  an d vertica l
planes ,  the n th e achieve d horizonta l  an d vertica l  plan e loa d factor s wil l  b e define d a s a
functio n o f  pitc h an d ya w loa d factor s an d th e Inertia l  rol l  angle ,  * •

ay =  a p cos *  -  a y sin *  ^ j

an =  a p si n *  *  a y  co s  *

I f  a v i s t o h e equa l  t o zero ,  the n th e loa d facto r  commands a y an d | H mus t  b e res -
ponde d t o b y a n autopilo t  structur e tha t  commands th e pitc h loa d facto r  § p an d th e ap -
propriat e rol l  angl e a s a  functio n o f  S y an d S H-  Th e P ltc h an d va w commands ca n b e
obtaine d fro m th e Invers e o f  Equation s 1 .

ap =  S y cos *  +  S H sin *  , 2»

SY =  -a" y sin *  +  S H co s *

Sinc e th e goa l  o f  BT T I s t o driv e a y t o zero ,  th e command a y fro m th e guidanc e syste m
shoul d als o b e zero .  T o satisf y thi s requirement ,  th e rol l  angl e command ca n b e obtaine d
fro m th e secon d o f  Equation s 2 .

A bank-to-tur n contro l  syste m coul d the n b e postulate d whic h woul d us e Equatio n 3
fo r  th e rol l  channe l  command an d th e firs t  o f  Equation s 2  fo r  th e pitc h channe l  command.
The ya w channe l  command woul d b e se t  equa l  t o zero .

Anothe r  BT T contro l  la w ca n b e formulate d base d o n th e rol l  error ,  I f  th e ya w loa d
facto r  i s t o b e drive n t o zero .  Th e erro r  I n th e rol l  angle ,  * e ,  ca n b e determine d
directl y fro m th e measure d loa d factor s i n bod y coordinates .

'  * £ =  ta n - '  a Y < * >
ap

Usin g th e contro l  la w o f  Equatio n 1  cause s th e ya w contro l  channe l  dynamic s t o appea r
withi n th e rol l  attitud e contro l  loop .  Earlie r  studie s showe d tha t  th ? phas e lag ,  pro -
duce d b y th e ya w dynamics ,  limit s th e gai n an d result s i n a  significan t  respons e tim e
penalty .  Thi s penalt y migh t  b e acceptabl e fo r  som e combine d BT T an d ST T systems ,  bu t
ther e doe s no t  appea r  t o b e an y advantag e t o thi s implementation .  A  bette r  approac h use s
th e command value s o f  a p an d a y i n Equatio n 1  t o obtain :

* e =  ta n - i  Jl .  (5 )
ftp

Thi s contro l  la w i s especiall y convenien t  whe n th e bod y reference d loa d facto r
commands ca n b e generate d directl y fro m a  two-glmba l  seeke r  an d guidanc e la w wit h pitc h
and ya w channe l  outputs .  A  goo d approximatio n t o the Aarctangen t  functio n I s th e argumen t
Itself .  T o avoi d dividin g b y zer o i n th e algorithm ,  a p ca n b e limite d t o som e smal l
positiv e value ,  o r  a  constan t  (I.e. ,  unit y loa d factor )  ca n b e adde d t o S p i n th e diviso r
of  th e argument .  Th e latte r  approac h fo r  developin g th e rol l  channe l  command i s parti -
cularl y usefu l  fo r  certai n BT T configurations .
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I f  th e guidanc e commands ar e rol l  stabilized ,  th e rol l  angl e command o f  Equatio n 3
can b e used ? Functionally ,  rol l  angl e contro l  wit h Equatio n 5  I s equivalen t  t o tha t  usin g
Equatio n 3  excep t  fo r  th e Impac t  o f  filterin g i n th e guidanc e loop .  Thi s wil l  b e
discusse d late r  I n thi s paper .

CONTROL LA W ALTERNATIVES

Becaus e a  monowln g o r  plana r  airfram e autopilo t  jhould^ e designe d ̂ take^maxlmum ^

of  ST T an d BTT .  Th e funda -cs 2  3  ?
« t , n j s  .

a loa d facto r  autopilo t  i n respons e t o a  ya w (azimuth )  " ne-° f :»Jf "  rate .  Onl y aer o
BTT c °"  ° wa l oa a c or a u o po

dynami c couplin g exist s betwee n th e ya w an d rol l  channels .  A  typica l  BT T c °" ^  ̂° w^
th e ya w acceleratio n command goin g t o th e rol l  contro l  channe l  wit h a n optiona l  Inpu t  t o
th e ya w autopilo t  channel .

-"h e severa l  type s o f  BT T contro l  law s Includ e thos e tha t  1 )  requir e th e missil e t o
rol l  II  r.uc h a s 18 0 degree s t o produc e a  maneuve r  I n th e desire d direction ,  o r  2  "™"
th e ban k angl e t o somethin g les s tha n 18 0 degrees .  A  crucifor m "^" "
migh t  us e a  ±15 °  BT T control .  Th e ±l5-degre e BT T coul d minimiz e Induce d
Thf  improvemen t  I n performanc e ove r  a  ST T contro l  migh t  no t  Jus t  If y th %
plexity .  However ,  a  ±90-degre e BT T contro l  I s worth y o f  consideratio n fo r  a
one plan e o f  symmetry .

The differen t  BT T contro l  law s diffe r  largel y I n ho w the y perfor m a  downwar d maneuver ,
1 e  t o g o straigh t  down ,  th e ±l80-degre e BT T contro l  show n I n Figur e 2  require s a
iSoldegrf e roll .  Thi s allow s th e vehicl e t o b e designe d wit h a  P̂ fT ^  maneuve r  plan e
and a  positiv e angl e o f  attac k fo r  maximu m propulsio n efficiency .  Whil e thi s BT T contro l
la w ha s th e poores t  respons e tim e fo r  a  downwar d maneuver ,  I t  I s suitabl e fo r  ...idcours e
fligh t  wher e efficien t  engin e operatio n I s Important .

I n Figur e 2  an d I n th e followin g figures ,  th e rol l  angl e contro l  o r  BT T gai n l s

labele d KR"  I t  I s assume d tha t  I t  wil l  driv e a  rol l  rat e contro l  channe l  i n th e autopilot .
The contro l  deflectio n command s fo r  th e pitch ,  ya w an d rol l  channel s ar e labele d « rc ,« y c

and « ac ,  respectively .  Th e gravit y bia s (gblas)l s assume d t o b e a  functio n o f  th e
measure d rol l  angle,* .

Some wor k ha s bee n don e t o sho w tha t  respons e tim e wit h a  180-degre e BT T contro l  ca n
be faste r  ?ha n tha t  o f  a  90-degre e BT T control .  Thi s woul d requir e a n accurat e cros s fee d
betwee n th e ya w an d rol l  contro l  channel s t o mak e th e ya w rat e equa l  t o th e rol l  rat e

SUE..  ̂  s;.:«s.".i :
difficult y i n eliminatin g transien t  sidesli p wit h cros s fee d withou t  som e penalt y I n
respons e time .

The +90-deKre e BT T contro l  law s ca n b e mad e self-rightin g o r  no t  and ,  becaus e negativ e
as we? l  a s positiv e loa d factor s an d angle s o f  attac k occur ,  the y provid e faste r  respons e
"me fo r  downwar d maneuver s tha n th e tllo-degre e BTT .  Negativ e angl e o f  attac k operatio n
i s generall y  unsuitabl e durin g midcours e becaus e I t  compromise s engin e performance .
FlKur e 3  Illustrate s a  ±90-deire e BT T Implementatio n which ,  becaus e o f  a  sig n chang e wit h
negativ e pitc h loa d facto r  command s (a p ) ,  may b e flyin g upsid e dow n wit h negativ e angle s
of  attac k a t  Impact .  Figur e 1  show s a R approac h thg t  wil l  alway s b e selfrighting ,  bu t  ma ,
requir e a  snap-rol l  a s th e vertica l  plan e command (5 V )  goe s fro m negativ e t o positive .
Thes e ±90-degre e BT T contro l  law s hav e reduce d sensitivit y t o nois e an d boresigh t  error .

The pitc h an d ya w channel s fo r  th e autopilo t  ar e assume d t o b e loa d facto r  contro l
(se e Figur e 5) .  A n Integrato r  I s Include d I n th e acceleratio n contro l  loo p o f  bot h
channel s t o reduc e th e sensitivit y o f  th e closed-loo p steady-stat e gai n t o fligh t  con -
dition.  Th e Integrato r  may no t  b e neede d fo r  th e ya w channe l  wit h BT T control ,  bu t  th e

integrato r  provide s a  pat h fo r  stati c stabilit y  augmentatio n o f  th e alrfram e (K e I n
Figur e 1°.  Thi s pat h may b e necessar y becaus e o f  unstabl e value s o f  C nB especiall y
durin g th e boos t  fligh t  phase .  Removin g th e Integrato r  I n th e ya w channe l  I s desirabl e
'. n tha t  i t  woul d spee d u p th e respons e thereb y reducin g th e transien t  sidesli p generate d
durin g a  rapi d ban k maneuver .

Some compensatio n I s show n I n th e rat e dampin g pat h o f  Figur e 5 .  Thi s I s assume d t o
be a  simpl e filte r  to  attenuat e nois e and  to  contro l  the  hig h frequenc y gai n margin s of  the
contro l  channel .  Gai n schedulin g I s assume d t o b e provide d b y a n inertia l  referenc e syste m
as a  functio n o f  altitud e an d Mac h number .  Th e gai n K ss  i s  provide d t o kee p th e steady -
stat e gai n o f  th e loa d facto r  contro l  equa l  t o unity .

To maintai n satisfactor y engin e performanc e an d t o provid e stabl e autopilo t  conditions ,
some angl e o f  attac k contro l  mus t  b e exercised .  Thi s ca n b e accomplishe d b y programmin g
th e loa d facto r  contro l  limit s o n 8 p an d a y ,  an d th e contro l  deflectio n command limit s
(4 LI M i n Figur e 5 )  a s a  functio n o f  Mac h number ,  altitude ,  an d time .
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RESPONSE TIM E CONSIDERATIONS '  .

Much discussio n ha s bee n devote d t o th e so-calle d respons e tim e penalt y pai d Jo r  BT T

. .

Measure d respons e time s o n a  simulatio n
degre e rol l  I s  required ,  especiall y  a t  lev .
channe l  i s significan t  compare d t o th e pi-
roll  rate s help ,  bu t  th e penalt y appear s .
figuratio n a n unlikel y candidat e fo r  ten:. 1.
th e tim e require d t o reac h 6 3 percen t  o f
The maneuve r  respons e i s affecte d by  the  :
limi t  o n rol l  rates .

•ho w a  BT T penalt y tha t  I s larg e I f  a  180 -
••  Itltude s wher e th e respons e o f  th e rol l
•' •  response .  Figur e 6  show s tha t  hig h maximu m

•:' :
;
e, e enoug h t o mak e a  18 0 degre e BT T con -

-a l  control .  Thi s respons e tim e I s define d a s
:, e commande d maneuve r  I n th e desire d plane ,
-spons e tim e o f  th e roll  channe l  a s wel l  a s th e

substantia l  reductio n o f  mis s agains t  .  maneuverin g target .

A1HFRAME CONSIDERATIONS

controllabl e I n tha t  maneuve r  plane .

unstabl e C-&  fo r  positiv e angle s o f  attack .

figuratio n tradeoffs .

GUIDANCE SYSTEM CONSIDERATIONS ;

Homing missiles ,  especiall y anti-ai r  missiles ,  generall y us e som e for m o f  proportiona l< ŝ s  s r  -
"
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The dynamic s o f  th e trackin g error s Ce )  an d LO S rate s (d )  I n th e pitc h and 1ya w coor -
dinate s o f  th e senso r  platfor m ar e give n b y the -  followin g equations .

.  Oy  -
(6 )

Ep=6p-CD i y

where Ey (6p) is the tracking error in yaw (pitch),

y (Op) is the LOS rate in yaw (pitch),

Is the sensor roll rate.

(o>sy) "S the sensor yaw (pitch) 'ate,

aty (atz) is the target acceleration In yaw(pitch),

amy (amz) is the missile acceleration in yaw (pitch),

R is the range to the target, and

ft is the missile to target range rale.

The pitc h channe l  I s th e primar y steerin g channe l  fo r  a  BT T missile .  Neglectin g gimba l
angle s an d trackin g dynamics ,  a  simpl e bloc k diagra m o f  th e pitc h plan e guidanc e (Figur e
10)  show s tha t  th e rollin g o f  th e missil e create s a  disturbanc e t o th e guidanc e loop ,  bu t
does no t  affec t  stability .  Th e guidanc e loo p I s close d primaril y throug h th e pitc h aut c
pilo t  a s wit h a  ST T missile .

For  th e ya w channel ,  however ,  th e ya w autopilo t  comnan d I s primaril y use d t o contro l
th e rol l  o f  th e missil e an d a  feedbac k loo p i s create d throug h th e autopilo t  rol l  control .
The simpl e bloc k diagra m o f  Figur e 1 1 show s tha t  th e ya w guidanc e channe l  i s close d
throug h th e rol l  autopilot .  Th e loo p gain ,  a s see n i n figur e 11 ,  i s th e produc t  r  p i
LOS rat e O n th e guidanc e gai n fo r  proportiona l  navigatio n X R an d th e gai n K R,  divide ,
(approximately )  b y th e pitc h channe l  loa d facto r  command a PC.  A n integratio n i s  includ e
betwee n th e rol l  rat e w x an d th e rol l  rat e command w Xc.  Sinc e th e pitc h command i s equa l
toX R 6 p th e loo p i s basicall y a  rol l  attitud e feedbac k throug h a  gai n K R.  Th e addi t io n
of  othe r  dynamic s an d feedbac k path s create s stabilizatio n problem s fo r  thi s simpl e rol l
attitud e feedbac k control .  These'problem s ar e discusse d i n th e followin g paragraphs .

I f  a  simpl e angl e trackin g loo p i s adde d t o th e guidanc e loo p an d th e seeke r  pointin g
command I s use d a s a  LO S rat e estimate ,  th e pitc h trackin g erro r  als o become s a  feedbac k
paramete r  fo r  th e rol l  contro l  channe l  a s show n I n figur e 12 .  Th e pi tc h trackin g erro r
ca n b e reduce d b y addin g a n Integra l  contro l  t o th e angl e tracker .  However ,  dv: e t o bore -
sigh t  errors ,  th e tru e pitc h pointin g erro r  wil l  rarel y b e drive n t o zero .  Therefore ,
considerabl e effor t  mus t  b e directe d towar d minimizin g boresigh t  erro r  fo r  seeker s whe n
usin g BT T guidance .

Befor e proceedin g further ,  som e discussio n mus t  b e directe d towar d seeke r  stabil -
ization .  Fo r  a  responsiv e rol l  control ,  th e seeke r  stabilizatio n mus t  b e a  hig h bandwidt h
configuratio n t o maintai n smal l  trackin g error s an d t o avoi d los s o f  loc k o n th e target .
For  imagin g seekers ,  o r  lo w dat a rat e seekers ,  th e rol l  rat e may hav e t o b e limite d t o .
nvoji l  Jnw* w »m»it r  o r  Ion *  o f  t*r** t  «*«** » M»o » t o minimi! *  th e •!• « o r  lh* » mite r  *l t
lorquerB ,  th e angula r  acceleratio n may ha\ e l o b o UmH*d .

Generall y fo r  a  BT T guide d missile ,  th e preferre d gimba l  orientatio n i s t o hav e th e
oute r  gimba l  b e th e pitc h gimba l  an d th e Inne r  glmba l  b e th e ya w glmbal .  I f  th e gimbal s
ar e oriente d s o tha t  th e oute r  gimba l  I s  th e ya w gimbal ,  ther e I s a  couplin g pat h fro m
rol l  angula r  acceleratio n whic h ca n b e destabilizin g t o th e BT T control .  Thi s I s Illus -
trate d I n figur e 13 .  A  comparabl e couplin g pat h fro m rol l  Int o th e Inne r  glmba l  doe s no t
exis t  Not e also ,  tha t  b y designin g th e on-gimba l  nas s t o hav e a  smal l  moment  o f  inerti a
i n roll ,  th e couplin g fro m rol l  Int o th e oute r  glmba l  stabilizatio n loo p ca n b e reduced .

Assumin g th e oute r  glmba l  I s th e pitc h gimbal ,  som e technique s fo r  compensatin g fo r
th e dynami c la g o f  th e angl e trackin g loo p i n th e BT T feedbac k pat h ca n no w b e discussed .
Figur e 1 2 show s a  simpl e angl e trackin g loop .  I f  a n integrato r  i s  adde d t o th e loo p i n
bot h th e pitc h an d ya w channels ,  th e trackin g error s wil l  b e maintaine d small .  Thi s  wi l l
reduc e th e gai n throug h th e pitc h trackin g erro r  I n th e BT T contro l  an d provid e a  pat h fo r
couplln n th e pitc h an d ya w channel s wit h th e seeke r  rol l  rat e a s show n I n figur e 1« .
Thi s couplin g wil l  provid e som e lea d compensatio n fo r  th e measur e o f  th e ya w LO S rat e
variatio n a s th e missil e rolls .  Thu s I f  th e estimate d pitc h LO S rat e i s equa l  t o th e
actua l  LO S rate ,  th e dynami c la g o f  th e angl e trackin g loo p i s remove d fro m th e 1
bac k pat h throug h th e ya w channe l  o f  th e guidanc e system .  Thi s I s show n I n figur e 15 .
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Figur e 1 2 -  Ya w Plan e Guidanc e wit h Angl e Trackin g

Figur e 1 3 -  Soi l  Couplin g Int o Oute r  Glmba l  Stabilizatio n
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Figur e 1 U -  Angl e Trackin g wit h F  il l  Decouplin g

Figur e 1 5 -  Ya w Guidanc e wit h Rol l  Decouplin g
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The abov e approac h doe s no t  remov e th e pitc h trackin g erro r  a s a  feedbac k path .
However ,  th e integra l  contro l  fo r  th e pitc h angl e tracke r  wil l  kee p th e trackin g erro r
smal l  (excen t  fo r  nois e an d boreslgh t  error) .  Anothe r  approac h i s t o Implemen t  a  mor e
complicate d angl e tracke r  mechanization ,  I.e .  a  multi-stat e couple d Kalma n filter .

EFFECT O F BORESIGHT ERROR

The pitc h trackin g erro r  du e t o boreslgh t  erro r  I s  difficul t  t o compensat e for .  Thi s
erro r  ca n b e attribute d t o misalignmen t  betwee n th e guidanc e .enso r  axe s an d th e referenc e
axe s o f  th e Inertia l  Instrument s use d fo r  stabilization ,  th e electromagneti c windo w
throug h whic h th e guidanc e senso r  mus t  "look "  a t  th e target ,  o r  th e reflection s o f  th e
sense d electromagneti c radiatio n withi n th e compartmen t  o n th e missil e whic h house s th e
guidanc e sensor .

The misalignmen t  ca n b e mad e smal l  b y specifyin g tigh t  alignmen t  accuracies ,  bu t  thi s
coul d b e costl y I n manufacturing ,  an d th e residua l  erro r  ma y stil l  b e significant .
Accuracie s o f  0. 1 degre e o r  les s ar e desirable .  A n alternativ e approac h i s adjustmen t
afte r  assembly .  I f  compensatio n fo r  th e erro r  du e t o th e electromagneti c window ,  suc h a s
a radome ,  i s mad e afte r  asseubly ,  al l  thre e effect s ca n b e compensate d fo r  a t  th e sam e
time .  Thi s woul d requir e eac h guidanc e sectio n t o hav e a  uniqu e compensatio n whic h woul d
var y wit h gimba l  angl e and ,  probably ,  frequency .  A  tota l  residua l  erro r  o f  abou t  0. 1
degree s o r  les s i s require d fo r  a  hig h performanc e BT T control .

A simpl e bloc k diagra m o f  th e boresigh t  erro r  feedbac k pat h i s show n I n figur e 16 .
Not e tha t  th e gai n throug h thi s pat h i s ver y hig h i f  th e pitc h acceleratio n comman d a pc
I s small .  Th e 90 °  BT T algorith m wit h th e on e g  bia s adde d t o th e a pc  befor e div id in g int o
ay e reduce s th e sensitivit y t o th e boreslgh t  error .  However ,  th e residua l  boresigh t  erro r
fo r  rada r  seeker s wil l  generall y limi t  th e gai n KR ,  eve n afte r  compensation .

Radome bores.lgh t  erro r  'slope 1 compensatio n i s use d o n som e moder n radar-guide d
missiles .  Thi s compensatio n i s require d t o reduc e in-channe l  bod y rat e couplin g fo r  thes e
skid-to-tur n missiles .  Fo r  BT T missiles ,  boresigh t  erro r  compensatio n ca n b o use d fo r  I n
channe l  bod y rat e couplin g compensatio n a s wel l  a s th e BT T rol l  feedbac k compensation .
The Idea l  approac h t o compensatio n i s t o ad d i t  directl y t o th e measure d pi tc h an d ya w
trackin g errors .  Th e compensatio n value s ar e take n fro m table s whic h ar e function s o f  th e
measure d glmba l  angle s an d th e frequenc y o f  th e rada r  transmissions .

EFFECT.  .O F GUIDANCE SENSOR.  HOIS E
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missil e wa s due"to'"tn e highe r  termina l  velocitie s o f  th e ramjet-powere d configuration .
But  mis s performanc e achieve d wit h th e 90 °  BT T contro l  combine d wit h ST T contro l  (se e
figur e 18. )  wa s comparabl e t o tha t  o f  th e pur e ST T missil e a t  comparabl e termina l  velocitie s
The slightl y Increase d respons e tim e o f  th e BT T contro l  produce d a  smal l  increas e I n th e
Inne r  launc h zon e an d a  modes t  Increas e i n maneuverin g targe t  mis s fo r  maneuver s a t  shor t
time-to-go .

The 6  DOF simulatio n wa s use d t o validat e th e BT T contro l  algorithm s discusse d i n th e
previou s paragraphs .  Include d i n th e simulatio n wer e th e guidanc e rol l  couplin g algorithms ,
radom e erro r  compensatio n an d th e antenn a stabilizatio n contro l  loops .  Th e impac t  o f  no t
includin g th e rol l  couplin g ir .  th e angl e trackin g loo p an u othe r  guidanc e filterin g wa s In -
crease d mis s an d frequen t  los s o f  rol l  control .  Thi s wa s als o tru e fo r  operatio n withou t
radom e boresigh t  erro r  compensation .

Furthe r  verificatio n o f  th e algorithm s wa s achieve d wit h Implementatio n i n a  hardware -
in-the-loo p (HI D simulatio n usin g a n actua l  rada r  seeke r  an d a  guidanc e an d contro l  pro -
cessor .  Thoug h th e amcun t  o f  testin g wa s limite d du e t o budge t  an d tim e constraints ,
stabilit y an d controllabilit y wer e demonstrate d fo r  several  engagemen t  conditions .





3-1 4

FOR STABILITY :
x n i  /  \  i

(-< RCp)  <  T  *  ̂
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The HI L simulatio n wa s especiall y effectiv e I n evaluatin g th e radom e boreslgh t  erro r
compensation .  Simulatio n run s wer e mad e wit h an d withou t  th e compensatio n an d wit h an d
withou t  th t  rsdoM .  Thou* h RMS ml n fo r  run i  mad t  wit h th t  ridom t  an d compensatio n *« •
Increase d b y 5 0 percen t  ove r  th e mis s fo r  run s mad e withou t  radom e o r  compensation ,  goo d
controllabilit y wa s exhibited ,  an d th e result s fro m th e digita l  6  DOP simulatio n produce d
a simila r  Increas e I n miss .  When radom e erro r  compensatio n wa s removed ,  th e controllabilit y
was poo r  an d th e mis s wa s Increase d b y 10 0 percen t  ove r  th e mis s wit h compensation ,  o r
300 perotn t  greate r  tha t  th e mli s withou t  radom e o r  compensation .  Thi s evaluatio n wa s
onl y mad e fo r  on e engagemen t  condition ,  bu t  I t  appear s t o validat e th e feasibilit y o r
maintainin g a  stabl e BT T contro l  wit h radom e erro r  compensatio n tables .

The simulatio n studie s conducte d o n thi s missil e configuratio n demonstrate d th e
feasibilit y  o f  usin g BT T guidanc e an d contro l  fo r  termina l  homin g missiles .  Th e result s
furthe r  illustrat e tha t  th e autopilo t  designe r  mus t  wor k closel y wit h th e guidanc e de -  ^
signe r  t o assur e tha t  bod y rat e couplin g throug h th e guidanc e syste m ca n b e controlle d I n
an Integrate d hig h performanc e guidanc e an d contro l  system .

Reference :  Proceeding s o f  th e Worksho p o n Bank-to-Tur n Controlle d Termina l  Homin g
Missiles ,  19-2 0 Septembe r  1981 ,  GACIA C PR-85-0 1
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GUIDANCE SIMULATIO N MODELOF ANTISEA-SKIMMER
UTILIZATIO N FOR WEAPON SYSTEM DEFINITION

by G. VALLA S -"DASSAULT ELECTRONIQUE " -
55, quai Marcel Dassault - 92214 SAINT-CLOUD - FRANCE

and F. BUREL- 'AEROSPATIALE DIVISION ENGINSTACTIQUES'
2 a 18. rue Beranger - 92320 CHATILLON - FRANCE

ABSTRACT:

This article summarizes the way of quantifying the main parameters which size an antisca-
skimmcr missile by using numerical simulations.

The ammunition-sizing can only be correctly defined when a suff icient number of iterations is
achieved with the moderation tools, taking into account the specification of the threat and c
constraints.

This text describes a method of evaluation of the main parameters and specifies the primary
function of the simulation during the various phases of the project.

1.-INTRODUCTION

The design ,of the anti-missile system, and in particular, of the anlisea-skimmer missile is broadly
based on requirements specified by the Defence Ministry Officials.

The description below covers a method for defining an antisea-skimmer based on the following
'main threat characteristics:

- highly maneuvering target.

- high constraint environment (jamming) requiring all-weather defence capabilities,

- saturating and multidirectional attack scenarios.

Based on these characteristics, a vertically-fired missile is required with:
fc.

- a mid-course guidance system operating on information from the IMU and fire
control system periodically refreshing data concerning the target,

- an independent terminal guidance system using an active electromagnetic seeker,

- a "lethality" function ensured through an electromagnetic proximity fuze and a
warhead, detonated by the on-board computer of the missile to obtain op t imum
results.

• IMU = Inertial Measurement Unit





•

4-2

2.- MAI N INTERACTIONS BETWEEN SYSTEM COMPONENTS

An accurate description of the threat is fundamental to system definition, in particular that of
the missile.

CHART 1 shows the main characteristics ofthe threat:

- electromagnetic representations of the target arc required in order to. design the
radar, the seeker and the proximity fuze,

- all o f the average trajectory types and penetration maneuvers are incorporated to
define guidance/control requirements, to characterize (in part) the radar, the fir e
control and seeker systems,

- data relative to target vulnerability arc taken Into account to design the warhead,

- the environment, whether natural or not, is an essential aspect which intervenes in:

- the design and sizing of the radar, the seeker and its antenna, and the
proximity fuze,

- generation of guidance methods and seeker software.

The multi-target nature of the threat (not shown in chart 1) which can be apprehended through
the scenario definition (number of targets, directions and rates of attack, spacing between
targets, target objectives, etc.) should not be neglected as these can have multiple repercussions
on the definition of the radar, the fire control system, the missile and its seeker, and the
launcher. These various aspects are not covered in this document but should however be taken
into account from the beginning ofthe project due to the technical and financial implications.

I t is therefore necessary lo define the main requirements relative to performance of the missile
and its equipment.

CHART 2 provides an overall block diagram ofthe procedure adopted:

- the characteristics of the threat, shown in chart 1, lead to definition of the
guidance/control requirements:

- requirements related to trajectory shaping following vertical firing for
interception at the specified short range. These requirements wil l bear on the
aerodynamic profile and propulsion profile during the boost phase at least.
These wil l have repercussions on the sizing of the structure and can be viewed
in terms of performances required of the steering control components,

- requirements related to autoguidance: load factor, static margin,
autoguidance time constant, i.e. t ime constant of autopilot and time constant
for generation of guidance signal. These parameters in turn condition the
dynamic performances o f t he IM U and the steering control components, and
limi t the angular error measurement extraction time ofthe seeker.

- in view of the specified domain, and more particularly, the maximum intercept
range, and taking account of the radar's detection capacities and the minimum
duration of the firin g sequence, the aveiage missile speed requirement is defined.

- similarly, carrying constraints relative to the launcher also contribute in defining the
the airframe.

The choice of aerodynamic definit ion, the propulsion project and missile architecture must
satisfy the first two requirements mentioned above while observing geometry constraints and
characteristics (weights in particular) ofthe missile equipment.

CHART 3 shows the main interdependent links between the various system parameters. This
chart shows certain key aspects in the antisea-skimmcr missile design:

- as concerns the equipment:
the lock-on range ofthe seeker depends on the seeker Itself, the target s radar cross
section and the environment (jamming), but also on the trajectory shaping process
used to minimize the influence of jamming and target designation errors which wil l
be covered in paragraph 4. These can be due to a certain number of items, including
the static accuracy of the IMU for which the static performance requirements must
be defined,

- as concerns the missile software:
the trajectory shaping, seeker logics and processing circuits for sign a s received by
the homing head and autoguidance functSions arc highly conditioned by the
"countcrmeasurcs" component ofthe threat.





4-.1

When satisfying the requirements relative to the autoguidance function mentioned above, when
obta in ing a seeker lock-on range providing a suff icient autoguidance duration with respect to
aim-offs to be corrected and ensuring the qual i ty of the guidance signal generated by the logics
and seeker signal processing circuits, then the intercept miss-distances wil l be reduced as tar z
possible.

As a function of these parameters, the proximity fuze/warhead pair must be optimized ten ensure
max imum terminal efficiency. Electromagnetic charactenst.es of the target fo'" 16 PJ0*"™ *
fuze, environmental conditions, geometry and kinematics of interception at the end ol me
autoguidance phase, as well as the target's vulnerability, form the context m which this
optimization process must be carried out.

Chart 3 shows the complexity of the system to be designed: the arithmetic simulations at this
I tvc l are an indispensable design aid.

3 . - ANALYSI S O F CONSTRAINTS RELATIV E TO AUTOGUIDANCE DESIGN
3.1 Threat

3.1.1.1 rfT^f- f nf maneuvers on intercept miss-distance: inf luence of
interceptor l ime constant

The sea-skimmer maneuvers performed to penetrate the ship(s) defences are defined by:

- their type (acceleration by levels, for example),

- load factor, which may be very high (+ or - 1 5G),

- maneuver period.

These maneuvers, associated to the sea-skimmer's autopilot with a low time constant are sizing
factors in the interceptor's autoguidance function: required maneuverabil i ty, guidance
constant and therefore time constant relative to the autopilot can be observed, and sec
constant.

With respect to such maneuvers, the influence o f the antisea-skimrner's autopilot t ime constant
on the miss distance can be quickly evaluated through a simplif ied numerical simulat ion tor
which a block diagram is given in CHART 4.

This type of simulation is easy to produce and quickly executed. I t is therefore moderate in cost.
Another advantage is that i t can be use3 to define guidance/control requirements
autoguidance phase in the presence of certain non- lmeant ics (saturations), and supply, in
par t icu lar, the miss-distance distribution.

CHARTS 5 and 6 show the results obtained for a target maneuver ing in steps with ampl i tudes of
10 or 15 G f i l tered by a second order with 100 ms l ime constant and damping ratio ol t
represent ing the target pilot. The maneuver period and time constant of the antisea-skimmer
(2nd order; ^ -0.7) vary.

Note- The representat ion of the autopilot transfer in the form of a second order is considered
licrc as an example. I t is clear that the user must ensure that the transfer is sufficiently
representat ive (order, damping) o f the "actual" loop.

These charts show that, for example, with respect to a threat op era t ing with load factor steps of
10 G and a period of 1.5 s, the miss distances less than n meters m 70% of the cases require a fast
anlisca-skimmcr autopilot: pilot < 1.5T(ms).

3.1.1.2 Weight of warhead required according lo intercept miss-distance

inordcr to obtain structural k i l l o f the target

For a short range interception, structural kill , rather than funct ional ki l l (5ystcm kill ) of the
tared is required (i.e. target broken into two sections) to minimize the risk of the target h i t t ing
the ship. Furthermore, i t is unl ikely that a suff icient system k i l l probabi l i ty be obtained wi t h
respect to the diversity ofthe geometrical characteristics and the vulnerabi l i ty of the targets.

Structural Mi l can be obtained using a fragmentation charge whose efficiency is assessed
according to, the number i(E - total energy of fragment hi t t ing target and S - area covered by

impacts on target), corresponding to a classical criterion.

As with all ant i-aircraft warheads, the weight of the metal Is approximately equal to the weight of
the explosive to maximize the kinetic energy of the fragments per ki l o of total weight of warhead
and ^btain fragments of suff icient weight. The energy E is thus opt imized and thus the number

wK





This criterion also shows the interest In minimizing the impacted area (S). Thrrcforc.
ofthe warhead mint be oriented to focill the direction ofthe bunt.

Furthermore, the aspect ratio ofthe warhead must be sufficient to minimize the effect: of leaks at
the wdsthus optimizing the ejection speed ofthe fragments. This provides two advantages:

- for head-on Interceptions, fragment impact incidence on target sharply lower than
ricochet incidence.

- highest possible time range between target detection by the proximity fuze isnd
detonation ofthe warhead, thus maximizing the explosion delay adjustment margin.

The total weight of the warhead required as a function ofthe intercept miss-distance ito <obtain
structural kill of the target can be determined through a conventional numencal simulation tool
structured as follows:

DATA CHARACTERIZIN G WARHEAD :
- properties of explosive (density, detonation speed, etc.)
- density of fragments
. total weight of warhead
- geometrical characteristics of warhead
- type of initiation
•etc .

COMPUTATION OF ENERGY PROVIDED
TO FRAGMENTS BY EXPLOSIVE

Characteristics of burst
- geometry of fragments
- number of fragments
- weight of fragments
- ejection velocity of
fragments on warhead index

COMPUTATION OF IMPACTS ON TARGET, TAKING ACCOUNT OF:
- aerodynamic deceleration
- interception geometry/kinematics
- target geometry
- missile and target attitudes

Positions and velocities of
impacts on target index

COMPUTATION OF EFFECT OF! MPACTS
• Computation of Mac-Naughton E/yS
after elimination of ricochets

- Comparison of E/\|S~in relation to
specified structural kil l
threshold

T
STRUCTURAL KILL

yes or no
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shows the results obtained by using a model of this type for focused-burst warheads

SSS
diameter and length ofthe warhead is l imited lo the min imum.

This chart shows, as a function of Intercept miss-distance the t
kil l of the tareet. .e. so that the number E/ V s reaches citheri^

sea-skimmer and interceptor).

I t appears that structural kil l of the hardened target:

- is obtained, even with a low weight and diameter warhead t> 1.5 u kilograms, > 180
mm) when the intercept miss-distance is within a meters,

- is only obtained with larger weight and diameter warheads (> 9 u kilograms, > 330
mm) when the intercept miss-distance is high (3.5 a meters).

3 . 1 . 1 .3 Autopilot constraints

modes.

Let us consider the conventional autopilot structure shown in CHART 8.

At high frequency:

- only the internal loop with gain K3 subsists,
- the rigid missile behaves as a pure inertia, i.e. Jl- M/ls.

The loop . opened before the actuator, is therefore:

K3 M/I s x Structure filter x exp (- tc s) x Actuator x I MU

The structural filter, tuned to the natural frequency o f t he bending
attenuate the peak resonance created by these modes and capable of
loop.

i l i t y , does however introduce a
.uitbpilot, and therefore of theThe presence of this filter, which is necessary with respect to •, •

phase lag which requires to increase the response time o
guidance loop.

n Steed by ?he filter, for a given attenuation, decreases when the filter is tuned to higher
?cqucncy 7o with higher frequency mode, the autopilot t ime constant can be mad e lowerw,h
SribYd stability margin. This means that the desired guidance lime constant feasibil ity wil l
be facilitated.

I t is therefore preferable to design an antisea-skirnmer with low weight and aspect ratio for which
the natural frequency of the structural modes wil l be efTcctively high.
In sum, the target's maneuver leads to considering the following loop:

Weight, caliber and length of warhead required to obtain
structural kil l of sea-skimmer according to
intercept miss-distance

Caliber, length, stiffness, inertia and weight of
antisea-skimrncr as a function of warhead

Possible guided missile response time as
a function of structural characteristics
of interceptor missile

•— •̂••••̂•̂•̂•̂̂^^ •̂̂̂^ '̂"̂ ^^ ^

Intercept miss-distance with respect to
maneuvering target as a function of
response time ofintcrccptor missile.
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One of the key points in the antisea-sldmmer design consists in identifying die solution which will
integrate the parameters lathis loop through a solution expressed in terms of weight of warhead/weight
of missile /guidance time constant/intercept miss-distance,

3.1.2 Pefinition of seeker antenna satisfying previously established requirements

To obtain command extraction with the lowest possible time constant, the antenna must be a two-axis
monopulse type antenna.

Furthermore, to obtain the lowest possible command noise, all things equal, the antenna must have the
highest possible efficiency.

This leads to a slotted flat antenna.

The antenna will therefore be formed by four basic arrays providing, by association, the sum (£) and
difference (AE, AC) channels.

The model wil l incorporate the basic pattern of each slot, and mutual couplings.

The quality of the model is shown by comparing the computed model (CHART 9) with measurements
performed on the antenna developed (CHART 10) for a 52-sIot antenna with a uniform illumination law.

3.13 Electromagnetic model of target: glint representation

The seeker and radar use the energy reflected by the target to locate and track it.

This localLTation function has random interference called glint which must be incorporated in the model
when assess!;*? nerfonnance with respect to intercept miss-distance.

The angular glint is defined as the difference between the angular location measured and the actual
angular position of the target.

The geometrical theory of diffraction shows that the set of different geometrical surfaces forming an
aircraft radiates, in the incident direction, a portion of the energy received on a point located on the
surface. The position and brightness of each of these points wil l vary as a function of the target's
presentation and small movements ofthe target around the center of gravity.

The method used to mode! the glint consists in breaking down the target into elementary facets which
are subjected to small relative movements.

An example of glint modelization, confirmed by experience, was performed on an aircraft broken down
into 18 facets as shown in CHART 11.

The quality of this model is assessed by comparing the theoretical model (CHART 12) with the
measurements performed in carried flight (CHART 13) under the same conditions.

An electromagnetic model of the sea-skimmer can be constructed using the same method.

3.1.4 Electromagnetic roodelkatiorLof environment
3.1.4.1 g tand-off jammer

The stand-off jammer decreases the range (R) ofthe seeker according to the following relation:

f R.O * KTF *  PJ
L RJJ KTF

(RP) G A* Lr
" (4n)1D I

Where R<> ra nge in clear mode
R): ringe in jammed mode
K: B jltzman constant
T: al 'solute temperature
F: receiver noise factor
PJ: d< insity of jamming (by Hz) received in line with mixers
G: g;.m of antenna in direction of jammer
X: lc flgth of reception wave
Lr reception losses
D: distance
(RP): di-.nsityof jamming output (by Hz)

The stand-off jammer also increases the noise level affecting the angular error measurements. However,
these effects can be reduced by appropriate trajectory shaping (see paragraph 5) or through suitable
processing.

3.1.4.2 due to rain

This is introduced thiough tables in the modelization process.
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3.1. 4 J Image effect

The image effect is due to multiple reflections on the sea of incident and reflected rays.

At low incidence angles, this phenomenon results in a symmetrical image, and is similar to glint at higher
incidence angles.

The modelization is achieved by dividing the reflecting surface into elementary facets wUc'i re-radiate
with a rctro-scatter coefficient adapted to the incidence angles.

The scale of abscissas on this figure is given in Doppler frequency (100 Ih/ms-') around an arbitral
reference.

The spectrum observed at frequencies higher than that of the skin echo is due to noise produced by the
sources, and not incorporated in the model.

The image result, in a spectrum increasing the angular error measurement noise a. .he end of the
trajectory and which, subsequently, can increase the intercept miss-distance.

3.1.4.4 Putter
r ,K .-, /rilAR T 15> This occurs when sea returns have the same

Gutter is due to the retro-scatter of *^$™SJ££^j£ missile which is equal to the miss, e-

" -
Th» phenomenon reduces the range of ,he seeker and increases ang.br error measurement no.se.

The clutter computation principle is as follows.

The reflecting surface is divided into elementary facets.

Pis the center of a facet.
dP is the clutter power received by one l.

G: gt^of aTnna in direction of MP (function of Y)
PC- peak transmission power

as a function of sea state. length of wave X and incidence P

The overall scatter power is written:

P - I (C )dP

where C is all of the basic surfaces resulting from the intersection of the iso distances and iso speeds.

This results in a range reduction t
f K.TDF _W4

r" ''K.TUF + FJ

,„  praetor each point of ground is performed the comp.ution of both Pand Yas we,, as the „„ « dopp,,

frcqucn>7 using the expression:

This provides the scatter spectrum; the value of the targe, iso frequency clutter is used to compute the t.

The quality of the model «„  be seen by comparing the theoretical and experiment., results recur
under the same conditions (CHARTS lo and l)).

3.2

The signal-to-noise ratio is defined by the well-known relation:
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where Pe: average transmission power
G: antenna gain
<T: targets redar cross section
L: losses
R: target-missile distance
K: Boltzman constant
T: absolute temperature KTBF represents the thermal noise power
B: reception band
F: noise factor

A noise variance is used (cnh)1.

The signal value is then standardized by S/N (oih)1.

The thermal noise modelization is achieved by adding a Gaussian random variable of variance
<oth)V2» B̂ for each of the two channels (real and imaginary) forming the signal,

where A is the sampling step
B is the reception band

With P and Q representing the power levels in phase and quadrature of the signal alone, we have:

P'»Q'-f j  (<7th)«

The real and imaginary values overall (signal + noise) are then:

RealS -f*-~t
•/2A. B

Imaginary S • 9 *  gtl> ,
\^2A.B

where g is the Gaussian random variable with variance 1.

3.2-2 Radome aberrations

The radome aberrations are numerically compensated by means of a table and only a residue
remains. For each simulation case, the model creates a residual aberration table for the antenna
rotation angles which vary between - 55° and + 55° in elevation and circular.

The residual aberration is modelled for the seeker through spatial filtering of a Gaussian white
noise.

The residues obtained arc representative (CHART 18) of those obtained on a seeker (CHART
19).

4.. pFSTP.N OFTHE SYSTEM FOR SEEKER LOCK-ON
4.1 Description of problem

In view of best limitin g the seeker lock-on duration to provide a maximum autoguidance
duration, in order to avoid possible lock-on on an attacker other than the target tracked by the
fir e control system in a multi-target environment and to maintain the anti-stand-oll jammer
capability (sec paragraph 5.1.1). the lock-on process uses no scan function. In search phase, the
antisea-skimmer computer generates the target designation to the seeker made of the distance,
relative speed and missile-target angular direction.

This target designation based on range, Dopplcr frequency and angle uses the position and
velocity of the target supplied by the fire control system through the up-link. as well as the
position, velocity and attitude ofthe missile generated by the interceptor s navigation computer.

The target designation is then tainted by errors Induced:

- by navigation errors and their evolution (•) during flight, mainly due:

- to static errors Induced In the IMU ,

- to alignment errors between the IMU trihedron and the reference trihedron,

• by target tracking errors produced by the fire control system which depend. In
addition to the target itself (altitude, maneuvers, speed, radar cross section):

- on the quality of the radar measurements, i.e. the design of the radar Itself,

- the prediction/estimation algorithms ofthe fire control system,

- the data refresh rate ofthe up-Hnk,

- the alignment errors between the radar trihedron and the reference trihedron.
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These errors which affect the target designation must remain compatible with the seekers
"capabilities" to allow it to effectively lock on to the target. Lock-on should take place at a range
providing a sufficient autoguidance time to compensate for errors with respect to collision at tne
start of the autoguidance ptiase. . ,

Sizing of the system with respect to seeker lock-on is therefore essentially aimed at defining
requirements in terms of static accuracy ofthe IMU . alignment precision, data refresh rate and
target tracking accuracy. s

This also leads to sizing certain parameters ofthe seeker and its antenna through i specification of
the lock-on range and the error domain relative to distance, Doppler frequency and angle in
which lock-on should take place.

• this evolution wil l depend on static errors from the IMU and is conditioned during the flight by
accelerations and angular rates created by mid-course guidance and autopilot.

4 2 M^pdoloevusine numerical simulation

The numerical simulation can be used effectively during the sizing process. In view of its
objective, this simulation:

a) should show the target's kinematics (speed, altitude, maneuvers) and its
radioelcctric representations for the seeker and the radar,

b) should integrate a model representative of radar measurements and tracking
algorithms, taking account of. in particular, jamming, ram, and image ellect (i.e.
alltne associated interference),

c) should integrate a six-degrees of freedom model of the missile flight including a
representation of the IMU measurements tainted by static errors, navigation
computations initialized with alignment errors, mid-course guidance algorithms a
representation of autopilot algorithms, aerodynamics, propulsion, m-llight
mechanical data, and target designation computations for the seeker,

d) should include a seeker model for which the lock-on range takes account of
jamming, rain and clutter.

e) should include a model of the radar-missile link determining whether the missile
reedves (or not) the link message on each transmission. Non-receptior .of the
m"sage wil l have an effect on quality of target designat on to the seeker and
Serefore on the lock-on probability. Such a model wil l involve models of he
rJceiler the reception antenna, attenuation of the ^ioelectncsigna through ^he
propulsion unit (fame, the transmission antenna, and the transmit ter a nd should
also take account o f the environment (ram. image e lTect jammng). In addition.
errors in the direction of up-link transmission should be taken into account, errors
deeding ô  , tracking (or not) of the missile by the radar and presence (or not) of a
down-link.

Using a numerical simulation of this type and for each specified threat ;" £ P0"* 1' '° analyze
the contribution to target designation errors on one hand, by each of the error items taken
separately, and on the other hand, by all of the error items together.

In mrallel the extrapolated intercept miss-distances at switch homing lime, supplied by the
SSme ̂ simulation tooWe examined to ensure that these can be corrected according to available
maneuverability and autoguidance duration.

20 21 and 22 show the evolution, during the interception, of the errors in target
n to the seeker in range. Doppler frequency and angle. The ntcrcept.on concerns a

inES.̂ ^
operates at a rate of 1 s.

These charts show the error assessment as a function ofmissilc-target range Incorporating all the
error items mentioned above.

In oartlcular that for a seeker with range on axis equal to 6500 m for the

fe21) As a result if the corresponding autoguidance duration Is sufficient, taking

tracking accuracy.

This tvoe of study therefore provides a considerable aid In dcsignlnp the various components in
X loc&n chain and those of the radar-missile link chain, and*ln , dVmlng the specillcations to
the seeker designer relative to distance, speed and angle errors at lock-on.
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4.3 Design ofthe seeker with respect to lock-on

The angular acquisition domain (or basket) as a function of range is the result ofthe type of study
carried out in paragraph 4.2.

This domain is approached by a cone trunk defined by the main lobe ofthe antenna at 3 dB and
by the range on a target of 0.1 m1.

Elcctromagnetically, this basket depends on:

- the diameter of the antenna (and therefore the diameter of the missile).

- the weight ofthe seeker (and therefore the transmission power for a given diameter),

- the wavelength.

CHART 23 shows the general aspect of the variations of this basket as a function of the different
parameters.

In view of the required capabilities (see paragraph 4.2) and the technological constraints, this
leads to the compromise between band/beamwidth (2flo)/ range /diameter (?).

S. ANALYSI S OF MAI N REQUIREMENTS FOR MID-COURSE GUIDANCE

The mid-course guidance objectives for the antisea-skimmer can be divided into two categories:

- those relative to trajectory shaping in the vertical plane following vertical firing.

- those relative to trajectory shaping in the horizontal plane following firing in a launch direction
to be defined.

Another objective must be added which is common to both planes: placing the missile at the end
of the mid-course guidance phase in a collision trajectory with the target to best initialize the
auto-guidance phase.

The definit ion ofthe mid-course guidance law and associated logics depends on the analysis of
these objectives where the contribution of numerical simulations is of major significance.

5.1 Vertical and/or Horizontal _shaping:Rejection of stand-off jammers

One of the basic goals of pre-guidance is to contribute to rejecting the stand-off
jammers in order to provide a sufficient angle with the seeker antenna axis at the end of the mid-
course guidance phase. This is used to:

- minimize the power of the noise received by the seeker and therefore, on a target with a low
radar cross section such as a sea-skimmer and despite the presence of a stand-off jammer, to
obtain lock-on distances which are sufficient for autoguidance,

- minimize angular error measurement noise due to jammers and their influence on intercept
miss-distances.

Aiming at a sea-skimmer protected by stand-off jammers, rejection of these jammers is obtained
by providing the right angle of the interceptor's trajectory,as shown in the diagram below:

Stand - off
Jammers.

E = Anlisca-skimmcr missile
T = Target

/ / / / / / / / /M// / / / / / / / /11 HIT
Where <X. is the desired angle of rejection.

The collision relation Is written: VE sin cf E - VB sin o<

For VE-1000 m/s, VB-800 m/s and cX i 12" for example. J E^9°5 is required, therefore
<*" .j . * »_ ^ !•<

The guidance law frm enslaves the angle of the line-of-sight with the jammcrs or. in an
equivalent wav.tlic direction of the missile's velocity vector.
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5.2. Vertical shaping:
5.2.1/Turn-oven

This brings us to the analysis of the turn-over following vertical launch for a short-range
interception. As a component of the pre-guidance law. the turn-over law provides a
compromise:

- turn-over from the vertical to the horizontal plane can be achieved rapidly following exit from
the launcher since the missile speed is slow. However, this is l imited 10 allow the missile to

climb to a sufficient altitude and attain the desired trajectory with respect to the
rejection with a reasonable load factor at the end of flight:

(1) Trajectory with maximum turn-over: F\ » F2
(2) Trajectory with l imited turn-over

- this turn-over is however not l imited or delayed too far so that the required load factor not be
excessive:

(2) Trajectory with l imited turn-over
(3) Trajectory with excessively delayed turn-over: » I

CHART 24 shows an example of trajectory shaping in the vert ical plane for an intercept ion at
2800m.

5.2.2. Opt imizat ion of ant isea-sk immcr k inemat ic performances

The mid-course guidance law is also aimed at def in ing the best compromise between min imiz ing
the fiight durat ion and maximizing the speed o f t he missile at intercept ion. This definition is
achieved through research on the opt imum a l t i t ude profile. The greater the a l t i t ude, the lower
the aerodynamic drag, which is favorable to the final speed and the flight durat ion. However,
this produces a longer trajectory which i i unfavorable with respect to the same parameters. This
question only arises with respect to "long" ranges for which the a l t i t ude profiles can substantially
differ according to the slope at start and end of the mid-course guidance phase and which
remain compatible with the maneuverabi l i ty o f the interceptor.

shaping
t prgQirted point of interception

The predicted point of interception is the point in space where interception is expected m lake place.
The interceptor trajectory is directed to this point at least a: the end of the mid-course guidance phase so
that the autoguidance phase begins with a collision situation.

The prediction of its position is based on an extrapolation of the target trajectory.

I t is clear that the closer the predicted point of interception is to the genial future lrajcc.in.ry of i l i c t; iryci .
the lower wil l be the error*  with respect to collision at the start of the autoguidance phase and the better
wil l be the kinematic performances of the antisca-skiinmcr on interception (speed and available
maneuverability, duration of flight achieved). It is therefore important lo optimize the point d
interception prediction method in this respect, taking account of the ent ire diversity of the specified
target trajectories (in particular, dog-leg trajectories) and all the possible positions of the ships to be
protected (self-defence and zone defence).
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5.S2 Trajectory shaping with respect to presentation of interception and direction Of
launch in horizontal plane

In a rone defence situation, fufl broadside interception can occur when firing does not occur sufficiently
soon to provide a head-on interception (whether clue to a nate" detection or a saturating threat requiring
a laic' interception) and when the engagement takes place as shown in the drawing below:

Ship to be
protected

Interception
/point

i

Antisea-sldmmer

Ship with
launchers

alFor interception of this type with a broadside presentation, the angle £ between the missile axis and
the seeker antenna axis (aimed at target) is wide, and becomes increasingly wider as the speed c
antisea-skimmer decreases and the speed of the sea-skimmer increases.

K

The maximum intercept range is then limited to the ranee where the speed of the missile leads
to an angle * exceeding the maximum angular limit s of the antenna.

to head-on interceptions at the same range against the same sea-skimmer the
ency of the target U lower and that of the clutter higher. This is unfavorable to

the lock-on range and the angular error measurement noise.

c)With respect to head-on interceptions, the broadside interceptions are less favorable in ihe
terminal phase since:

- it raises the problem of determining the part of the target which the proximity fuze
has detected,

- it docs not systematically lead to an intercept geometry ensuring structural kil l of the
target.

In view ofooints a) b) and c). it is therefore useful to implement a mid-course guidance which
LimUrthett angle and leads to a head-on interception whenever
possible:

Ship to be
protected .

And sea-skimmer

Interception
I point

-< Sea-skimmer target

Ship with
launchers

This can be obtained through a horizontal shaping ofthe trajectory, bein§ understood that this
type of shaping is not possible for short-range interception (due to the required load factor).
Once this law is implemented, the horizontal direction of launch ofthe antisea-skimmer can be
optimSzed!observing that, at a given angle P. the greater the angle f :

. the lower the load factor at the end offl ight and the greater at the start of night.

- the longer the trajectory, and therefore the duration of f l ight , the slower the final
speed.
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Al l of these aspects relative to vertical and horizontal trajectory shaping can be processed,
through a numerical simulation integrating the models relative to the target, the fire control
system, the missile night and the seeker corresponding lo paragraphs a), b). c) and d) in
paragraph 4. 2:

. optimization of turn-over (paragraph 5.1.2). the kinematic performances of the mtisea-
skimmer (paragraph 5.1.3), horizontal shaping limitin g the presentation .ang le and i the
associated horizontal direction of launch (paragraph 5.2.2) is related to knowledge ofthe load
factor and speed profiles during the Right in the non-linear environment formed by the
atmosphere.

- the study ofthe influence of the stand-olTjammer rejection function (?»"«"?£ 5.1.0 "d the
horizontal trajectory shaping in zone defence with respect to clutter (paragraph 5.2.2) ̂ requires
the use of a seeker model within the guidance/control loop and with the representation ol l
geometry and flight kinematics which the considered simulation provides.

A.TYPFSOFNUMER1CALS1MULATIONSANDTHF.1RUSES

Several types of models or numerical simulations can be distinguished:

- specific and detailed models of missile and airframc equipment: this concerns the seeker,
IMU , proximity fuze, warhead, steering control components, missile computer, structure
mode's and those relative to aerodynamics and propulsion.

At first these are schematic models, then models of developed equipment obtained when
necessary through identification, used for fine behaviour study and logic development (seeker
and autoguidance). Detailed comprehension of their operation often proves to be ol major
importance as part of their specification.

models of more or less simplified equipment depending on the case and
simulations for which the number of degrees of freedom may be limited and may only
represent certain phases of the interception. These simulations are used to analyze certain
requirements (such as those relative to autoguidance. for example) and are useful i
generating specifications.

- missile flight simulations (6-degrees of freedom models) in all phases, associated to an overall
fir e control model, the seeker and the environment models. These are onc-on-one or one-
on-many" models.

The missile model integrates all of the equipment models which may be more or less simplified
depending on use.

This type of simulation is useful to define certain requirements (relative to propulsion, drag,
weicht etc ) to draw up specifications (for example, those subsequent to studies on seeker
lock-on) for the purpose of precise studies (for example, study of mid-course guidance).

These form the references for hardware on-the-loop simulations, for preparation of in-flight
trials (nominal trajectory, scattered trajectories), and for interpretation of these trials, I he
models S into the simulat ions are therefore updated throughout all these development
phases.

Finally, these simulations are used to assess the performances of the anti-missile system:

- performances relative to intercept miss-distances and kil l probabilities.

- performances relative to firing and interception envelopes.

- performances relative to scenarios which are extremely difficul t or even impossible
to process under in-flight trials, whether for technical or financial reasons.

- the technical-operational simulation (many-on-many) which fed by the kil l ProJ>abiliUcs
generated by the one-on-onc or one-on-many models, contributes to definition of the firing
policy algorithms and is used to assess the defence capabilities of the system under saturation
attack conditions.

These simulations, developed methodically and thoroughly, are used to precisely predict ; an tn-
fiieht trial In this way, they achieve a reliability standing which is indispensable when, in view ol
the complexity of a given scenario, the system is not tested\hrough an In-flight trial, but assessed
through simulation only.

The search for this level of reliability motivates the engineer to obtain the most refined models,
bui lding a more and more complex simulation throughout the development process.

This is Inevitable. However, this should go hand in hand with control of computation durations
and costs which, for an anti-missile system as complex as this one. could quickly become
incompatible.
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CHART I

Electromagnetic
Reprtsentationi

LAUNCHER
CONSTRAINTS
(weight,number,
volume,height)

SPECIFIED
INTERCEPTION
DOMAIN and/or
AREA to PROTECT
(long ranges)

CHART 2

SPECIFIED
INTERCEPTION
DOMAIN
(short ranges)

RADAR

MISS1LB
equipment

•IMU
•Seeker
•Proximity  Fuze
•Warhead
•Control  components

ii!%'fiifi;sWf*~i*.»?'*'>  f,.
GUIDANCE and
CONTROL
REQUIREMENTS

TRAJECTUKt
SHAPING

WWWIIMNCK
rime constants:
•guidance  signal
filtering
•autopilot

MtSSlIA eltframt tl,attfaetnr -tratle
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3.5 r

TAItCKT : l:il»<c = sU-psof 10 RaMiplilmlc
iitilopilut = SCCIIPH! iinliT (100 iii-.f<l»mpiii|; (1.7)

MIS'SII.K : iiiilopilnf - scctnid ordrr (damping 0.7)
aiiliiijiiidanci' = propurliuiuit.'! navi^alimi (a=3.5)

50 runs : inlm'qitmiis llirou(;liuiit all lar|;c( injiiDcuvrrini; phases
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CHART 6

z
2* gf /-
-yo-X -J /./ \S L^Z-

3r X i 55

£
T/MK . .
troA'STWj fwi j
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CHART 9

Theoritical antenna pattern

CHART 10

Antenna pattern measurement
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M1

Target isovelocity

Target isorange

Target isovelocity results of the interjection with ground of two cones definit by :

V r = V M c o s o + - « £

V r - V

where : Vr : Target missile radial velocity
VM -.Missile velocity
8 : reception band width

Target isorange results of the intersection with ground of two spheres centred on M with a radius

of MB i kXr * 6r

where :

fr : repetition frequency
C Might velocity
Br : duration of the range select window

CHART IS
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CHART 16

Calculated clutter spectrum

10 d S

CHART 17

Measurement of clutter spectrum





4-26

MINUTE OF
ANCLE

)F

2

1

U

-I

•2

-J

-**

L
fl

i

1}
i

i> i
1

A

iA 1,
ir \l\ rv -y

L
fin

ii
-

.1n

1

jtj
ii

\•j

/
iiu

j

J i

ij

k

\
j

i

T
j

EUtVATION
ANGLE(=)

-60. -20. 20. 40.

CHART IS

Moderation o f radome aberratio n residue





4-27

eo
"D





4-28





4-29

eto5
«uj

1

DIVISION ENGINS TACTIQUES





4-30

f DIVISION ENGINS TACTIQUES





4-31





4-32

vixi.- ' — - -_,_,,ee
DIVISION ENGINS TACTIQUBS

S

8 g i i i i i ! I I 5
•* * — •« « •••" "





5- 1

ADVANCED MISSIL E GUIDANCE
by

R.  V .  LAWRENCE
Senio r  Principa l

IT.  .  KUYa*.  i-is i
6TD,

(PP)
Establishment ,

SUMMARY

target .  ., rt *nra d I t  i s  show n ho w error s

1.  INTRODUCTION mlssil e int o co l -

The prior y  functio n c f  a  missil e guidanc e syste m i s

lisio n wit h th e target .  ^  ouidanc e

r:r:: r  ;::;::: :
-fre e mis s i s  ze i

:.::. .  » .  :  -
„

t o estimat e th e

relativ e trajectory ,  jive n zc r  o  B i  ^  missile .

dieted ,  an d use d t o construc t  knowledge ,  firs t  mentione d

2.  CRYSTAL BAL L GAZIN G

Aa w e shal l  se e later ,  th e
opti-l'contro l  theor y
fina l  stat e a t  tim e t f

Bas.-«.jB 3
functio n o f  t  ,

sense '
i s confirme d b y

,  th e control-fre e

can b e writte n

• *(t f ,t)x(t )  ,

stat e vecto r  a t  tim e t  ,
t o t f  .

(D

i the

•
,  measurement s o n

struc t  a n estimat e o f  x  (t )
of  missil e contro l  i s  the n

stat e

*(t,tt)x(t )

.  contain s  a

Ideally, our knowledge ^°ut
4
th!/?nnissile°1"Howeverrin*pr!c?Ice

^̂ §̂ Sfe«;̂ r̂ even th e missll e
precisely .

.  •  '  .





Sine ,  bot h ., « .n a ,<t f ,0 t »
end state ,  compute d a t  tim e t  ,  mus t  b e

° < « "

.  «(L.,t)x(t )

By ou r  ..sumption ,  o f  linearity ,  ,  i s no t  a  functio n o f  ,  .  an d s o .  an d x  ar e

uncorrelated ,  an d henc e
- 0

Writin g i ( t )  -  x(t )  +  x(t )

wner e S  i s th e erro r  i n th e est-mat e *  ,  an d similarl y fo r  th e othe r  variables ,  w e

fin d tha t

"f^ U - 0
*(t.,t)x(t )  +  »(t £,t)x(t )

(3 )

(4 )

(5 )

(6 )

'i .  use d t o construc t  th e missil e control ,  th e erro r  wil l
Sinc e th e estimat e x £U>u 0

 3 e ncorrectly .  I t  will ,  therefore ,  b e 9 ulded J°~ of

'i n al l  guide d weapo n systems .  iar ti -

The predictio n erro r  tend s t o ge t  smalle r  a s tĥ e missile-targe t  rang e falls ,  part i

cularl y i n a  homing  missil e system ,  t

(i )
and

th e
The fina l  mis s i s determine d b y tw o primar y factor s -

(1 )  th e magnitud e o f  th e predictio n erro r  throughou t  th e flight ,  an ,

i n th e fina l  stage ;  noln t

(ii )
rŝ r/wit h TnTstimatio n problem ,  an d i s  informatio n limited ,

1 J  «  J  V  A  / 3

The
predictio n erro r  i f  «t )  may fal l  t o .er o a s t

oŵ ê ^̂ î̂ -ort ^

th e termina l  phas e

- .
The mor e agil e th e missile ,  th e smalle r  th e term s i n (t f .t l

thos e i n «(t £,t )  ,  effec t  o n th e miss .  Man y non -
Missil e contro l  respons e ̂ ""in g ca n hav e a s eriou s ̂  descr l  funct lon ,  G

mis s distanc e results .

The optima l  stat e estimat e

The preaicte a ̂ inal̂ tat .
t h C

, «
r̂at̂ th e missil e control .  ̂

be a  minimu m varianc e esiimate .

2. 2 Informatio n performanc einformatio n llnite a pe :

The fundamenta l  caus e c f  th e mis s i s -certaint y  ̂ jSUSSSfl^^^^
and abou t  th e futur e behaviou r  o f  th e systei n ̂JgjĴ ,  i g altermine d b y th e abilit y o f

uncertaint y  induc ^k
at he reducin g aimin g erro r  a s th e uncertaint y  i

th e missil e t o t  ^  informatio n limited .





3.  THI  ZERO-CONTnOL MIS S

For  a  linea r  system ,  th e zer o

z{t )  -  g
T( t  ,t)x(t )

-contro l  miss ,  a  scala r  quantity ,  ca n b e writte n a

(7 )

;h e mis s distanc e i s o f  pri -

mary

3. 1 Lag-fre e (  non-manoeuvrin g targe t

He fin d th e zero-contro l  miss ,  a s a  functio n o f  missile-targe t  rang e r  ,  «

give n b y (8 )
z(r )

wher e . .  i s
th e inertia l  sightlin e spi n an d V  i s th e missile-targe t  closin g speed .

3. 2 Simpl e la g missile ,  non-manoeuvrin g targe t

We fin d

z(r )  -  "> s(r) r  W ~

...il e acceleratio n norma l  t o th e Bightline ,  an d

-  d  -  e
(r rr)/ d (9 )

wher e a th e
VT

terabl e b y syste m inputs .

3. 3 Quadratic-la g missile ,  non-manoeuvrin g targe t

We fin d _
2(r )

 2

ar e

(10 )

complicate d function s o f  th e missil e .uadrati c  respons e P ,ram e
distanc e

d =  — '
U0

wher e » 0 i s  th e missil e natura l  frequ e

3. 4 Lag-fre e missile ,  weavin g targe t

(11 )

wher e d  V/ UM ,
bein g th e targe t  weav e frequency ,  an d a tsx .

acceleratio n i n sightlin e axes .

4 OPTIMAL CONTROL

Conside r  a  syste m whos e linearise d dynamic s i s

A(t)x(t )  +  B(t)u(t )  ,

of  th a weav e

disturbances ,  i e (13 j
u -  u ^  +  u  +  u ,  .

th e svster a stat e i sAt  som e en d tim e t j  ,  i

+ j  *(t, T )B(t)U_tT)d T +  W
(14 )
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want  t o ru
:  s -  " '

,
J(t 0,
enef f -- acontrol .Thi s i s  th e so-calle d

,. he solutio n o f  thi s proble m yield s th e optima l  contro .

uQ(t )

dP(t )
dt

wher e th e weightin g matri x P  obey s th e Hicatt i  equatio n

P(tl )  define s th e weightin g o n th e termina l  stat e

For  a  linea r  syste m th e EZCM i s give r

z(t )  -  g T(t 1,t)x( 0

The dynamica l  equatio n fo r  th e EZCH i s
i{t )  =  g T(t 1,t)B(t)u(t )  .

The opt'ira l  contro l  turn s ou t  t o b e

V

i s  relate d t o th e ful l  stat e weightin g P  b y

UQ(t )

_ 1  T  T
-  R 2

1( g B )

(15 )

(17 )

(18 )

(19 )

(20 )

(21 )

t - <» —
hypotheses .

The weightin g P Z .  «hlc h i s  scalar ,  obey s th e equat i  n

P u) - R:WgT<vt>Btt>pB(t)J
Z '  u

The en d conditio n fo r  P Z ca n b e chose n a s

Usin g dx d x d r
^t  d r  d t

th e ̂ e

and

-̂ en t  dynamic s ca n b e — -  -

-  —
(22 )

(23 )

(24 )

*— '

(26 )

-
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wher e V  i s th e missile-targe t  closin g speed .

The optima l  (scalar )  contro l  i s
uQ(r )  -  -  g

The solutio n o f  th e scala r  Rlcatt i  equatio n fo r  P

,°  ( t3
T(r 1,r)B(r) )  d r

VR.

whic h ca n b e solve d analyticall y i f  w e max e som e approximatio n fo r  V

£le a
boxin g S S

:;  r::;;::.;: :
tro l  ca n b e obtaine d b y notin g

-
The solutio n o f  thi s D E a t  r  -

(27 )

(28 )

g an d 3

t o obtai n a n algebrai c expressio n fo r  g .

"d Pz z

i s  th e expecte d mis s

(29 )

(30 )

m -

EXAMPLE CONTROL LAWS GENERATED B Y TH E THEORYEXAMPLE CONTKUl,  w«< 0 »,.. 1im,  SD i n
plyin g th e theor y t o th e missile-tar.e t  system ,  fo r  whic h th e sightlin e sp i

evolve s accordin g t o th e ^  _  ̂

U =  " "  r  c  I Ts  * •

we obtai n th e followin g result s fo r  thre e simpl e cases .

5. !  Lag-fre e missile ,  constan t  velocit y targe t

We fin d tha t  th e optima l  contro l  i s

(31 )

u0(r )
3Vu

(32 )

3R2V

Thi s i s  proportiona l  navigatio n (H > wit h a  navigatio n constan t  o f  3 .

5. 2 Simple-la g missile ,  constan t  velocit y targe t

The optima l  contro l  i s

(33 )

d ^  b  a -
wher e

+ k! d e -a/d )
k̂ d  f

r  -  r .  , d -  r .

and

The paramet er  d  i s a  -distanc e

a = *  j -  *  i

d »  V T .

constant '  associate d wit h th e

converge s o n P N .
comparabl e wit h d  .

5. 3 Lag-fre e m^sile ,  targe t  weavin g a t  frequenc y » „

The optima l  contro l  i  _  u Q1 +  u Q2 +  u Q3 ,
(34 )
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where
3

3r Vu
9

01 r -

3R2V
J + r J -

+ IT ™
3- i 'tsy

or ,  approximatel y

u0(r )  *  3V W§ +  3(5 )  \\l  -

and
(35 )

d -

„  proP ortiona l  navigatio n guidanc e emPrge s „  â solu ^

- m whe n i t  i s  hypothesise d tha t  ™e ™ ontro i  ml ss
tio n t o th e optima l  ̂"̂ "̂"i t  i s  base d o n a  hypothesi s o f  th e zer o
and th e targe t  non-manoeuvring .

(fro m sectio n 3.1 )  (r1r
2/ Vz(r )  =  ui^ir j  r  / v

,n d yield s a  deman d fo r  missil e acceleration ,  norma l  t o th e sightline ,  o f

amsy  n  s

i .  th e navigatio n factor ,  recommende d b y optima l  contro l  theor y t o i
wher e K _ i s tn e _ _ _ J _ _ 4 , -  1 n no t  l a q _f i

(37)

lag_free and

ssu:» s.

iWfif e
,  (TlrtnMrtHVflt^HJJ^i^J^mMHj^i ^  ̂ ĝ r̂, ;  n,Ul r
It0ir y "° QI

 N fcLma l control theory •»«?••«JlifiS ! SlSl"  l" W"6 r « t o r y .uog«ti p t r

re!pons. in th. optimal theory.

s:
^  -  F x  +  G u

(38 )

2
u is zero,

th e join t  stat e a t  som e smal l  rang e ̂

139>

H f i H l M
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when th e inpu t  u  i s non-zero ,  x(rj )  i s  give n b y
r ,

Mrlf r 0)x(r 0)

1
r)G(r)u(r)d r (40 )

The mis s distanc e ca n b e show n t o b e give n approximatel y b y

_ _ 2

m - (41 )

Consequently ,  i f  U g i s  th e firs t  elemen t  o f  x  ,  w e nee d onl y th e firs t  ro w o f  *

comput e th e miss .  Cal l  thi s ro w Z Then

m ZT(r.,r 0>x(r 0)
i

ZT(r lf r)G(r)u(r)d r (42 )

The mis s du e t o targe t  manoeuvr e an d nois e i s thu s

2 r i
r i  f  .T ,
- v J  2  (r i ' r)G(r)u(r)d r (43 )

2 obey s th e adjoin t  differentia l  equatio n

•dr

and ha s th e initia l  conditio n

(44 )

(45 )Z(r., r  }  =  [ 1 0  0  ... ]  .

Z ca n thu s b e compute d fo r  al l  r  .

7. 1 Mis s du e t o targe t  manoeuvr e agains t  P N guidanc e

I f  w e suppos e tha t  our .  missil e i s effectivel y lag-free ,  an d employ s J 1*  guidanc e a s
it s interceptio n strategy ,  usin g a  quadrati c la g stat e estimato r  t o J ™ * J W*1"* *
th e sightlin e spi n « s ,  the n w e fin d tha t  th e mis s du e t o targe t  acceleratio n a ts y  ,
norma l  t o th e sightline ,  i s  give n b y

. 2 r O.  r i  r  vi i
7 1  ~

,r )
atsy (r)d r (46 )

7. 2 Optima l  targe t  evasio n strateg y

Fro m equatio n (46) ,  i t  i s  clea r  tha t  ther e i s a n optima l  counter-strateg y t o th e
missiles ? PNstrateg y (whic h i s base d o n a  hypothesi s o f  zer o targe t  manoeuvre).T o
maximis e th e miss ,  th e targe t  shoul d choos e it s  acceleratio n a tsy (r )  s o tha t  th e te n
unSer  th e integra l  i s  alway s o f  on e sign .  I t  shoul d revers e th e Sig n o f  a ts y  wheneve r
th e adjoin t  variabl e Z j  change s sign .

To achiev e this ,  th e targe t  need s information .  I t  mus t  kno w th e rang e r  ,  an d
hav e a  mode l  fo r  th e dynamic s o f  Z  .

8 GAME THEORY

For  a  give n deterministi c  targe t  strategy ,  T l  ,  ther e i s a n optima l  guidanc e law ,
Gl  ,  whic h wil l  minimis e th e mis s distance .

Agains t  thi s guidanc e la w Gl ,  ther e i s a n optima l  targe t  counter-strategy ,  T 2 .
whic h wil l  max-Cmiet  th e miss .

And so-on ,  a d infinltum .

iiiidanc e la w require s estimate s o f  th e targe t  manoeuvr e states .  A n optima l  estimator ,
vTna a  mode l  o f  th e targe t  manoeuvr e strategy ,  ca n i n principl e suppl y thes e esti -

It s estimatio n accurac y depend s o n th e nois e leve l  fro m th e homin g seeker ,  an d
th e accurac y o f  th e targe t  model ,

To implemen t  an y particula r  optima l  control ,  we requir e information ,  o r  intelligence ,
about  th e particula r  targe t  strategy .

'  •
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MULTIPLE HYPOTHESIS GUIDANCE

Bot h th e seeke r  an d th e inertia l  instrument s may b e strapdow n devices .

Usin g th e estimate d stat e x(t )  ,  a n optima l  controlle r  construct s contro l  input s

fo r  th e missile .

The 'missin g block '  i n Fi g 1  i s th e targe t  model .  I n th e absenc e o f  a  priori  data ,
we ca n onl y hypothesis e abou t  th e targe t  manoeuvr e motion .

. * !Tht  hypothese s ar e thu s weighte d accordin g t o thei r  likelihood .

most
associate d optima l  controller .

i s  s o wid e tha t  th e hypothesi s spac e canno t  b e adequatel y sampled .  I n th s ae r  case ,
th e ?arge t  behaviou r  may b e effectivel y unpredictable ,  i e noise-like ,  } *  *" *  «»• •  th e
domai n o f  th e hypothese s migh t  bes t  b e regarde d a s nois e powe r  spectra l  density .  I n
Ref  3 ,  Maybec k discusse s suc h a n approach .

10 CONCLUSION

a movin gWe hav e discusse d th e proble m o f  bringin g a  missil e int o collisio n
target .  Th e expecte d zero-contro l  mis s (EZCM)  guidanc e concep t  ha s £« "  *j n"J fSJur .
has bee n show n ho w error s i n th e estimate s o f  th e curren t  syste m s t  at e an d th e futur e
zero-contro l  respons e o f  th e syste m lea d t o error s i n estimatin g th e EZCM,  an d c°r>s e
quentl ? ho w th e missil e suffer s a n aimin g error .  Th e missil e generall y su f  er s a  miss ,
becaus e o f  it s limite d abilit y  t o follo w th e changin g error ,  du e t o restricte d bandwi c
and contro l  saturation .

Expression s fo r  th e EZCM hav e bee n indicate d fo r  th e cas e o f  a  hypothesise d non -
manoeuvrin g target ,  wher e th e missil e ha s a  lag-free ,  simpl e la g an d quadrati c la g r
ponse ,  an d als o fo r  th e cas e o f  a  weavin g targe t  wit h a  lag-fre e missile .

Exampl e optima l  contro l  law s base d o n minimising  th e ;";-?̂ a" n̂ CM -Ubj-O t  t o a
constrain t  o n th e contro l  energ y hav e bee n derived .  Becaus e o f  th « J 1?" 11^,  ̂  Sn s
th e law s ar e linea r  modification s o f  th e proportiona l  navigatio n .P N law ,  whic h turn s
out  t o b e optima l  t o a  non-manoeuvrin g target ,  lag-fre e missil e hypothesis .
?erms i n thfnTg h orde r  law s ar e significan t  onl y whe n th e missil e approache s withi n som e
characteristi c  distanc e o f  th e target ,  determine d b y th e closin g velocit y an d th e chara c
teristi c tim e constant s o f  th e system .

Expression s hav e bee n derive d fo r  th e idealise d mis s du e t o initia l  headin g error ,
tarae t  2"I5v« !  an S noise .  Give n tha t  th e missil e employ s som e particula r  guidanc e la w
whic h i s optima l  t o som e particula r  hypothesise d targe t  behaviour ,  an d whic h «*«*«« »
mis s given Ptna t  th e targe ? actuall y exhibit s tha t  behaviour ,  th e equation s sugges t  ho w th e
targe t  migh t  choos e a n alternative  behaviou r  whic h mwnifl« e th e miss ,  an d
respond s t o a n optima l  evasio n strategy .

The concep t  o f  multipl e hypothesi s guidanc e ha s bee n briefl y introduced .
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Micro Baaed Technology - A New Tool For
Missile Guidance System Design and VUuallzillon

ty
Paul Zarchan

The Charles SUrk Draper  Laboratory , Inc.

Abstract

This paper shows how simulation output can bo generated and enhanced in real time
with the computational horsepower and graphics visualization technology which cu ntnUy
available with microcomputers. Examples are presen ted whic^em^nst.rv

a^. ̂
microcomputer b*:ed technology offer the designer a visualization which not on y gives a
deeper insight Into the problem being solved, but in addition allows and encourages rapid
Iteration in order to get an acceptable design.

Introductio n and Overview

In the last five years we have witnessed a proliferation of desktop personal computers
unimagined only a decade ago. The 32-bit 80386 and 68030 ntiaocomputer, are
computationally as powerful as a mainframe was only 10 years ago. Curr™l 'v $5000 (

mkrocornputer^rovides about as much computational horsepower as a $500,000 super
minicomputer .̂ The intent of this paper is to show how the power of the microcomputer can
Te ha™sPsed by the missile guidancê system engineer, not only to computationally solve useful
guidance system related problems, but also to provide a visualization which can be used lo
speed up the deiign process.

The paper presents several interceptor guidance system related examples which, unt il
recently, were normally solved on mainframes. It is first demonstrated that these examples can
be mad; to work on microcomputers with CPU running times which are very attractwe - a nd
turn around times (i.e. time for engineer to get the answer in a useful form) that are far
superior to that offered by a time-shared mainframes. It is then shown how these answe s c *n
be enhanced, in real time, with the graphics visualization technology which b currently
ava lable with microcomputers. The enhanced answers will offer the .designer a visuahzaUon
which not only gives a deeper insight into the problem being solved, but in add-on allows the
user to rapidly iterate cases to get an acceptable design.

The first example presented is that of a rate gyro night control system for a tactical radar
guided homing missile. The purpose of the example is twofold First it is used as a reference lo
Compare answers and CPU timings from a variety of h'*™*.,?1?*0™ u'n.
microcomputer, minicomputer and mainframe worlds. Next 1 wil l be shown how
instantaneous graphical output from both a time and frequency point of v ew enables the
^^S^w^mAMUtA the influence of the autopilot gain on the relative stability and
performance characteristics of the flight control system.

A second example considers a satellite in circular orbit. The paper first shows how the
satellite can be simulated on a microcomputer. Next it is shown how commeraallŷ available
mapping data bases can be incorporated in the satellite microcomputer simulation to provide
^graphical context to the resultant satellite ground tracks. Finally it is shown how linear and
oZgChic transformations of the mapping data and satellite trajec lory provide
complementary three-dimensional visualizations on a two-dimension al microcomputer
screen.

. A final example extends the satellite simulation to include a strategic
interceptor pursuing the satellite. It is shown how the use of dialo*  boxes with edit fields and
buSoni can be used to Input simulation data and provide the use, with complex op ions in a
"use?- f iendl^way. It Is also demonstrated how the simultaneous presentation of Informal ion
in different : window, provides Insight which is Invaluable in understanding Interceptor
performance related issues and In visualizing the engagement.

Rale Gyro Flight Control Byitrm Examplt

In order to Illustrate the use of graphic*  In an Interactive microcomputer environment a
representative example, Is taken from missile guidance and control. A rate gyro fllgh con irol
mtem for a radar guided missile*  is shown In Fig. 1. The purpose of this flight control system
s* o ?n ure that the achieved body rate follows the body rate command. The gain, K, provides

LnUy tran!ml.slon between Input and output while the autopilot gain, KR Influences he
system dynamic response. In this flight control system the autopilot generated fin deflection
command, 8C, 1» sent to the actuation system. This electrical command is converted by the

'
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actuator to a mechanical deflection, through an angle 8, of the missile's control surface. The
control surface deflection causes the missile body to pitch, A rate gyro is used to me asurethe
achieved body pitch rate thus completing the feedback path. In this simplified mode the body
pitching can be described by rigid body dynamics expressed as differential equation*  or
transfer function form u shown in Fig. 1.

ACTUATOR RK3IOBOOY DYNAMICS

\

AF

RATE
GYRO

Figure 1 Rate Gyro Flight Control System

From Fig. 1 we can see that the differential equations that govern the system behavior are

given by

d9 _ is— • -i\
dt

de-—
en

.' t

dt

dfe „ co2 (5-

dt2 "'

;,

u
A

AF de,
a> dt

AF

where the autopilot gain, K, provides unity transmission and can easily be shown to be

Nominal parameter values for the rate gyro flight control system appear in Table 1.

Symbol

CA
<OA
K3
TO
CAP
(DAP

KR

Name

za
toa
k3
ta
zaf
oaf
kr

Definition

Actuator  damping
Actuator  natural frequency
Alrfram e gain
Alrfram e turnin g rate time constant

Airfram e damping
Airfram e natural frequency
Autopilot gain

Value

7
300rad/sec
-.2 seer1

2 sec
.1
10 rad/sec
1.5 sec

Table 1 Nominal Rate Gyro Flight Control System Parameter Values

This flight control system can be simulated using FORTRAN and the second-order Runge-
Kutta intention techniques for solving the preceding differential equations. The program

flight control system appears In Listing 1. We can see, that because of the
dynamic,, a very snSl integration step size is required (H- 001 sec) to
Integrate the differential equations. Tr,e system differential equations
UW 200. Spedal logic is Included In the listing so that the answers are

displayed every .005 sec
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. - • - • :INTEGER STEP
", : REAL KjaUO

DATA ZA.WAJO.TA,ZAF,WAF/.7,30a,-.2.2.AtO./
DATA KRJHDC/U,../
K«(l-KR*K3)/(-KR'K3 )
DBUO.
DELD-0.
E-0.
ED*).

55

200

999

H-.0001
S-0.
IRT.GE.1.XXrr O 999
S-S+H
DELOLD-DE L
DELDOLD-DELD
EOLD-E
EDOLD-ED
STEP-1
GOTO 200
STEP-2
DEL.DEL+H»DELD
DELD-DELD+H'DELDD
E.E+H-ED
ED-ED+H'EDD
T-T+H
GOTO 200
CONTINUE
DEL- .S'tDELOLD+DEL+TTDELD)
DELD-J'CDELDOLD+DELD+H-DELDD)
E-JVEOLEHE+H'ED)
ED-^'CEDOLD+ED+H'EDD)
IF(S.GE..004999)THEN

S-0.
WRITE{9/}T,THr )

END IF
GOTO5
COhTTINUE
DELC-KR*(K-THW
DELDD«WA -WA\tJb;C-DEL-2. tZA*DELD/WA )
EDD-WAF*WAF t(r>EL-E-2.'ZAFED/WAF)
THD.-K3'E-K.TTA'£t>

CONTINUE
PAUSE
END

Listing 1 FORTRAN Simulation of Rate Gyro Fiight Control System

The transient response of the rate gyro flight control r,iiem with a 1 deg/sec step Input is
shown in Fig. 2. From this figure we can see that initiauy the system output overshoots the
input (i.e., output body rate reaches a ^ak of 4 deg/sec) but eventually follows the input. The
response is stable and appears to be well behaved for the autopilot gain setting of KR-1.5.

0.2 1.0,; 0.4 0.6 0.8
Tlm« (Sec)

Figure 2 Nominal Response of Rate Gyro Flight Control System
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FORTRAN Comparison .

The simulation of the rate gyro flight control system, using the FORTRAN source code of
Listing I was solved on microcomputers representative of the 8-bit, 16-bit, and 32-bit world and
their running times were compared In the 1987 time frame.*  The machines used in this
comparison were the original IBM PC, an improved PC, an IBM AT, a Macintosh Plus, and
Macintosh U microcomputers. The performance of the machines are compared witl
without math coprocessors. Table 2 presents the running time comparisons.

Coprocessor IBM PC Improved PC IBM AT Macintosh Plus Macintosh U

Out

In

520s 75s

40s

39s

35s

61s 15.4s

7.4s

Table 2 FORTRAN Running Time Comparison For Rate Gyro Flight Control System Example

Table 2 Indicates that the original IBM PC is very slow, compared to the
on the rate gyro flight control system example. However, newer versions of the 4.77-
IBM PC and clones are significantly faster (and less expensive too). For example the IBM AT is
about twice as fast as the improved IBM PC, and the Macintosh H is four times faster than the
Macintosh Plus. Addressing the math coprocessor significantly improves the speed of both th«
Macintosh n and the improved IBM PC. However, addressing the math OTProcKSOr

u
on ™ ̂

AT results in negligible speed improvement. The performance improvement for the IBM AT
is not as significant because the math coprocessor operates at 4 Mhz whereas the machine is
running at 6 Mhz. From Table 2 we can see that the 32-bit Macintosh H is nearly 35 times faster
than the original 8-bit IBM PC. When the math coprocessor is addressed, it is nearly 70 times
faster The current generation of 25 Mhz 80386 clones and 68030 based microcomputers are
even faster than the Macintosh H. Clearly there have been many improvements since
introduction of the first IBM PC.

The sample problem was also run in FORTRAN on two super minicomputers and one
mainframe computer. The running times are summarized in Table 3.2

IBM PC IBM AT Macintosh U VAX/785 VAX/8600 1BM/3084Q

520s 35s 7.4s 3.1s 0.74s 0.61s

Table 3 Microcomputer, Minicomputer, Mainframe Running Timt Comparison

In this table the running time for the larger machines corresponds to CPU time with a
sinele-user load on a time-sharing system. Usually large machines are shared among many
users and the CPU time is indicative only of what the user is charged for a session. In addition
on large machines the tuntuound time (the elapsed time it takes the user to get  ̂output)
may be hours, even though the CPU time may be in seconds. On a nucrocomputer the CPU
time is the turnaround time. Nonetheless, Table 3 indicates that the Macintosh n is only 2.4
times slower than ti*  VAX/785 and 12 times slower than the mainframe. Considering that the
Macintosh H costs about $5,000, whereas the VAX/785 is about $250,000 and the IBM/3084Q is
several million dollars, the comparison is more impressive. Most importantly, the sample rale
gyro flight control system problem could be solved on a microcomputer in a very reasonable
amount of time.

Open-loop Transfer Function

Valuable Information Is available from the time-domain simulation of the system
differential equations. However, additional information Is also available from the system
open-loop transfer function. The concept of the open-loop transfer function is the basis of
feedback control systems analysis. While the whole open-loop transfer function is interesting,
Its frequency response characteristics are most useful to the designer when examined in the
frequency domain. Both relative stability and robustness can be determined from an analysis of
the magnitude and phase of the open-loop frequency response, and even more importantly, the
designer can determine from i t . what changes to make in the system dynamics in order to

achieve design goals,4/5
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The open-loop transfer function is the transfer function around the loop when the loop
Is broken at a point Although the loop can be broken anywhere, it Is usually broken In series
with some parameter whose value the designer can control to achieve a desired characteristic.
For example, we can break the loop of a single-loop feedback control system at the error signal
as shown in Fig. 3.

X=0 e0(s)

Figure 3 Sample Open-Loop System

In this case the open-loop transfer Is defined as

(s)
HG(S)« A ( s ) B ( s )

In order to fully understand open-loop concepts, It is first required to understand the
mechanics of finding the magnitude and phase of an open-loop transfer function. This can be
done by replacing the complex frequency s in the transfer function with

where

Usually the magnitude of the open-loop transfer function is expressed in db where

db=201ogi oCMagnirude)

and the phase b expressed in degrees.

With the open-loop transfer function other quantities are also important For example,
the gain margin gm is the value of additional gain required at the loop break (assuming the
phase remains constant) to cause instability while the phase margin $pm is the amount of
phase lag required at the loop break (assuming that the gain remains constant) to cause
instability. In addition to these margins, crossover frequencies are also of interest. The gain
crossover frequency a>CT Is the frequency at which the open-loop magnitude is unity, while the
phase crossover frequency »i80 ** *« frequency at which the open-loop phase is -180 deg. Both
these crossover frequencies indicate the frequency of the ensuing oscillation in the time
domain, should the system go unstable due to an increase in gain or decrease in phase.

In order to demonstrate the utility of the open loop transfer function, let us revisit the
rate gyro flight control system of Fig. 1. Figure 4 shows the same system, except this time the
loop is broken at the error signaL The loop is broken here because the designer can control the
autopilot gain KR.

; ' ' •- • ' .
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Figure 4 Open-Loop Model Of Rate Gyro Flight Control System

From the definition of open-loop transfer function, we can express HG(s) as

HG(S)

1 +
0>
AF CD

AFJ

By going to the complex frequency domain we can rewrite the open-loop transfer function as

-KjK .

HG(J to )-
ri a

[- rf_ J2CA«1
2 "̂

L "A MA J
r *1 2 *

CO
AF

J2< ; »
AF AF

01
AF

where care has been taken in the preceding equation to separate the real and imaginary parts.
The magnitude and phase of the open-loop transfer function can now be expressed as

SHG

K3

\

')• i

rr £ i2
1 1.--TC-

*2 *1 M

-i -1
an coT -tana

u.

"2 C • "I

U J J
- 2CA»
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«?
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2
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a

- .?-
"AF

-1
- tan

2 r o c «
f
 Z AF AF

0)
AF .

~ 9 C CO ~
AF AF

CO
AF

Co

co2

AF

2~
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Therefore the open-loop gain (magnitude) and phase can be expressed in conventional units as

Gain - 201ogio I HGQw) I (db)

Phase - 57.3/HG{] CD) (cteg)

Designers have found several useful ways of displaying open-loop data. One of these
ways Is a Bode plot in which the magnitude, expressed in db, and phase, expressed in degrees,
are displayed versus frequency on a logorithmic scale. The preceding equations were
pra^ammed In FORTRAN in order to generate a Bode plot for the rate gyro flight control
system and the resultant program appears In Listing 2. Note that in this program we are

. - - . - ' - . . '
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Incrementany updating the frequency logorithmlcally and then solving for the magnitude and
phase. This program runs quickly because integration Is not involved.

REALK3.KR

10

DO 10 1-2.160
W»10»< .025*1-1)
XMAGl-SQRTtl+<WTAr*2)
XMAC2-SQRT<a-<W/WAF>"2)"2*a'ZAF'WYWAn"2>
XMAG3-SQRT((l-<W/WA)~2>"2+(2'ZA'W/WA>-2>
CAIN.2(rLOG10(-K3*KR-XMACl/(XMAG2'XMAG3) )
PHASE1-57.TATAN2(WTA,U
PHASE2-57J-ATAN2(2-ZAPW/WAF,l-tW/WAF)wt2)
PHASE3-57-3'ATAN2(2*ZA'W/WA,HW/WA>"2>
FHASE-PHASE1-PHASE2-PHASE3
WR 1TE(9,') W,G AIN.PH ASE
CONTINUE
PAUSE
END

Listing 2 FORTRAN Program to Generate Open-Loop Bode Plot

Fieure 5 presents the resultant Bode plot, using the data generated by the FORTRAN
program: Here we can see that the gain (or magnitude) peaks due to the low airframe damping
(CAP- 1) â  Am k qulddy attenuated due to the dynamics of the actuator. The phase and gain
margins are 75 deg and 17 db respectively. This means that if the system phase is decreased by
75 deg or if the system gain is increased by 17 db the system will go unstable. We can also see
from Ke. 5 that the gain and phase crossover frequencies are 60 rad/sec and 302 rad/sec
respectively. If the system goes unstable because of a decrease in phase, its frequency of unstable
oscillation will be the gain crossover frequency. If the system goes unstable because of a gam
increase, the frequency of the unstable osculation will be the phase crossover frequency.

Gain Margin-17 do
Phase MargIn-75 Deg

•4 0 IIIIM| " I III III*] I I II IIHJ1

1 10 100
Frequency (RacVSec)

— 400

1000

Figure 5 Bode Plot for Rate Gyro Flight Control System

Analysis and Verification of Open-Loop Results

The open-loop analysis of the previous section mcUated that the system gam margin was
17 db. This means that if the gain KR was increased by 17 dbthe system would go unstable. A
gain Increase of 17 db means that KR must increase from 15 to 11 to destabilize the system. In

other words,
2OTogio(KUNSTABL£/l-5) -17 db

or

KUNSTABLE-II

In addition, the frequency response analysis Indicated that the phase crossover fnxruency
Oe. frequency when phase is -180 deg) was 302 rad/sec. This means that if the rate gyro.flight
control system were destabilized by a gain increase, the system wcnJd osollate at 302 rad/sec.
Future 6 shows that when the gain in the FORTRAN tirne-dornain simulation of the rate gyro
flilh t control system of Listing 1 is Increased from 15 to 11 that the system breaks mto growing
oscillations at a frequency very dose to the phase crossover frequency predicted by the
frecruency-domain analysis.
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or 17.3 db Gain Increase

10 Peaks In .22 Sec
Or 299 Rad/Sec Frequency

S -10

o. .20-

Time (Sec)

Figure 6 Flight Control System Goes Unstable If Gain Increased Too Much

Therefore this example demonstrates the relationship between the time or simulation dom.un
and frequency or open-loop domain. Both time and frequency domain output information can
easily be graphically incorporated into a microconiputer simulation.

We can also illustrate the concept of phase margin by first observing that an ideal delay
can be represented by the transfer function

DELAY -e-*T

Converting this representation to the complex frequency domain yields

DELAYQm) » e")(nT - coscoT - JsinmT

The magnitude and phase of the Ideal delay is therefore

IDELAY(Jo))t -

DELAYCjw) = tan-1 s1nti>T
coswT =-uT

In summary, an ideal delay can be represented in the frequency domain as a function
with unity magnitude and pure phase loss. The phase loss at 60 rad/sec (open-loop gain
crossover frequency (OCR) can be obtained from the preceding equation as

DELAY PHASE LOSS - -60T

Table 4 summarizes the phase loss of an Ideal delay for various delay times.

T(sec) Phase Loss (deg)

0.0
0.01
0,022

0.0
-343
-75.0

Table 4 Phase Loss From an Ideal Delay

We can see from Table 4 thai a pure delay of .022 sec in the time domain results In a 75
deg phase loss in the frequency domain. Since the phase margin of the open-loop system (with
the loop broken at KR) is 75 deg, this means that if a pure delay of .022 sec were inserted in
series with KR, me system would go unstable and oscfllate at a frequency of 60 rad/sec (open-
loop gain crossover frequency X The rate gyro flight control time domain simulation ol Listing
1 waaTmodified to Include a pure time delay of J)22 sec awJ the system step response is shown in
Fig7. Here we can see mat the system does go unstable at the predicted value of tune delay and
also oscillates at the predicted frequency..
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10

-

.10-

-20

.022 Sec Delay

4 Peaks to .42 Sec
Frequency-60 RadfSec

0.0 0.2 0.4 0.6
Time (Sec)

0.8 1.0

Figure 7 Decreasing the Phase Too Much Can Cause an Instability

The purpose of this section was to show the relationship, via an example, between the
open loop frequency response and time domain simulation. The analyst uses both of these
computerized methods of analysis for design because of the unique perspective that can be
obtained from both the frequency and time domain. Both the time and frequency domain
visualizations of the rate gyro flight control system can be presented simultaneously in
different windows on a microcomputer screen so that the designer can rapidly iterate on
acceptable values of autopilot gain.

Satellite Simulation

The purpose of this section is to provide a more dramatic example of how
microcomputer based computation and graphics can be used to enhance the understanding of
satellite dynamics. Let us begin by stating the satellite nonlinear differential equations. A
convenient coordinate system for the simulation of a satellite is an E^^ f̂*^* "
«w*^*t^WK«i^'W***** *^^«?***^Tf̂ !̂(even though the earth rotate.), all satellite acorieratioA cUfferentt*! equation*  can b« integrated
directly to yield velocity and position, without having to worry about Coriolls effect*.

Figure 8 Earth-Centered Coordinate System

The differential equations describing the acceleration of a satellite in a gravity field can be
derived from Newton's law of universal gravitation in the Earth-centered Cartesian coordinate
syste m as1*6
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where x, y, and z are component distances of the sateffite frcro tr« o^ter of the Earth and gm Is
the gravitational parameter with value

gm -1.4077 * lo™ ft3 / sec2

The velocity of a satellite In circular orbit is related to it's altitude according to6

where alt is the altitude of the satellite, measured from the surface of the Earth, and . is the
radius of the earth with value

a-2.0926 MO? ft

Given the initial altitude, latitude and longitude of the satellite, we can express the initial
location of the satellite in Earth-centered coordinates as

x(Q)» (a + ah) cos Oat) cosOong)
y(0) - (a + tit) cos (lal) sin(loog)
i(0)-(a + th)sin(lat)

is latitude and long Is longitude. The initial velocity components of the satellite in
:ered cognates cln be expressed in terms of the satellite velocity locauon and
iFor a satellite at a 90 deg travelling in a prograde, ascending trajectory, the

appropriate velocity initial conditions are

i (o ) - - V rin (Ui) cos Cong)

y ( 0 )-V ri n (hi) sin (long)

x(O)-VcosOai)

After integrating the satellite acceleration differential equations twice to get po
take Earth rotation into account A coordinate frame moving with the Earth
related to the inertial coordinate frame (x. y, z) according to

x. • x cos cot + y tin ox

y t-xnnc«-ysincflt

where co is the rotation of the Earth with value

a - 360 deg / 24 hrs - 6.283185 rad / 86400 sec

The expressions for latitude and longitude can then be exrxessed m tenixs of me movmg frame

tat-shi

Z
•

I x2+y2+z2

_>] • • •

-1
long-ta n

•n, *  FORTRAN code for a satellite m circular orWtusmg the preceding d*

label 20a
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66

55

200

999
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REAL I>TMDEG,lX)r«MDEC^\TKUjONC4ipÛ
INTEGER STEP

' • • - • • ' - . - ' •" , '
,-
.

ALTMKMK-5O X
LATMDEC-50.
LONCMDBC-201
TfUOOOtt.
H-10.
A-Z0926E+07
GM-1.4077E+t6
W-6-2S3 185/86400,
T-0.
LATM-lATMDBG/573

'

J

ALTM-ALTMKM1O3280.
VS-SQRTtCM/(A+ALTM)>
XM -( A+ALTKOXOSOATMrCOSOONCM)

ZM «<A+ ALTMrSIN(LATM )
XMD— VS*SIN(LATM)'COS(LONCM)
YM D«-VS*SDM(LATMrSIN{LONGM )
ZMD-VSXOS(LATM)
CONTINUE
rpfr>-(TF.^oooi))Gcrro 999
XMOIJ>XM
YMOLD-YM
ZMOLD-ZM
XMDOLD-XMD
YMDOLD-YMD
ZMDOLD-2MD
STEP-1
GOTO 20Q
STEP-2
XM-XM+H»XM D
YM-YM+H»YM D
2M-2M+H-ZMD
YMD-YMD+ H*YMDD
ZMD-ZMD+JTZMOD
T-T+H
GOTO 200
CONTINUE
XM-J-(XMOLD*XM+H'XMD )
YM-5*(YMOLD+YM+H'YMD )
ZM - jnZMOLEX+ZM+H'ZMD)
XMD-J»(XMDOLD+XMD*H'XMDD )
YM D» J»(YMDOLD+YMD*H'YMDD )
ZMD-J^ZMDOLIHZMD+H'ZMDD)

YM E-XM-SIN(VTT>YM'COS{W*T)
ZME-ZM

LONGrrUDEM»57J'ATAN2(YMEXME)
IHLONGITUDEM>1 80)THEN

ENTJtF
ALTKM-rSQRTtXM-2+YM~2+ZM~2>-A>/3280,

GOTO 101
CONTINUE

XMrXVCKPXM/TEMPBOT M
YMTX>»OirYM/TEMPBOTM
ZMDCVOtTZM/TEMFBCTTM

CONTINUE
PAUSE
END

Listing 3 FORTRAN Satellite Simulation
--.; . - ' . . . - '•

By running the simulation of Listing 3 and projecting the results into kmgjtude-latitude
space In ranhinction with a linear projection of a pubUcally avaflabte worU nup data base7 as a
background, we can get a better graphical visualization. We can see from Fig. 9 that orbits do
noToveriap because of the rotation of the Earth. We can also see that in 20,000 sec the satellite
went through three revolutions. The map provides important geographical context to the
satellite simulation. Information missing from the linear mapping display of Hg. 9 is three-
dimensional perspective. In addition, there appears to be confusion concerning the motion of
the satellite at 90 deg latitude.

• .ii -
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Figure 9 Ground Track of Satellite Motion Provides Geographical Context

Although orthographic mapping projections of the world are the least useful as maps
because of the extreme distortion near the edges, they are useful in providing three-
dimensional perspective on a two-dimensional microcomputer screen. For example. Fig. H
with its mapping origin at 0 deg latitude and -45 deg longitude, provides an orthographic view
of the same satellite trajectory of Fig. 9. The orthographic projection provides an excellent
visualization for both the altitude and inclination of the circular satellite orbit. In addition,
confusion concerning mofion at 90 deg latitude in the linear display of Fig. 9 has been
eliminated In the orthographic display. However, part of the trajectory is missing since an
orthographic view can only show one hemisphere at a time.

•

• -• •

Figure 10 Orthographic View of Satellite Trajectory (Orfgin-45 Deg Longitude and 0 Deg
Latitude) Adds Perspective

... . ^y - . • - - . . - ^ ?• ^ * r

' ' - . -"-I t-. ' *

By rotating the orthographic viewing angle we can obtain even more information about
the trajectory. For  example, if we want a view of the trajectory from infinit y looking at the
North Pole, we simply change the latitude origin of the map from 0 deg to 90 deg. The resulting
North Pole cffthographic view is shown in Fig. 11.

a%e V̂ • '• •"
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Fizure 11 North Pole View of Satellite Trajectory (Origin=-45 Deg Longitude and 90 Deg
Latitude)

We can see from Figs. 9-11 that microcomputer based graphics technology can add a new
dimension to the visualization of trajectories.

Interceptor-Satellite Engagement Simulation

AS a final example, let us consider extending the satellite simulation to include a strategic
surface-based interceptor pursuing the satellite. Since this engagement^ s^ulalicm U> rr
complex, easier ways of specifying large data sets and user options are reared ^s scenario
it is appropriate to borrow many of the user-interface concepts popularized by the Macintosh
technology For example, dialog boxes can be implemented as a "user-friendly way o
ESSatt tato a detailed engagement simulation. Figure 12 ̂ *^ •"£•*" £
parameters can easily be specified with edit fields and buttons. The satellite^locahon and
inclination can be entered in the edit fields by use of an input pointing device known as a
mouse T^e type of orbit (i.e, prograde or retrograde) is specified by clicking on the appropriate
Tuuon in theTlog box. When the user is satisfied with all the inputs, a simple mouse chck on
OK enters the da^into the program. Recalling the dialog box from . menu, also conUolled by
the mouse, allows the user to discover how the satellite orbital parameters influence
interceptor performance

Figure 12 A Dialog Box Is A User-Friendly Way of Entering Data

The dialog box can also be used as a convenient way for providing the user with many
complex options! For example, the use of buttons in the dialog box of Kg. 13 allows the user to
So^seberVeen many sophisticated interceptor guidance laws. Edit fields are used to spec fv, n
ev~1reate7TetTmanPy guidance related pa?ameter*  Studies can be rapidly conducted in
which the effectiveness of each guidance law is quantified.

-"... " i . . . • ' ' , . , . '
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Figure 13 A Dialog Box 1$ A User-Friendly Way of Making Sophisticated Choices

Finally, after entering the data, the user needs a easy way to both visualize and
understand the results of the simulation. Figure 14 presents a possible way of presenting some
of the resultant data in different windows simultaneously. The "Ground Tracks" window
presents a linear projection of a satellite (solid line) being pursued by a surface-based interceptor
(partially dashed curve). A box at the top of the window presents simulation time, interceptor-
satellite separation, the lateral divert required for this engagement, and interceptor altitude as
the simulation is running. In order to convey perspective, an "Orthographic Projection"
window simultaneously presents the same trajectory data. However, this time we get a better
visualization of the three-dimensional aspect of the engagement. A "Global View" window
provides a macroscopic view of the engagement using orthographic projection techniques.
More precise altitude information concerning the interceptor and target can be found in the
"Trajectories" window. • We can see that the satellite is at constant altitude whereas the
Interceptor must climb to an altitude higher than the satellite and dive. The "Missile
Acceleration" window presents the required missile acceleration, which in this case was
mlniscule, to effect an intercept.

• »
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Figure 14 Simulation Data Can Be Presented Simultaneously In Different Windows

Summary

Several interceptor guidance system related have been . The

onglve. a« into the problem being solved, but in addition allow,
rapidly iterate case» to get an acceptable design.
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Interactions Between Battle Manasement And Guidance Law Destgn
For A Strategic Interceptor

Dr. Owen L. Dm tsch
The Charles Stark Draper Laboratory

Abstract

The design of strategic Interceptor systems presents many unique challenges.
Considering a ipace-based system with orbiting interceptors, performance requirements may
Include near-zero miss distances, nearly complete coverage of many simultaneous threat
launches and successful interception against maneuvering targets. Cost constraints, 01
other hand, will limit the interceptor weight and the numbers deployed. Also, the interceptc
may operate at an acceleration disadvantage with respect to target, the range and ame-to-go may
not be precisely known, and there may be substantial prediction errors for the initial flyout All
of these factors conspire to place great importance on an integrated system design process that
provides visibility into the interactions between battle management functions (eg., sensor
management, weapon-target assignment and fire-control) and the interceptor guidance law and
component technologies. In particular, guidance-related issues must be taken into account in
the weapon-target assignment and fire-control functions of the battle manager.

As an example, the minimum time for lateral guidance (with limited acceleration
capability) to null out heading errors resulting from prediction error must be accounted for ii
the timeline decisions of the assignment and fire-control processes. The battle manager may
select assignments that avoid unfavorable engagement geometries, where possible. Finally, tne
fir e control manager may select between different guidance laws based on engagement
conditions. Once there is visibility into the existence and phenomenology of potential guidance
problems, there may be easy opportunities for correction by system-level solutions.

Introduction

Strategic Interceptor Concept

For exposition in this paper, a space-based strategic defense system contains orbiting
elements with sensors, interceptors and indigenous communications and processing
capabilities. During a conflict, the space-based interceptors are dispatched against targets or
threats consisting of strategic ballistic missiles that are boosting or executing post-boost
maneuvers. The threats are observed by angle-only optical sensors prior to the launch of the
interceptors and by sensors onboard the interceptors that support autonomous homing
guidance without external communication. The interceptors attempt to achieve a miss distance
that results in a direct collision with the ascending targets. The overall objective for the
operation of the defense system is to destroy as many of the threats as is possible for a given
defense deployment The objective for the defense design Is the lowest cost system that satisfies
a stated requirement for "negation" of an hypothesized threat For any reasonable constraint on
system cost, the performance that will be achievable will fail short of total negation of
numerous threat launches. Nonetheless, significant negation may be a useful alternative to
total reliance on offensive deterrence and may play synergistically with reduced offensive force
levels.

.. The basic elements of the strategic interceptor system are depicted in Figure 1. The
defense may consist of hundreds to thousands of interceptors that may be arrayed individually
or clustered on "carrier vehicle" satellite platforms that provide prelaunch support functions

.. . r .t — _ ___1J-~~ —*^ Ttia !ntarr<0r>t(ir *  Wil l DO StationedIncluding communications, navigation, power, cooling, etc. The
n relatively low earth orbits to facilitate kinematic reachability
The interceptor flyout distance may range up to 2500 kilometers but wiU typically be about 1200
IdtoneS? Typical timelines Include a delay time relative to threat l*^*"***  £
seconds during which time the target rises above an unknown doud cover and is tracked for 20
to 40 seconds before the interceptor is dispatched. The larger delay times may result from delay
In release authorization and system activation during the initial wave of an assault Also, later
firing times may result from the earliest kinematic opportunity for intercept occurring during
or well into the post-boost phase of the threat launch. .Depending on the engagement
geometry, the interceptor closing velocity may range from 4 to 15 kilometersper second.
Typical flyout times are in the range of 80 to 200 seconds, with longer flyouts corresponding to
late post-boost intercepts with beyond the horizon targeting.
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Figure 1. Elements of a space-based kinetic energy strategic defense system.

pvstem Elements and Functions

The sensor elements of the system detect and track threat launches and support the battle
management functions of target track correlation, intercept point prediction, weapon-to-target
assignment and fire-control for each Individual intercept engagement The interceptors carry
homing sensors that allow onboard guidance to execute autonomously after the flyout has
commenced. A large number of architectural possibilities can be postulated for the design of
the sensor systems. The design space includes issues of spectral bands, mono versus stereo-
track coordination, scanning versus staring coverage, multiple levels of resolution, degree of
onboard processing, communication network modalities and connectivities, deployment of t
small number of highly capable sensors versus proliferation of lower cost sensors or collocation
of all sensing on interceptor platforms, and others.

The Interceptors operate exoarmospherically and hence must maneuver using thrusters
and expending solid or liquid fuels that are carried on board. A typical interceptor design is
staged so that the empty weight of tankage or motor casing for thrust used initially during the
flyout does not penalize the agility that is required for the endgame maneuvers. The flyout
may be arbitrarily divided into an initial phase during which "axial" thrusting is used to deorbit
and place the interceptor along a trajectory that is believed to facilitate endgame success
followed by a terminal maneuver phase of lateral" thrusting of the staged "hit-to-kill vehicle."
The terminal maneuver phase is required because the axial flyout can never be accurate enough
to achieve hit-to-kill without terminal homing and more importantly because the future
trajectory of the boosting target is substantially unknown to the defense during the flyout Even
if the threat is known to be a well-characterized type of booster, the aimpoint, reentry angle and
threat maneuver uncertainties can easily result in intercept point prediction errors of several
hundred kilometers over the interval of the Initial flyout

The battle management functions admit of a number of architectural possibilities
ranging from completely centralized to distributed or fully autonomous on the part of the
interceptor elements. If, for example, the target locations and constellation status are broadcast
to all interceptor elements, then each element can execute the same battle management
algorithms and coordinate fire-control decisions implicitly. Alternatively, a number of
-stochastic" and "informed stochastic" algorithms permit highly effective fire-control without
communication to or between Interceptor elements. With suitable algorithm design, the
processing capability to perform battle management can most likely be provided by near-term
RISC processor designs and does not require great technological advances.

;< In dosing the discussion of the system elements. It Is probably fair to state that a number
of design alternatives can be postulated that will achieve reasonable performance goals with
near-term technology and at constrained cost. For the purposes of this paper, a point design
will be constructed to provide illustration of the interaction of battle management with
Interceptor design Issues. The parameters of the design will be chosen to be -round numbers'
that are representative of the design space,. The point design Includes a constellation of carrier
vehicles arrayed In 15 rings of 25 satellites per ring In prograde 70 degree inclination orbits at
500 kilometers altitude. Each carrier vehicle contains 10 interceptors. The interceptors are
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made up of two solid-fueled booster stages and a pulse-throttteable km stage. The kin stage
contains an Infrared focal plane sensor, maneuver engines, attitude control, battery, computer.
navigator, and other components packaged into an empty mass assumed to be 10 kilogram!
For an allocation of 2.0 kilometers per second AV for the kill stage at a specific Impulse of 250
seconds, the locket equation yields a fueled mass of 22.6 kilograms:

•H — i*

mt - Initial mass L^, - specific Impulse
Bif - final mass g * gravitational acceleration

If we assume that each of the 4 kill vehicle main thnisters comprises 10% of the empty
mass and that 100:1 thrust to weight ratio is achievable, then the kill vehicle KCelerttion
capability varies between 45 and 10.2 g's between full and empty conditions. The solid fueled
booster stages are sized to yield a AV of 3 kflometers per second per stage. Assuming a specific
impulse of 280 seconds and that the motor casing/nozzle comprises 10% of the booster weigm.
the total interceptor mass is 330 kilograms. If we constrain the peak axial acceleration to 50 g s,
then the bum time for both solid stages to deliver 6 kilometers per second AV is 285 secoi

The sensor elements are assumed to be located in a higher altitude constellation The
sensors are mid-infrared focal pianes with stereo-coordinated target tracking. Each platform is
Tssumedô ca ŷ a sensor suiteP induding a hierarchy of wide-angle «^£££<^"*5g
and several Independently steerable medium resolution sensors to support high traffi
Urge ing of Individual threat boosters. The target track association problem wil l not be
modeled and only the time delays in servicing the threat traffic and the sensor random errors
Tnd navigation error will be modeled. The sensor aboard each "»£"£""£££
optics sizl and again only the random angle errors of the line of sight observation to the target
will  be modeled.

The remaining sections of this paper will discuss battle management functions and
decisions? interceptor guidance law options, and the interaction of battle management and
guidance law design in the context of overall system performance.

Battle Management Functions

Ppfrt Prediction

In order to determine which targets are kinematically accessible from *«* *^™'
the battle manager must first perform intercept point prediction for each of the targets as they
first enter the target queue. Because the flyout, are quite long compared to tactica missile
LxperTence a d̂ because the targets are accelerating and pitching and may operate at an
rcSeration^dvan^ge with respect to the kil l stage, some form of predictive guidance is
ne v̂ for me initial axial parVof the flyout Proportional navigation type tactical guidance
EH7y De suitable for theendgame, but a guidance policy that uses only the curre ntiy
o^eUed target location or simple constant acceleration extrapolations for future location will
consume too much AV to be practicaL Hence, the accessibility calculation is done with the
predicted future location of the target over, a range of possible intercept I

Considering the operational uncertainties in threat booster aimpoint reentry angle and
evasive ml™ *."£«*  point prediction may Jjwj IOC Mo, J»^^3^2«̂
respect to the true location of the threat booster at the selected intercept times 150 to3
CTto tour*  If the current threat booster acceleration and velodty vectors could te estimated
simple ex^polation would yield prediction errors that were in the range of 500 to several
Snd kitometers. Knowledge of the booster acceleration profie and dfenttifer

gravUational acceleration would improve the extrapolation but still would not yield acceptable
prediction errors.

Two techniques that yield acceptable intercept point prediction will be described. One
uTmWTcSde model of the Foster from the estimated launch location to an estima ed

atl minimum energy reentry angle. The aimpoint can be estimated £ be the
Of the geographic arealhat is a priori believed to be the bitended £****£""

oser 0-e, Con^nfal United States, CONUS). Alternatively, the ahnpoint with*  tMs area
ante estimated by hypothesizing that the threat booster tra}^^
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Figure 2. Geometric construct for aimpoint prediction.

space and by projecting the plane to find the Intersections withtfw defined target am m a
routin*  Earth surface for a nominal impact time. Tr« geometric construct is illustrated in
Figure! If the target area is represented as a rectangle in Utitude-longitude space, there will in
Reneral be zero or two intersections with this nonreentrant region. The estimated aimpoint can
be taken to be the midpoint of the two intersections. This technique has been found to yield
acceptable prediction errors if the threat booster trajectory plane can be estimated from sensor
observations. For a Knge of threat booster launch point-true aim point variations, the
projection technique for estimating the threat booster aimpoinl has been found to result in
intercept point prediction errors that are an average factor of two to three lower than tfie errors
resulting from the use of the target region centroid for the threat booster aimpoint. An
additional benefit to the use of this technique is that it does not require an accurate target stat
estimate but only the target positional location at two time-separated observations early ii
target trajectory.

The second technique for Intercept point prediction utilizes a template to represent the
nominal trajectory of a threat booster instead of the crude simulation of the thrust-tune history
in a gravitational field. The template can be represented by the altitude and downrange
coordinates as a function of time, for example. Sensor line of sight observations over time are
filtered to estimate the current point, launch azimuth, launch time and reentry angle. The
predicted intercept point is obtained by extrapolation along the template from the current
estimated location. The launch point can also be predicted for threat tagging by extrapolation
backward along the template. Although the extrapolation along the template is relatively
inexpensive computationally, the effort to estimate the template parameters is equivalent to
the computational effort in using the first technique described. The template technique also
shows somewhat greater brittleness to discrepancies between the flight profile of the booster
model used in constructing the template and that of the actually observed threat booster. 1
monotracking (i.e., observations from a single sensor) is used, however, the template technique
and careful selection of sensor geometry to insure observability may be necessary in order to
estimate target location from the line of sight angle-only measurements over a short period of
time.

Assodatkm

The calculation of the list of klnematlcany feasible targets for each interceptor is referred
to as weapon-target association. The data structure that Is used also contains a coarse solution
of the interceptor Bring time corresponding to each of a number of discrete intercept times
relative to the time of the threat booster launch. Hence, the feasibility list also encodes the
feasible firing times and the Intended intercept time. The decision as to which interceptor
encaees which target and the intended intercept time Is referred to as the weapon-target
asSenment function. A number of algorithmic approaches for weapon-target assignment will
be described in the next section. The association data structure Is essential to support most of
these approaches. ,

. . . . . •- • ' - ,
The calculation of kinematic feaslbfllly tor large numbers of satellites against large

numbers of targets can be computationally Intensive. A standard approach to the reduction of
this effort is the use of the "cookie cutter" heuristic to thin out the total number of kinematic
calculations. If interceptor satellites are represented In list A and targes (actually predicted
intercept locations) in list B, then for each dement of either list, a geometric calculation is
performed to determine the subset of elements from the other list that are located within a
cookie-cutter template positioned at the location of the element of the first list In other words,
satellites on the far side of the Earth from a target are ruled out as kinerraticafly inf^We for
that target. The cookie-cutter template Is not a true representation of the kinematic footprint,
but a quickly evaluated approximation that rules out apparent infetslbilities without yielding
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any false negative results. Because some engage* *nt» may Beat very fcag range wIA beyond*
! the-horizon targettinfc the cookie-cutter heuristic tends to be quite coarse bot may nonetheless

cut down the total number of kinematic calculations by a factor of twenty.
. - = - ' . . : • . • - < ' • - . . _ „

sTwp- A second layer of heuristic thinning can also be employed to speed up the overall
\ weapon-target association process. Whereas the cookie-cutter heuristic was based on some

approximation of reachability in terms of ground-track dfctan̂  the sect»d r.euri
timeline considerations. For elements of A associated with subsets of B, or rke versa, as

• determined from the first heuristic, a calculation Is made of the transit time feasibility
assuming that the interceptor Is fired immediately, assuming impulsive acceleration and
Ignoring gravity. If

AR - vector distance to be covered between interceptor satellite location and
predicted intercept point

V. - orbital velocity™ *

cosA » cosine of angle between V0 and AR

AV M - Interceptor axial AV

Vpe, - resultant Interceptor vdodty - V0 + AV M-VBHAR/ I I AR 1 1

then we solve the quadratic equation for V^ :

If the discriminant Is negative then there is no way that AVOT can be added vectorially to the
orbital velodty to send the interceptor along AR. If there is a solution, then this optimistic
impulsive transit time is compared with the actual time to go to the intended intercept time. If
this time underbounds the actual time to go then the impulsive velodty required is calculated:

1IVreql1-11AR/T>B-V0U H

If the impulsive velodty required exceeds the actual interceptor AVM and Is increasing
with time, then the heuristic dedares that the particular interceptor-predicted intercept point
pair is infeasible, The effectiveness of this heuristic depends on the thinning achieved relative
to the time spent evaluating the heuristic. The association process was observed to speed up by
a factor of about 40 with the use of this heuristic

Finally, for those pairs between sets A and B that survive the heuristic thinning, the
kinematic feasibility calculation is performed by computing a coarse-grained fire control
solution as follows. The gravitational acceleration along the flyout trajectory Is assumed to be
constant and Is taken as the value at the midpoint between the interceptor location at firing
time and the predicted Intercept point:

Also, the flyout program assumes that the Interceptor acceleration due to axial thrusting occurs
along a fixed direction in inertial space. These apprcodmations permit a great deal of analytic
simplification and enable fire control solutions to be efficiently calculated. The distance that the
interceptor travels during the acceleration along the constant direction Is denoted by ARboost
and can be analytically calculated. As before, the vector distance to be covered between initial
Interceptor location and the predicted intercept point Is denoted by AR. The simplified
kinematics corresponding to these assumptions b given by:

where - -*-
"•- . •- " - - . - • -i" -~
- initia l orbital Telocity

- Intended flyoot time - Imtercept - Tfire
-
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AD quantities m mis equation are known except I* , A solution far  T^, can be obtained

using * bounded one-dimensional search algorithm and the solution steraltaneously yiekla ih*
thrusting direction for  the axial boost Although several approximation* hare been nmtte
firin g times and directions arc sufficiently accurate that Ryout accuracies 'e*~^^JS5J

Setoeroeplor is initiafly cUrected may be in error by several hundred kilometers, the flyout
• *. . • *

accuracy stated above is quite acceptable.
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Weapon-target assignment U the crux of battle management, although sensor and
commvrucatioro inanagement are no Jess Important The weapon-target assignment dedsic-ns
can be made according to a number of policies and much depends on the «r^te^J*9;'
tpace-defense system. Perfect firing dedsions require forefaiowledgeof allt.ugettar*d wfflnot
Ufurther discussed Given an evolving knowledge of targets as they are launched •nddetected
by the .ystem senaon, the best achievable performance U defined1 by tully coordinated firing
decision* between platforms. However the effecttvenesa of firing polky U defined, fully
coordlMted fire is the standard against which firing dedsions that are constrained by
communications are measured,

PuHy coordinated fire can be achieved by an architecture that supports centralized battle
management Because of the vulnerability of this approach, alternatives have been devised to
achieve the same effectiveness but with distributed fire management The main requirement
for full coordination is the knowledge of the location and italus 0*t carrier vehicle
functionality "d number of interceptors remaining) of all carrier vehicles and a knowledge of
the complete current target set If this data is broadcast to every carrier vehide. forInstance.™
if every carrier vehide runs the same algorithm for weapon-target assignment that would be
run by the centralized battle manager, then implidt coordination is achieved This concept U
sometime* referred to as the -virtual battiegroup- concept The difficulty in implementation U
not overwhelming as the number of bytes to be communicated b quite manageable (Le., -20
bytes per new target or changed status) and the processing load for the weapon-target
assignment algorithm is readily accommodated on current technology commercially "aUable
microprocessors. If some of the carrier vehicles receive corrupted information, then the firing
dedsions degrade gracefully from the optimal depending on the extent of the data loss. I
connectivity can be detected, then particular platforms can switch to autonomous firing policy
modes that will be described shortly.

The quantitative objectives for  weapon-target assignment can be defined in a number  of
ways. There Is, of course, the essential objective of destroying as many of the threat boosters as
possible- Thert may be some a prior i knowledge, however, that some threat boosters are worth
more than others in that they carry more reentry vehide warheads and so the objective may be
posed in terms of number  of boosters or  numbers of warheads. Considering warheads as the
primar y objective, there b then a premium toward achieving earlier  intercept times for  post-
boost intercepts or  for  achieving a boost-phase intercept Another  issue is the casting of the
objective as a maximization of the number of warhead kfll s or  the minimization of damage
bom leakage. This leads to consideration of adaptive defense in the allocation of interceptors
against targets. Considering the uncertainties in inferrin g the threat booster  aimpoints,
however, this Is less of a concern for  boost and post-boost strategic defers than for  midcourse
or  terminal defense where the ballistic track is well established Other issues Indude the
distributio n of Interceptor  offload so as to delay depletion of interceptor  resources and the
creation of opportunities for  subsequent threat sahros to fly through with Impunity . Finally,
there may be some advantages to consideration of engagement geometry in the weapon-target
assignment For  instance, precedence may be given to engagements within the horizon so that
the sensor  onboard each interceptor  can acquire before launch or  to engagements that
emphasize small crossing angles that achieve a higher  likelihood erf socceŝ interceptkin. AU
of SSlSderatioarcaiTbe factored into the objective function and the weapon-target
assignment problem fonnulated as a constrained optimization problem with primar y and
secondary optimization criteria.

the fuHr coordinated Bring po&des. an Important distinction can be made
• policies mat strir e for  the earliest feasible time of interception (leading to

immediate firingoriers ) and those ftat utilize ftetin.«of intercept as an addittaialdeytt of
freedom. Although intercepts eartier  in the post-boost phase or  no Uter  ttun fte «d ofAe
boost phawweg^Hy desirable, the earliest firto g ttoe polky lesultt fa "hair  trigger-
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aDocatkinsofmterosptorreswirces. factfier wcrfs,selectionclanmtercept time mat bup to
10 or 20 seconds later than the earliest feasible time allow* for additional; Information to be
developed In the target queue and for the more optimal reassignment of interceptors not
already fired If all of the threat boosters are detected simultaneously, then thb b to no avaD
However most postulated scenarios contain a time structure as well as a spatial structu
launch activities and significantly improved performance accrues to the policy with some
latency to the firing orders. >*

The mathematical statement of the assignment problem b given In Figure 3.

-:i

1 Tanjas.j-l.LJ
CVs: I- 1A-J
f IntereqxorVCV: 0|

Feasibility of fire control solutions for CV, at target J at any time: g, « 1 or 0

Alignment variables; x-| . l for asrizmnent of CV, at target J , 0 otherwise

H
max t

Conrtrmina: I xy in j (Migszine Lo*l)

l *

Define Utility : U^ such thtt :

I

3fj B 1 * 1 *

J

j
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Figure 3. Formulation of Weapon-Target Assignment Problem

Given the data structure describing the feasible associations between weapons and targets,
a number of algorithmic approaches are possible [2). A purely heuristic approach may be
constructed as follows:

• For each target, count the number of carrier vehides that can fire upon It and that
have unassigned interceptors remaining

• Sort the targets by this count and assign targets in inverse order G-e., assign targets that
can be fired upon by only one carrier vehide first), in the case of ties, assign the target
with the most warheads first and break ties again with the assignment of the earliest
intercept amongst the discrete intercept limes.

. • For » given target, assign the Interceptor from the carrier vehide with the largest
magazine load of unassigned interceptors remaining. Decrement the unassigned
magazine load for that carrier vehide. • , . . ^

This method works reasonably wefl and yields assignments quickly. An alternative
approach that utilizes the auction algorithm also executes rapidly and yields even better results
[3]. The auction algorithm functions analogously to the oamrnercial auction process with the
exception that all items to be sold are auctioned imminently instead of consecutively and that
some buyers are limited to subsets of all items to be sold (i.e., feasibility constraints). The
auction algorithm can be configured with targets bidding for interceptors or vice versa. The
utility of each item to be sold to each potential buyer b initialiTPd and the price for each Item b
set to zero at the beginning of the auction. For each buyer not currently assigned an Item, that
buyer bids on the item that presents the maximum difference between utility and price
(manrinal utility) for me buyer. The Item b assigned to the buyer and any previous assignment
of that item b nullified. Also, the price is incremented. As the auction proceeds the^prices
escalate and the marginal utilities decrease. The auction stops when there are no bids that
represent « ni^nnegative naigiral utOirr. The final auction prices and assignments reflect the
tnaxxmization of the aggregate marginal utility for all bidders.

X!̂ s;
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'The auctionalgorlmm on be
normalized [31. The^oces. can als
with initially large price increments and successively smaller Pf]«^?*m«"?m. ""*
bidding rounds. Each round b initialized to the prices resulting from the prrrtou*  nwml
the Items start out unassigned .

. . r -
'V * VftiH y coordinated weipon-target assignment Is not jmsfife,

alternative, that may yield 60 - *>% of the fully
.tructure of the thre.5 scenario, I The mamptton b tlvat
Information only for the subset of targets that are accessible to It

An alternative weapon-target assignment approach that "̂ Î™*"" " * **
Informed stochastic" approach. Again the carrier vehide knows only about th*  £getsOiat are
accessible to it The assumption b made that the carrier vehide also knows the too-ions erf jhe
sSrounding carrier vehideTthat also are accessible to its target set The «"£!**•» »
ouestion then counts all of the interceptors that can be brought to bear on its target setand
S^tXTLnber of InterS^ors equal to *e ratio of its *^**™g*«
accessible mterceptors. In general the number b not integer and the remainder b treated as th
probability of firing its n+lrt mterceptor. Assuming that each carrier vehi *  »«catei te «ne
Scy, the mean Simber of interceptors fired can be controlled to be equal to the number of
Urgett. If defensive resources permit, then the average number of *y<^£*F&^
.et̂ Ta number greater than unify. The informed stochastic approach avoids the d^butional
feeding frenzy o^multiple targets and also avoids the succephbuity to draw down from isolated
launches.

Interceptor  Guidance Laws

Jnforrnatfon Sources

The interceptor guidance must function with information that b loaded prd^rn*  from
the battle manager fire controller, with modelled information on the threatand with line of
right information that b obtained from an infrared optical sensor that b observing the threat
booster plume on a midwave infrared focal plane. The latter information source may be
available before launch, acquired after launch, or possibly acquired and then i -Vinked out .but
available during the endgame. If there b the possibility of cooununication with the interceptor
after launch, then information from other sensors can be combined with onboard sensor
information to drive the guidance function. Apart from the difficulty in tracking and
comm\mic.ting with Inleroiptors, there b the additional '.ssue of target track association
between sen«*s wherein Urge number, of **̂ ^ - ««l°«*J^ r̂̂  ~ T^^
to be correlated with the multiplidty of targets on a different focal plant [4] to the present
purposes, it b assumed that the interceptor b autonomous ate UunA and that acquisition of
Unintended target after laur.cn b successful. If Acre are ambiguities in the target deriputap
then the fully coordinated weapon-target assignment may devolve to me stochastic target
assignment levels of performance. .•*- / -

Guidance

As mentioned earlier, the use of predictive guidance for  the axial
STtero»tor  trajectory t̂ ems to be a jJrempdsite for  anting within . suitâ  Tuwlover b̂
for the endgame. That is, lh*r e b Uttie opportunity for  pursuit or  proportional type guidance
laws to succeed orer  «ucn long flyouts where me target has such a large AV reserve and b
accelerating fa unknown directions and where me pursuer  Is severely WMtralne d In AV. To
provide a significantly large coverage -footprint - or  area on the ground within which the
brWtin g Interceptor  may achieve a Decontrol solution against the ascending threats, the
intercept trajectory must be energy efficient j -,,

^ . ^ . - - - - • - - -- »..*-*•>. •
T* • .

techniques that statistically avoids the «*M5.^—« 0 «no*ir»i««»»
^uw=same target bthe random fire assignment If a carrier vehide hasan-
fires with probability one and the assignment b randomly chosen fr
from amongst all of its accessible targets. For a target-rich environment, -~ _ --
dispatch of multiple interceptors to the same target is statisticaUyquite small
distributional -feeding frenzy- of many interceptors attacking the same target b avoiOd
b the unfortunate property, however, that if the coverage regions ofadjacent carru
overlap, then a single isolated threat launch will draw an interceptorfrom eadi of the
carrier vehicles. For proliferated architectures, an isolated target may &"»** *  «««*
interceptors and there are easy opportunities for the threat to structure an attack that draws
down the defensive resources.

• ' ̂ ae*'v "̂*  J "" - -—•* * —«J
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A simple approach to the axial guidance W to fly me Interceptor to me predicted Intercept
point to arrive at the predicted intercept time. The predicted Intercept point and time b
specified to the interceptor guidance at launch time. If the axial AV b delivered impulsively,
then this Is a simple problem m Keplerfan physics and the direction to apply the AV Is obtained
from the solution of the classical Lambert problem [5]. That b, a VU^M *  calculated far the
orbital transfer and the Impulse Is oriented along the vector difference between V^^, and
lhe orbital velodty V.. Of course, the AV b delivered with finite thrust over * period of timt
and the predicted Intercept point may be updated if the sensor onboard the Interceptor hat the
target acquired during axial boosting. The steering of the thrust vector under these coflditkm
can be done in a Yariety of ways. The Umbert solution can be used fa ft feedback approach
wherein the velodty to be gained for the orbital transfer b updated and the thrust oriented
along the most recently calculated velodty to be gained vector. For trajectories where the
thrusting time b long compared to the total flyout time thb approach b not particularly energy
effident An alternative approach b to orient the thrust vector along the fixed direction In
Inertial space that was calculated by the fire control solution. The solution of equation 5 for the
time of firing the interceptor ImpUdtly yields the firing direction. Ifwedefine

..- £'
•>---.

. bo°it '  ;

then the solution for me time 'of firing also minimizes:'
-

• v • ',.'-»

- : -

. . *,"""'' •
ifc'-irCoi-*  •-*•«'*> , .'-•, •

* ••' •f - - x -• - .V'--_^ -' "miffffAt r»t"T L>?g!f ITI  * ' i "^
and Implldtly yields the firing arectton: If AR^ i AV^^ .T^andTui
the remaining dbtance to be travelled and AV to be gained and the times are updated during .- :
the axial boost, the solution that minimizes equation 7 can be used In a dosed loop ****&* « *
form that leads to more accurate steering and accommodates any update of the predicted
intercept point .. : ,

Other steering law approaches for axial thrusting may attempt to factor In the dunging
uncertainty in the predicted Intercept point In order to expend more axial AV where the
uncertainties are lower. For example, the standard deviation of the predicted intercept point
may be estimated and the axial thrusting steered to effect an intersection with the dosest point
on the surface described by the points at distance one or two sigma from the predicted inUaC-ipt
point Thb policy recognizes that noisy information sources leading to noisy predicted
intercept point locations may waste axial fuel in responding to the noisy predictions. As the
time interval over which the prediction is made is decreased and as the uncertainty In the
predicted intercept point decreases, the axial thrust Is steered doser to the center of the
prediction. The actual Implementation can be with continuous thrusting with steering
commands updated at a high rate or with discrete axial "midcourse- corrections, depending on
the propulsion mode

Guidance

As discussed earlier, lateral guidance using high data rate line of sight angje Information
from the sensor onboard the interceptor b essential to reduce the miss dbtance in the endgame.
The situation b common to a number of tactical antiaircraft missiles except that control
authority b achieved by thrusting instead of aerodynamic maneuvering. A variety of guidance
laws can be designed to achieve the desired small miss distance with the limited acceleration
capability of the interceptor and with the limited AV capability.'̂  The problem Is not trivial,
however, in that the target may be operating at an acceleration advantage with respect to the
interceptor, the target acceleration b not constant and Is changing direction, the line of sight
measurement of the onboard seeker may be noisy, the differential gravity between the
Interceptor and target locations may be substantial and me initial heading error may lead to an
open loop miss of hundreds of kilometers.

In la conventional tactical guidance type approach, the commanded Interceptor
_ •> » • • _ m . - •? -I _.« .̂*•_.*.>£«• _ r^T". > _*' , ' ' . . i f til-
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The AT term Is the -augmented proportional navigation" term and b set to zero for pure
proportional navigation. Pure proportional navigation is highly effident when the true target
acceleration b zero. This guidance law has the salutary property of straightforward
implementation and robustness. Accurate inertial navigation is not required as only the line of
sight rate, a relative coordinate measurement must be accurately measured. Errors In tl
estimated doring velodty simply change the effective navigation constant to which results are
not particularly sensitive to variation in the range of 10 to 20%. During operation, the
Interceptor acceleration commands null out the line of right rate at a rate that depends on tt
navigation constant For long flyouts in a gravity field, however, the variation in tl
gravitational direction across the flyout will result in the generation of line of sight rates eve
though the Interceptor and target are on a Lambertian collision course. Jfence, lateral AV wff l
be wasted because the simple proportional guidance law does not know about gravity.
Compensation for gravitational effects can be introduced in the augmented term by adding a
target acceleration equal to the gravitational acceleration halfway between the interceptor and
the target Thb simple compensation does not completely eliminate AV wastage In the gravity
field, but does reduce the magnitude to manageable levels for flyouts up to 200 to 300 seconds
duration.

The augmentation term Is an approximation that provides some antidpation of Une of
right rates to be generated by a constantly accelerating target Because that b not the case for the
strategic defense application, the AT vector must be updated by the onboard sensor
measurements. The use of higher derivatives such as a Jerk term would improve performance
If these terms could be accurately estimated Usually, the errors resulting from estimation of
these terms from noisy sensor data preclude their usefulness. The estimation of the
acceleration correction term from angle only sensor measurements requires some additional
modeling, fa the current approach, a simple dosing distance model b initialized from the fire
controller:

DCO-

whereDm- distance between Interceptor and target at time t

,t firing time
-"  total flyout time Interval ,

-A

•• :

. • - ' ', • •, - '•' '.

a

Assuming that the interceptor can determine Its own navigated location in Inerual space,
It], the inferred location of the target in inerual space Rp b constructed from Rj, the line of right
measurement, and me dbtance model:
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he resulting acceleration estimate is not particuary accurate,
e with respect to pure proportional navigation in a

1 The reconstructed target vector b then processed through a polynomial Kalman filter to
extract the estimate of the target inertial acceleration AT to be used in the augmented
proportional navigation term. The resulting acceleration estimate is not particularly accurate,

_ * _ * . . _• . _ _*  _._A.WMV*.!«•»*-.  ptl «•fetn*»al-trtr t in Tin*;*
but does improve pertormance
engagement geometries.

Other issues in the use of proportional navigation concern the selection of the
navigation constant To respond effectively to accelerating targets, the navigation constant
must have a value at least equal to 3. Larger values are doser approximations to an impul
euidance law and are more AV effident in the absence of noise, but they can be considerably less
effident when sensor noise is present. Another significant issue is the saturation of achievable
acceleration. Proportional navigation with perfect line of sight information and continuous
control will always achieve a zero miss distance if infinite acceleration can be achieved. WiU
finite acceleration capability on the part of the interceptor, the acceleration command is said to
be saturated when it exceeds the achievable acceleration. In practice, the two symptoms
assodated with excessive miss distance (i.e., failure to intercept) are guidance saturation and
exhausting the AV capability (I.e., running out of maneuver fuel). Saturation may result from
excessive heading error (i.e., discrepancy between predicted intercept point used for the flyout
and the true target trajectory), from high apparent target accelerations that generate large line <
sight rates and are not induded in the augmented proportional term, from target acceleratic
transients that accompany threat booster staging, and from excessively high navigation
constants. Many intercept trajectories will exhibit guidance saturation during part of the flyoi
and espedally at the very last instant before intercept. Saturation during any significantly long
portion of the flyout will quickly exhaust the AV capability and may be indicative of other
underlying problems.

A simple strategy for achieving the simultaneous objectives of efficient AV usage and
small miss distances in the presence of significant prediction errors and sensor noise is the use
of a navigation constant that varies according to a predetermined schedule. During the initial
part of the endgame, large values of k result in quicker unwinding of the line of sight rates
resulting from initial heading errors. The earlier that heading error corrections are applied, th

.smaller the AV required to complete the correction. Unfortunately, large values of k also
exaggerate the wastage of AV from sensor noise. Finally, large values of k are necessary to
enable the control authority necessary for the achievement of small miss distances at the back
end of the endgame. Hence, a useable strategy is to begin the engagement with a navigation
constant of 5 and to schedule an increase to perhaps a value of 10 as the distance model ramps
down to some threshold distance.

Another strategy for dealing with excessive AV usage on long flights (because of
imperfect gravity compensation or sensor noise) is to constrain the operational times for lateral
guidance between a minimum and a maximum guidance on-time. In other words, the lateral
guidance is turned on only when there are a specified number of seconds remaining before the
intended intercept time. Tie minimum lateral guidance time is enforced by the battle manager
and is an important constraint for dealing with antidpated errors in the predicted intercept
point. For a given interceptor lateral acceleration capability, it can be determined that a
minimum time interval is necessary to null out a two sigma prediction error. For example, if
the prediction error is 200 kilometers and the average lateral acceleration capability is 8 g's, then
about 20 seconds Is the minimum time necessary for saturated guidance commands to null out
the prediction error. The battle manager selects the intercept time and with allowance for the
axial thrusting time, a firing time can be determined that enforces the minimum guidance
time. The maximum guidance time is used to switch guidance on after a dormant period
during a long flyout. The maximum guidance time is empirically determined by the
performance tradeoff between failed interceptions resulting from guidance saturation and those
resulting from running out of maneuver fuel.

Other guidance laws may be constructed that attempt to achieve better operational
performance by increased modeling or greater extraction of sensor information. Both of these
generic approaches result in greater computational and implementational complexity. For
example, reference model-based guidance laws may require a "mini-simulation1' within the
guidance loop of the antidpated future trajectory of both interceptor and target. When the
reference model assumptions and parameters are in consonance with reality, significant
reductions in AV usage can be obtained. On the other hand, the reference model-based
techniques are significantly more "brittle" and prone to failure when there Is not agreement
between reality and modelling assumptions. Guidance laws that rely on higher order
corrections than augmented proportional navigation require higher order filters that are slower
to respond to new data trends a.id frequently require accurate estimates of the time to go before
interception. There may be some advantage to the employment of these advanced guidance
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> laws, but the performance needs to be quantified In the presence of plausible estimates of
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-^ System Performance :

' , To guide the search through the trade space for the many parameters, architectures,
algorithms and guidance laws of a strategic defense system. Measures ^Effectiveness CMOEs)
must be formulated against which competing selections can be evaluated Se «ral obvtous
candidates for the MOE include the probability of coverage for an arbitrary single threat booster
launched from an arbitrary location at an arbitrary time and at the opposi e > end of 1
spectrum, the maximum number of simultaneous threat launches from a sing»e site ti^t can be
covered before the defense is exhausted of resources in the vicinity of that threat. The latter can

• ' be further generalized as will be seen shortly.

Because the previous two MOEs focus on the limits of the threat spectrum. It can be
argued than an additional MOE is necessary to characterize the i nonlinear pwfo™"* «J '
"representative" type of threat scenario. Hence, a "baseline" threat may be defined with a
sequence of threat launches that are heterogeneous, structured In space and time, and credible
in number.

Finally, In recognition that the cost of a potential space defense system Is of strategic
importance, a final MOE consists of the total mass that must be placed in orbit *° achieve a fixed
performance criterion such as universal coverage of an arbitrary launch or a certa n Percentage
negation of warheads launched In the baseline threat. In this MOE, mass in orbit is used as a
proxy for system cost.

Figure 4 illustrates the coverage MOE and is derived from system simulation of the battle
management functions of a constellation of carrier vehicles. A threat booster is launched
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J, Figure 4. Temporal Coverage Gapj For Boost-Phase Interception

every 30 seconds from a single launch site' to evaluate the continuity of
defense system with a constraint of boost phase Interception. The launch rate of ^
boosters Is low enough so that the defense is never depleted of interceptors from any location
and so any gaps In coverage reflect the limitation In kinematic coverage (I.e., the axial AV and
#'£&&  configuration and numbers). The result, of this simulation exercise .were
cored in one half hour bins and presented In Figure 4 as the fraction of threat launches that

could not be assigned during each time period. It Is seen that there are half horn -periods when
40% of the launches could not be covered by an interceptor from any carrier vehide. There is
also a macrostructure of approximately 3.5 hour periodidty to the distribution of coverage gaps.
The totality of the gaps amounted to some 2 hours of launch opportunities over the 24 hour
Sriod during which the offense could fly through the defense without suffering loss : wtth
respect to boost phase interception. These results need to be generalized for a variety of launch
[fcaTions toful ly address the' Isolated launch coverage MOB, The lack o ̂ coverage could be
addressed by distributing Interceptors on more stations, by increasing the Interceptor reach with
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larger axial AV allocation, by extending the reach Into the post-boost phase, or by some
combination of the above. The Increase in numbers of interceptors obviously increase
mass in orbit as does Increasing the AV for each mterc^)tor while retaining the sameDumber of
Interceptors. If the strategy is to to reallocate the total Interceptor AV between axial and lateral,
the larger footprint accorded to the higher axial AV will come at the expense of a lower
probability of kil l because Interceptors with inadequate lateral AV will run out of fuel agafcst
uSwy^eruS and maneuver!̂ target trajectories. Meaningful trades can be accompUshed
only with an analysis that ties together the battle management functions with the guidan.
functions If this is done, there are probably a variety of point designs that achieve full coverage

asfeitf^^
orbit can then be used to discriminate between these designs.

•
i.

The MOE concerned with the maximum number of .
single site that can be covered addresses the resiliency of a design to highly intense threat
scenes With a constrained number of interceptors on station, the offense can always punch
through" the defense If a suffidently large number of threat boosters are launched

Zero and 5% Leakag e Region s

10

100 12 0 14 0 16 0 18 0 20 0 22 0 24 0 28 0 28 0 30 0

Tota l Launche d

Figure 5. Universal performance curve for single site launch.

from a common location within a short period of time. Of course, the defense Deployment can
be Tize?ra given upper limi t on thf estimated offensive capability for spike launches

Eon" SSSSBB^ ̂ S-lnll̂ t SM

sraŝoneW^rfd« against 10 launches that occur every 10 seconds or 60 launches occurring in an
SSSSSS^O seconds. Only the average launch rate is significant. In Figure 5, large values
of the vertical axis represent an infinite launch rate. The asymptotic part of the 0% Miss
curve along the ordinate axis represent the maximum number of simu taneous launches that
can be covered. The asymptotic part of the curve along the horizontal axis represents the
S^imû  launch rate th*  can be covered on a sustained basis and represent die.situation
whlrMnterceptors on station in the vidniry of the launch site are replenhhed by orb tal
motion of carrier vehicles entering the battle space. In Figure 5, for example,jhede fenslve
svstem can handle up to 100 simultaneous launches from a single site before depletion of
interceptors causes coverage gaps. Alternatively, a launch rate of about one per second can be
covered on a sustained baslsf In between these extremes, any particular value for launch rate
wil l yield a maximum total number of launches that can be covered J'^fT^W.fP*
appear. In recognition of the fact that complete coverage may not be economically c
technically-feasible?a family of curves representing different coverage o^eriacan be'gen*rated
a, is represented by the second curve labeled "<5% " That Is, the area between he 0*andi 5%
curves represents all cases with <5% missed coverage. It can also be noted that the single
launch site performance can be characterized by the two asymptotic values of maximum
simultaneous launches and maximum sustained launch rate.

•
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VT, When the threat launch scenario Is generalized to mdude" distribution of launches over
• number of sites, it 1s seen that launch sites within a small fraction of the footprint
characteristic distance, say within 200 kUometers, can be treated as a single site for prediction c
defense performance using a universal curve such as shown in Figure 5. Launch wena™*
with widely separated sites usually can be treated independently. Launch scenarios involving
Sites that are separated by 300 to 400 kilometers show interesting space-time correlation
interactions. In other words, the system performance for a simultaneous launch at one site
followed by a simultaneous launch at a second site can be worse than for the case of both site
launching at the same time If the Interval between spikes is appropriately timed. The first jsite
creates a region in the defensive constellation that is depleted in interceptors and this hole
drifts over to the second site creating opportunities for threat launches to ascend without t
by the defense.

*
The baseline scenario MOE exerdses the defense for what is estimated to be a credible

launch policy on the part of the offense in terms of numbers, spatial and temporal distribution
of threat launches. If the scenario is standardized than comparison can be made across
number of different analysis tools. Also, the effects of individual error sources and architecture
or parameter variations can be investigated against the backdrop of a common problem with
plausible distributions of threat launches.

Finally, the orbital mass alias cost MOE serves as a sanity check on the overall
architectural construct. Assuming a launch cost per kilogram placed In low Earth orbit and
usine a gross estimate that the hardware costs are about the same as the launch costs, an overall
system cost can be inferred that is likely within a small factor of a more elaborate cost analysis.
This can be used for comparisons between architectures and for finding the parameters of the
lowest cost point design that satisfies a given performance requirement or the best performing
design that satisfies a cost constraint.

Guidance Versus Battle Management Trades

As illustrated in Figure 6, the failure to intercept a particular threat booster can be
categorized in three ways. The threat may escape interception if it is not fired upon if it is fired
upon but the interceptor guidance command satxirates for any length of time immediately prior
to the point of dosest approach, or if the interceptor lateral DV is exhausted.
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Figure 6. Reasons for failure to intercept

The first category of failure indicates the lack of an interceptor within kinematically
accessible reach of a particular target. If this symptom is addressed at the level of battle
management, the condusion might be that the spacing between interceptors in orbit is too
large. If addressed from a guidance point of view, th*  -ondusion may be that the mterceptor
needs a larger coverage footprint from more axial A' .he best system solution may be some
combination of the two strategies. In either case me mass required in orbit is increasing
nonlinearly, approximately as the inverse square of the Interceptor spadng and exponentially
with Increased axial AV if everything else Is held constant If the axial AV Is added at the
expense of lateral AV so as to hold the Interceptor mass constant, then the trade may be
Increasing the failure to intercept from the second and third category of symptoms.

. The failure to interof.pt from saturation during the endgame can be addressed at the
interceptor guidance level by requiring a greater acceleration capability for the kill stage or by
Increasing the navigation constant earlier and decreasing the navigation constant later in the
flyout. For a given technology assumption on achievable thrust to weight ratios for the
maneuver engines, increased acceleration capability will be accompanied by substantial mass
Increase for the interceptor. Recalling that in the current point design an Individual engine
mass of 10% of the empty kill stage mass and a thrust to weight ratio of 100 result in a lOg
capability at the end of fuel. To achieve a 15g capability, for example, with the same engine
technology requires that the Individual engine mass be increased to 15% of the empty mass.
Assuming that the tankage, batteries, seeker, flight computer, etc. are essentially unchanged, the

. . - : ' .





•

• • * - ' •

•••' " • ••'-' . • ' - ^J&!i8iS& ' 7"15

-''\' •*f 1>-'1"*  -/"l*' f ' ' . ' . . -J ' ' , . , . . 'r-> .v'/V . - ; • ' ' " . * - - •. . - • ' - -, - vVx", . " . :.£ - , : . . . . • • ' • . - • . - . - . - - . - . - i

^assumed 10 kilogram empty mass then increases to 15 kilograms. This 50% ̂ "f *
reflected in the total interceptor mass and essentially in the overall on-orbit mass if all ot i
AV parameters are unchanged.

• ' The strategy of adjusting the navigation constant to reduce saturation effects has the
defect that increasing the navigation ratio early in the flyout increases the 10 - 15% of the lateral
AV that is wasted in responding to false line of sight rates induced by sensor noise. Abo, high
navigation ratios at the end of the flyout are necessary to enable suffident control authority to

v : achieve small miss distances. Hence, the mitigation of interceptor failures occasioned by
guidance saturation may be more effectively addressed as a battle management issue. The
obvious response Is to improve the accuracy of the predicted intercept point so that less heading
error remains to be nullified by the lateral guidance or to alter the flyout timelines so that more
riddance time remains for the operation of the limite-t acceleration capability « lateral
guidance. Improved predictions are always welcome but not easily achievable in view c
operational uncertainties. A minimum guidance time constraint, on the other hand, is easy to
enforce in the battle manager.

The last category of intercept failure, the misses due to exhaustion of lateral AV capability
can be addressed at the guidance level by increasing the lateral AV, by decreasing the guidance
fille r bandwidth and sensitivity to noise, or by improving the guidance law. Increasing the
lateral AV carries exponential mass increase -penalties if the other parameters are held constuit.
If lateral AV is added at the expense of axial AV, then the first category of intercept failures rciay
be exacerbated. Decreasing the filter bandwidth will reduce the AV expended in responding to
sensor noise, but will also slow down the guidance response to target maneuvers and may
occasion the expansion of the miss distance distribution so that the loll probability may fall
below acceptable levels. Improved guidance laws are always a good strategy as long as the
improved performance U consistent with the angle information available from the sensor (i.e.,
accuracute time to 30 may not be available) and as long as the guidance law is robust with
respect to unmodelled dynamics.

The battle management strategy for dealing with Intercept failures from lateral AV
exhaustion includes the selection between guidance laws depending on the engagement
geometry, enforcing constraints on the engagement geometry, and assignment of a maximum
guidance on-time. Because of difficulties in estimating the target acceleration for the
augmented term In the proportional navigation equation for some engagement geometries, it
may be determined empirically that pure proportional guidance performs better than
augmented proportional guidance for some easily quantifiable engagement conditions,
battle manager may then initialize the flyout to use one or the other guidance law, as
appropriate for the particular geometry. Because a greater fraction of the target acceleration
"winds up" the line of sight rate for near perpendicular crossing angle geometries, the battle
manager may also be programmed to totally avoid those geometries. Finally, a simple response
to excessive lateral AV usage on very long flyouts is to limit the guidance on-time by turning on
guidance at a spedfied time to go or by delayed firing of the interceptor by the fire control
manager.

Conclusions

It can be seen from the brief, mostly qualitative discussions in this paper that the trade
space for space-based strategic interceptors is highly dimensional and tightly coupled along
many of the dimensions. Individual interceptor performance is important, but is not the sole
determinant of system perfonnano;. This is espedally true when cost is a primary constraint
and achievable performance falls short of complete negation of numerous threats in a massive
launch scenario. The resolution of identifiable performance defidendes will sometimes he i:
the realm of battle management, sometimes within the interceptor design, and frequently will
involve both.

Measures of effectiveness were Introduced to quantify the performance of system designs.
Specific problems in achieving desired performance were identified, the interaction of battle
management with interceptor design and guidance law design were illustrated, and solutions
were suggested. It cannot be overemphasized that it is always necessary to consider important
system interactions. Not previously mentioned, an integrated end-tp-end simulation induding
sensor operation, battle management, and interceptor flyout simulation was essential to the
uncovering of the performance and sensltivies given the many system nonlinearities.
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* Identifiable problems In battle management and guidance Uw
sometime, admit of very simple and straightforward corrections. The a
Integrated simulation testbed to comparatively evaluate strategies and dgariOumjmd to pen
experimentation with new ideas has lead to significant progress. Such a testbedI has been
constructed in an interactive microcomputer environment. The J^fcita lta»V"!
friendly interface, animated graphical output and is scoped to a level of mod-ding fidelity tha
permiti rapid execution yet captures the essential error source. Includingl°£"rtonal
uncertainties. The ability to quickly run very large problems In terms of threat scenarios ana
cardinality of the space-based constellation has pennited much useful analysis
accomplished.
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TACTICA L AND STRATEGIC MISSILES

*y
PAUL ZARCHA N

The Charles Stark Draper  Laboratory, Inc.

Abstract

The paper reviews methods of guidance which are applicable to both tactical and strategic
missiles. It is shown how the various guidance law technologies are related. -Rules of thumb,"
which were originally developed for the tactical world, are extended for application to the
strategic world not only to gain Insight but also to predict strategic interceptor fuel consumption
and performance. Numerous examples are presented to darify and illustrate concepts.

Introductio n

Methods of tactical missile guidance have been In existence for more than 3 decades.1

These methods work well not only against stationary or predictable targets but also are effective
against responsive threats whose future position is highly uncertain. In the tactical arena,
current guidance law technology is effective if the flight time is long compared to the effective
time constant of the guidance system, and if the missile enjoys a considerable acceleration
advantage over the target. It is not uncommon for a tactical missile to have an acceleration
advantage of more than five against an aircraft target, which is more than adequate for a
successful intercept with current guidance law technology.

Strategic ballistic missiles generally intercept stationary targets whose location is known
predsely.2 In this type of scenario all of the guidance is in the boost phase of the interceptor.
Since the boost phase represents a small fraction of the flight of a strategic ballistic missile, the
interceptor glides without guidance most of the way towards the target. In this type of strategic
application, precise Instrumentation is necessary so that the interceptor can reach the correct
position and velodty states at the end of the boost phase so that it wil l be able to glide
ballistically towards the target

In newer systems interceptors will have to fly strategic distances against moving targets
whose future position is unknown. In these applications it is not suffident to apply ballistic
missile technology all the way to intercept. Some type of guidance system is required after the
boost phase to take out inevitable errors due to lack of knowledge of the intercept point and due
lo angular measurement errors of the missile-target line-of-sight Since the newer interceptors
are exoatmospheric, fuel is required for the missile to maneuver in response to guidance
commands. If all the fuel is depleted the mterceptor can not maneuver. In addition, fuel is also
at a premium since interceptor weight grows exponentially with fuel weight. Therefore
exoalmospheric interceptors require guidance laws which minimize fuel consumption. In
addition, because of practical limits on achievable engine thrust to weight ratios, the newer
interceptors may no longer enjoy an acceleration advantage over the target. In fact they may be
working at an acceleration disadvantage!

Heading error and target maneuver are two ma}or contributors to miss distance and
acceleration requirements in the tactical missile world. Formulas have been developed
showing how missfle acceleration requirements are related to these error sources. Heading
error and target maneuver are also important error sources in the strategic world. Heading
error is an angular representation of the intercept point prediction error. An upper bound on
this number is critical for interceptor sizing. Although a strategic target, such as a booster, may
not maneuver Intentionally, its longitudinal acceleration perpendicular to the hne-of-signt
appears as an evasive maneuver to the interceptor. Therefore, the apparent maneuver
capability of the target is not only important in setting interceptor weight requirements but also
in sizing the required thrust to weight ratio of the lateral divert engines-

Heading Error and Prediction Error

A one-dimensional linearized homing loop, typically used in the analysis of tactical
guided missiles.3 appears in Fig. 1. In this diagram missile acceleration n<. is subtracted from
target acceleration irr to form a relative acceleration. After two integrations relative position y
Is obtained which at the end of the flight tp is the miss distance, A division by range (or the
dosing velodty multiplied by the time to go until intercept) yields the geometric line of sight
angle, X. In proportional navigation guidance4 the acceleration command is directly
proportional to the line of sigjit rate according to
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where N* Is a designer chosen constant known as the effective navigation ratio and Vc is the
missile-target dosing velodty'/' • w •• ;. •

- • • • • • - '
. .•-. . ..* ! • .- , •

dt
Figure 1 - Proportional Navigation Homing Loop

In the absence of target maneuver (rrrMJ) we can see from Fig. 1 that the relative
acceleration (target acceleration minus missile acceleration) can be expressed as

Integrating the above differential equation once yields

y .-tf^X+C ,

where Cj Is the constant of Integration. Substitution of the formula for the line-of-sight angle

(which can be derived from Fig. 1 as X-y/*TM > ta **  preceding expression yields the time-
varying first-order differential equation

dt t -t
F

The preceding trajectory equation can be solved analytically because a first-order differential
equation of the form

+a(t)y-h(t)
dt

has solution

- famdTi '  U(T)oT-U(T)dT j  h ( n ) t o <h +(>
j ~ o

".«(T)d T

In the case of a heading error disturbance, only the initial conditions on the differential
equation have to be modified.5'6 The Initial condition on the first stale is zero or

y(0)-0

whereas the initial condition on the second state is related to the heading error by

where VM Is the missile velodty and HE Is the heading error in radians. Under these
drcumstances, after much algebra, we find that the dosed form solution for the missile
acceleration due to heading error is given by

' , : --
V , .

^VM -- :^'
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where rp b the flight time. We can see Hut the magnitude of the initial rnissQe acceleration Is
proportional lo both the heading error and missile velodty and Imrersety proportional to the
flight time. Doubling the missile velodty or heading error win double the Initial missile
acceleration whDe doubling the iligM time c*  time avauable to guidance wff l
missile acceleration. - . » . - .- .*  • i -\ . %

The dosed-form solution for the missfle acceleration response due to heading error Is
cuspUyedmnonnalizedforminFig-Z We can see that in a proportional luvigatioi guidance
system, higher effective navigation ratios require more missile acceleration at thebeguuung of
flight than at the end of the flight From a system sizing point of view, the designer usually
wants to ensure that the acceleration capability of the missile is adequate at the beginning of
flight so that acceleration saturation can be avoided. For a given missile acceleration capability.
Fig. 2 shows how requirements are placed on minimum guidance or flight fme and maximum
allowable heading error and missile velodty.

Normalized Missile Acceleration
Due To

Heading Erro f

1.0

Figure 2 Normalized Missfle Acceleration Due To Heading Error For Proportional Navigation
Guidance

.
With strategic missiles It is often more convenient to talk In terms of prediction error

rather than heading error. A prelaunch calculation or prediction must be made of where the
target will be at intercept The estimated location of the target at intercepl is known as I
predicted intercept point If the calculation is imperfect, a prediction error results and the
missile will not be fired on a perfect collision triangle. The prediction error and heading error
are related by

PredErr--VMHEtF

where Pred Err is the prediction error in units of ft Therefore substitution of the preceding
relationship into the dosed form acceleration solution indicates that the missile acceleration
required by the proportional navigation guidance law to lake out an initial prediction error la
given by

Pred Err N1
rT-2

Lateral divert b directly related to the amount of fuel r«ruired by the ^terfeptor to
tap!em«ltheguidar.ceUwai.defl̂ mexMtmc^ The missile lateral divert
is defined as the integral of the absolute value of the missile acceleration or

AV - JF | n.
J- «

dt

i - -•. - ' •
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The strategic mterceptar AV requirements art .
rocket equation. Increasing a missile', divert requirements can Increase the total weight
requirements dramatfcaDy. We can find a ctoeed-form solution far the required lateral divert to
take out a prediction error by substituting the dosed-form solution for the missile acceleration

After sane algebra we obtain
1' '

Thus Increasing the effective navigation ratio or Increasing the flight time (or guidance
time) will tend to reduce the lateral divert requirements of the interceptor due to prediction
error ••»>••'*•• > •'-.•>.>.••, < "' •"''•-  •"  >: ''1 ; '
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Proportional Narration and Target Maneuver"

<* ' If the only guidance system disturbance Is a target maneuver (HE-0), the appropriate
seccffid-order trajectory differential equation, derived from Fig. 1, become.

with Initial condition.

y(0)-0

y(0)-o

After conversion to a fiot order differential equation and much algebra the solution for the
required missfle acceleration can be- found to be*

N1 [j . M-—
"c "  N--2 !F '

• • • ' • ' -'•'(*••-"  \"
Unlike the heading error case, the maximum missile acceleration due to maneuver is
independent of flight time and missile velodty and only depends on the magnitude of the
maneuver and the effective navigation ratio. Doubling the maneuver level of the target
doubles the missile acceleration requlremenls.

The dosed-form solution for the nussQe acceleration response due to target maneuver is
displayed in normalized form in Fig. 3. We can see that higher effective navigation ratios relax
^Sration requirements at thl end of the flight Unlike the heading 5™£~«< **

acceleration^required to hit a maneuvering target increases as the flight progresses.

5-t

4-

Normalued Missile Acceleration
DueTo .

Target Maneuver

1.0

Figure 3 Normalized Missfle Acceleration Due To Target Maneuver For Proportional
Navigation Guidance
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L. » _ ' f c ^ . ' * _ _ » _. *V ^  J^_T — '- -'-* I**-, afâ aVl . >.rtJ FT.* ftf•™ rom • system dzmg point of view, Ae de^giW must to ensure Out thj
capaHlitT of the missile is adequate at the end of flight so that saturation can be avoided
ordoTor the missile to hit the target The maximum i"* ^ *«̂ ^  JfJ^  ̂  !*
maneuver  In a proportional navigation guidance systOT occiixs at the end erf the flight and is
ghrenby_,

I KnT

PN
' - ' : •

Therefore, for 'an' effective navigation ratio of 3, the missile must have a 3 to 1 acceleration
advantage over the target in order to avoid target maneuver induced saturation.

The avert requirements for a proportional navigation guidance system due to a
maneuvering target can be found by integrating missile acceleration or

' •

AV .

• V

After  some algebra we obtain

AV
PN

_N^

Thus we can see that Increasing the effective navigation ratio reduces the lateral divert

requirements .

Augmented Proportional Navigation

Extra Information can Increase guidance law effectiveness by reducing
accelertuon and lateral divert requirements due to targel maneuver. Augmented
nation can make use of target acceleration information, if it is available. A
augmented proportional navigation homing loop is shown in block diagram formin H* 4
SS^Sget maneuver term, required by the guidance law, appears as a feed forward
term in the homing loop block diagram.

Figure 4 Augmented Proportional Navigation Homing Loop

From Fig. 4 we can see that the augmented proportional navigation guidance law can be
expressed as

f f V
APN

As with the proportional navigation guidance law, we can also obtain
the required missile acceleration due to a constant target maneuver  —
loop depicted to Fig. 4, After  much algebra the reniltant solution for  the
acceleration turns out to be

missile
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" *The dosed-fonn solution for the mi^sfle acceleration required to Wt a maneuvering
target with augmented proportional navigation Is displayed to •«• « "p" 1*̂ ^
we can see thSTthe required missile acceleration decrease, monotonically with ̂ "gf**
of effective navigation ratio, rather tiian increasing monotonically with *»»»*» * "
with proportiorSd navigation. Increasing the effective navigation ratio ^creases
ff^Wacceleration a? the beginning of the flight but also reduces the time at which the
acceleration decay, to negligible levels.s to negligible levels.
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Augmented Proportona. N»riQatton
Nonnalzed MteBe Acceleration

Due To
Target Maneuver
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Figure 5 Normalized Acceleration For Augmented Proportional Navigation Acceleration
Required to Hit a Maneuvering Target

The maximum required acceleration required by augmented proportional navigation to
hit a maneuvering target is

.
,

- : • • . - .
. .5N-n.

IAPN

This means that for a navigation ratio of three, augmented proportional navigation requires
half the acceleration requirements of a missile utilizing proportional navigation guidance.
However, for an effective navigation ratio of 5, augmented proportional navigation requires a
larger maximum acceleration when compared with proportional navigation guidance.

We can express the lateral divert required for augmented proportional navigation by first
setting up the lateral integral as

AVa APN

;.•... . -.̂ iv, ';
InleRration and simplification yields

or . -_-..^ .̂ ..t. —». •4^V..,,.'? %*tj3L'X':*>v-*ris -..-" '- ;,

Fteure 6 presents « comparative plot of the normalized lateral divert required by the
interceptor as a ftinction of the effective navigation ratio for both proportional and «ugm«u*d
pnSSSond navigation due to a maneuvering target The figure shows that the lateral divert
Jequireinenis decrease with increasing effective navigation ratio for both guidance laws. We
can also see, from the formulas and figure, that augmented proportional ria^gation always has
one half the lateral divert requirements of proportional navigation for the case of a target
maneuver disturbance/regardless of effective navigation ratio. Therefore, for strategic
applications, to which the threat is an accelerating target such as m booster, augmented
proportional navigation is a more fuel effident guidance Uw than proporticmal navigation
™ " ^  .^"»,.-_>•,.Si , A&tliiiia "  MC-.A;*:a»u]itaû a.iuBfrt>_: 3 .- . 4 . - '*.-. ' •• '.- ••
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is me^e t̂ational parameter with value 1.4077no« ftVsec* aid XT ai*  yr  are th*

coon...™* of the target with respect to the center  of the B̂ ^̂ *̂ ^̂ "! ^
equations are in an inertial coordinate system they can be mjmerfcally integrated1 oTrectlyto
yield the relodty and position of the target with respect to the center  oi: th*  Earth. /The
cocnpooents of the relative position between the missfle and target can be euyieued a*
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ii cuslWe'formula shows mat the reUtive separation between me missile and

target can be found from - . A . ̂  y >
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-,ATheJ cio^Teiodty, which is defined as the negative rate of change of separation between
WL missfle and target can be obtained by taking the negative derivative of the preceding expression

^""yielding.- -.-•' /•; -''"-. "--'•-'.  't'.'

.(R iVrMi+RTM2>

v.-:
fflfe . .-.Hv • • -• . • ^:  >T7.V;- '•; • •

:̂ The U^e-of-right angje can be found by trigonometry from Fig. 7 as
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Therefore the Instantaneous value of the line-of-$ight rate can be found by taking the
derivative of the lineof-sight angle yielding
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We now have sufficient information to form a nonlinear proportional navigation

t: homing loop for a .trateric toterceptor. As was previously mentioned, the proportional
; navigation acceleration command nc is proportional to the line-of-sight rate and ha.
m.giutude:^f^^.-- * - -

is - . / • - - -
A

«.- Is JnTIs acurtctionwhidi is perpendicular to the Instantaneous llne-of-sIghL From Fig. 7
rV-we can see tiiat the components of the guidance command to the Earth-centered coordinate

5™ system can be found by trigonometry and are given by
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Therefore the aoderation'dHferentf al 'equations describing a non boosting missfle consists of
two parts: the gravitational term, and the guidance command term. The components of t
missile acceleration In earth centered coordinates are given by *

-nm xUl  l |  f-_  -

;  ,  M -  + a - .
*  X M T s X M

9 9

-gmv
M

M

8-9 '

where axM «rf »YM «« tfw guidance components and have already been defined.

A nominal case was considered in which the guidance system was turnedI off. The
resultant trajectories for the 500 sec flight of a non boosting missile placed onL a balhshr coUWon
triangle and impulsive target is shown in Fig. 8. In this case the missde hit the target The fart
She missiles fcufcSly placed on a collision triangle implies that " *""££** "
intercept point was perfect. The slight curvature in both missile and target trajectories is due to
the facl that both objects have been in a gravity field for 500 sec.

500 100 0 150 0 200 0 250 0 300 0

Downrange (Mm)
Figure 8 Collision. Triangle Geometry For Nominal Case

A guidance system is required since tt Is not always possible for the missile to be on a
collision Wangle. There will always be errors in predicting the location of the intercept point.
Consider a rale for a proportional navigation guidance system with an effective navigation
ratio of 3 in which there is a TOO kft prediction error. This means that if we turned off the
guidance system we would miss the target by 100 kft Theory predicts, based upon the formula
derived in this paper, that the required missile lateral divert should be

AV -
Pred Err N" 100000*3

2-500
-soon/sec

FlKure 9 shows th*  resultant commanded acceleration and lateral divert profiles for a
nonlinear strategic engagement due to the 100 kft prediction error for a proportional navigation
Kuidance svstenTwitharT effective navigation ratio of 3. We can see that for this case the missile
acceleration requirements are small (less than 2 ft/*** ) for the entire flight However, even at
small acceleration levels. Fig. 9 shows that approximately 420 ft/sec of lateral divert is required
for a successful intercept This number is somewhat larger than the theoretically predicted
value of 300 ft/sec because the gravity differential between missile and targel also contributes to
the missile lateral divert requirements.

-  •  '
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Cnir lateral divert formula also indicates that for a fixed prediction error, the divert

."•- requirements will Increase If the flight time is decreased. Figure 10 presents the nonlinear ; ,
• strategic engagement geometry for a 100 sec flight. In this case both the missile and target are

" " . ; - " initially on a collision triangle. ,-, ..,w.i,; - >. >
•Si'V.". : ''•" • ' ' ''i— ..—.ii- ;•'

400 600 800 1000

' " - . ,

T
0 200

!''"; Downrangft {Nm)
, Figure 10 Collision Triangle Geometry For Shorter Range night

If we Introduce the same 100 j^ prediction error into the short flight time example, our
formula Indicates that the lateral divert requirements should increase substantially. According , s .

I  to the lateral divert formula, reducing the flight time by a factor of 5 should Increase the missile
lateral divert requirement by a factor of 5 or ;r ,; vy.v .' ,

'•"''.  .'..*•;'•-'^v' ^  • "  prftH F 'M- ' ' ' ' "  *V .— ' - ' •' ' ' ' ' '

. ,

-^ ••'uK::;^Afv /: F • •

HKure 11 displays the commanded acceleration and actual divert requirements obtained
vi - bv actually simulating the engagement We can see from the figure that the required lateral

divert required is indeed nearly 1500 ft/sec. Thus we have demonstrated that the two-
dimensional nonlinear engagement model yields performance projections which are in close.;

V i »trrt>ement with the theoretical formula. '
. . . .
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Boosting Target Considerations

H-l l

Although a booster does not normally execute evasive maneuvers •» f °t*  »n
target, »y longitudinal booster acceleration which is perpendicular to the 1 ineo
amar u a tareet maneuver to the missile. We have already shown that Je closed-form
yES^SSSSSi required by a missile utilizing proportional navigation guidance is
given by

,- fr
PN N1 - 2

i- -i•m
and that the lateral divert required to hit a maneuvering target is

A V . N*
PN" N--1

We can develop a model in which the targel is a booster performing a gravity turn. The
longitudinal acceleration of the booster aj can be expressed as

32.2 T
V~w~

where T is the booster thrust and W is the booster weight. In a gravity turn, the thrust and
velodty-vectors are aligned. Therefore the acceleration differential equations for a booster in a
gravity field are

-gmx^ a_i_

1.5

where the target velodty, Vj, is given by

**  * ir 2y5

The component of the booster acceleration perpendicular to the line-of-sight aTPLOS can be

found from Fig. 7 as

A nominal case was run with the guidance system turned off to ensure that the missile
and ix^rwere on a coUUon triangle. Figure 12 shows the missile hitting the target in the
nominal 100 sec flight in which the booster target is accelerating the entire time.
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Figure 12 Missile on Collision Triangle For Boosting Target

;.ame nominal case was rerun with the proportional navigation guidance system
Figure 13 displays the booster acceleration perpendicular to the Une of sight for this
t along with the resultant lateral divert requirements. We can see from the figure
nagnitude of the booster acceleration perpendicular to the Hne-of-sight is
ely 100 ft/sec2 on the average. This means that the booster appears to the missile to
executing a 3 g maneuver. The missile lateral divert requirements for this case can
n the figure to be approximately 12000 ft/sec.

100 Proportional Navigation (N'-3>
Boosting Target
100 Sec Flight

p 12X1013

- 10

N--1
, 3'100'100 .15000fl/MC

2

&

In other words theory and simulation are In close agreement

Our closed-form solutions also Indicates that the augmented proportional navigation
guidance law reduces the missile acceleration requirements due to a maneuvering target. The
closed-form solution for the acceleration required to hit a maneuvering target with the
augmented proportional navigation guidance law was shown to be

APN

and the lateral divert Is given by

APN
.5 J£- n t _ . . 5 A V |

N--1 T F I PN

•





ui other words, theory says that Ae divert requirements for an augmented proportional
navigation guidance system are half the divert requirements of a proportional navigation;̂

guidance system. , ,; • :. ..<rt,:/*."•* =

In order to Implement augmented proportional navigation guidance in the
tvo-dimensional strategic engagement model it is necessary to modify the missile

command to . ,.,->.:/;: « ,.;•; < -;-,j,f: .1. .;„-;, .-. >-?.; :•• •
- • - . ' - • - --V1'-. - • • - . ' ' • - t ' - - *'

APN
- . . - • ' . ' v ' / , . : • • •"'<> : •' . V • :' ' • '" •

where a™ OS **  *e booster acceleration perpendicular to the line of sight The nominal
•tmnifttin n ca« was rerun, except this the time the augmented proportional navigation
^o^a^aTSer^gu«14 shows that the missile lateral divert requirements were
c^^7te^̂  tbo&  ft/sec (down from about 12000 ft/sec in the proportional

navigation case.

eC 100- Augmented Proportional Navigation
(N'-3) Boosting Target

100 See Flight

r  600 0

-  600 0 ?
2.
o

-  400 0 I

-  200 0 S ?

-  0—r-  —r-  —r-
40 6 0 8 0 10 0

Fijnire 14 Augmented Proportional Navigation Reduces Divert Requirements Due To Boosting
Target

Theory says the divert requirements for the augmented proportional navigation guidance law

should be

. BJL- n t . AHHPOJI29»7500n/sec
APN ""-I T '

which Is In total agreement with the simulation results.

Predictive Guidance10

We have seen how Interceptor lateral divert requirements can be reduced when extra
information, if it exists, is incorporated in the guidance law. If an exact model of the target and

dynamics is available^ne could achieve the best performance with the ultimate
Uw - predictive guidance. The principle behind predictive guidance b quite simple.

j.̂ .̂ ic models of the target and missile and, at each guidance system update,
„  ».™.te them forward until the desired intercept tine. In other words, we are
the future location of the missile and target by brute force. The differen

redicted missile and target position at the intercept time is known as the zero
If tru/predicted coordinates of thVmissile at intercept, in the ear*  centered systenv *  given
(XM F YMF) ™* *e coordinates of the target are given by coordinates of the target (xjp, n
then the Earth-centered components of the zero effort miss are given by

..
ZEMX

-XTF*XMF
1

ZEMy-HF-yMP

We can find the component of the zero effort miss perpendicular to the
trigonometry In Fig. 7. The zero effort miss perpendicular to the line-of-sight is given by

ZEMpLOS * " ZE x̂ sin X + ZEMy cos X

, ' -
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In theory7 the Instantaneous acceleration guMancVcckiimand should be proportional to the
zero effort miss perpendicular to the Instantaneous line-of-sight (which in this case is obtained
by numerical integration) and inversely proportional to the square of time to go until intercept

° r
f v - .: - . •• • - • ' *"••*"••

rfZEM '* •

,-". .%"*.•,. '

N'ZEMpLOS

V—-rc . *
'go

-r'.' ->-
- '"'- .

Proportional navigation and augtwnted proportional navigation can aH be expressed in
the above form. In these guidance laws we have dosed-form expressions for the zero effort
miss. In other words, an integration of simple dynamics (assumed to be a polynomial in time)
was conducted to get a dosed form expression. In predictive guidance, we ignore dosed-form
solutions of approximate processes and obtain the exact solution for the zero effort miss, at each
guidance update by numerical integration. The resultant accuracy of the computed zero effort
miss depends on :he size of the integration interval. Small integration intervals yield accurate
answers but may impose unrealistic computer throughput requirements on the interceptor
guidance system. Of course the accuracy also depends on the validity of the differential
equations used. Having inaccurate models of the target will lead to erroneous predictions of
the zero effort miss and in this case the performance of predictive guidance may be substantially
worse than that of proportional navigation.

The nominal 100 sec boosting target case of the previous section (Le. see Fig. 12) was
repeated to see the effectiveness of the new guidance law. Figure 15 compares the commanded
missile acceleration requirements for proportional navigation, augmented proportional
navigation and predictive guidance. We can see, as expected, augmented proportional
navigation requires significantly less acceleration than proportional navigation. The required
acceleration Is large for augmented proportional navigation, because as we saw in the previous
section, much of the longitudinal booster acceleration was perpendicular to the line-of-sight (on
the average about 100 ft/sec2) and thus appeared as a target maneuver to the missile. However,
we can also see that predictive guidance virtually requires zero acceleration to intercept the
boosting target The reason for this is that the missile is initially on a collision triangle with the
target. Therefore no commands are really necessary for a successful intercept.

300-
Boosting Target!
100 Sec night

PreoTcttw Guidance

-200- Augmentod
Proportional Navigation

-300-f-- T
20

Proportional Navigation*
1 T

eo 100
—r~

0 , 20 40 60
Time (Sac)

Figure 15 The Acceleration Kecfulrements For Predictive Guidance Can Be Very Small

Figure 16 presents the missile lateral divert requirement profiles for the same case. Here
we can see that proportional navigation required about 12000 ft/sec of lateral divert, augmented
proportional navigation required about 7500 ft/sec of lateral divert and predictive guidance
only required 39 ft/sec of lateral divert!
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Figure 16 The Divert Requirements For  Predictive Guidance Can Be Miniscule

Predictive guidance can dramatically reduce the interceptor  lateral divert requirements
due to a boosting target because it Is making use of a prior i information on the booster. If there
Is an initia l prediction error, predictive guidance should yield about the same diver
requirements due to prediction error  as proportional navigation because predictive guidance
has no a prior i information about the prediction error. Figure 17 shows that nonlinear  two-
dimensional engagement simulation results indicate that predictive guidance yields
approximately 1600 ft/sec of lateral divert in the case where there is a 100 kft prediction error  in
the nominal boosting target case.

40-1 Boo&tin g Target
100 Kft ppredttto n Error

100 Sec Fligh t

-  160 0

-  140 0

-  120 0 •

1
20

-  100 0

•  80 0

-  60 0 - g

-  40 0 S ?
o

-  20 0

-  0

60 10040 60
Time (Sec)

Figure 17 - Predictive Guidance Does Not Reduce Divert Requirements Due to Prediction Error

Theory predicted that the lateral divert due to prediction error  alone would be

Pred Err N* 100000*3
1500ft/se c

(N--1)t F 2 MOO

which Is in total agreement with the simulation results.

Summary

In this paper  it has been demonstrated that the guidance concepts originally developed
for  the tactical world are applicable to the strategic world. In fact, dosed-form solutions for  the
required missile acceleration to hit targets can be converted to lateral divert formulas.
Nonlinear  engagement simulation results indicate that the divert requirement formulas for
prediction error, apparent target acceleration and guidance law are not only useful but are in
fact accurate indicators of strategic interceptor  requirements.
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