
E S ~ E  D~ernaEo~a[ Ji)ur~a/, VOL ld  No~ O, pp, 745--~ )'54 2002 7~5 

Rd%rence Trajectory Analysis and Tr@ectory Control by 
Bank Angle fl)r Re-Entry Vehicle 

D a e  Wo o  Lee ,  Kyem~ Rae  Cho ~ 

DepaHme~t  o/ Ae~ospace E• Pusa~ Na&ma[  Unirersity, 
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T h e  r e e n t r y  p r o b l e m  c o n s i s t s  o f  g u i d a n c e  d e s i g n  a n d  t r a j e c t o r y  c o n t r o l  T h i s  p a p e r  s u m m a -  

r i z e  @ e  deta]ie(I  r e l a t i o n s h i p s  b e t w e e n  fl~e vek)c ib~  d r a g  a c c e l e r a t i o n  a n d  a l t i t u d e  in  

d e t e r m i n i n g  r e l ? r e n c e  mt iec~or ies .  T h e  c o m p u t a t i o n a l  i s s u e s  a r e  a l s0  a d d r e s s e d ,  a ~ d  t h e  

p e r % f i n a n c e  of" {he p r o p o s e d  s i m p l e  n o n l i n e a r  c o n t r o l  of a b a n k  a n g l e  for  t h e  l o n g k u d ~ n a l /  

ImeraI  ~ra jec tory  is  d e m o n s t r a t e d .  1~ p a r t i c u l a r ,  @e  f ixed  bank a n g l e  m e @ o d s  flint  c an  r e d u c e  

@e  d r a g  a c c e l e r a t i o n  e r r o r s  a t  Iow s p e e d s  a r e  p r o p o s e d .  T h e  i m p o r t a n c e  o f  ba{ik r e v e r s a l s  wi~h 

~espect  t o  ~he a z i m u @  e~-rors ~s a l s o  e l u c i d a t e d  

Key W o r d s : R e - E n t r y  Ref i : rence  T~a jec to ry ,  C o m r o l  a n d  G@da,~ce ,  F ixed  B a ~ k  A n g l e  

M e t h o d s  

1., I n t r o d u c t i o n  

7 h e  l n i e r n a t ~ o n a /  S p a c e  5 t a l t o n  ISS ,~ qche~ 

d u b d  ~o r ep l ace  t~e  s p a c e  ~tal ion M i >  S i nce  J u n e  

199N m e  ISS h a s  bern? unde~ c{H]s~rt~lcHon a[ l[he 

heath{ o~ 4 3 5 k m  a b o v e  {he ea r@  t O ~ ~om~ eHor~ 

~e{ween fl~e LISA_ R u s s m .  ] a p m L  C a n a d a  a n d  

;evera l  E u r o p e a n  c o u m r i e s .  F h e  ~SS c o n s i s t s  o~ 

ne  b a s e  s ~ r n e m r e  a n d  m a n }  ~abo ra t o r i e s  C o n s  o 

d e r m g  a r o n n d - ~ r i ~  u a n s o o r ~ a u o n  o f  l?e ight  and  

c rew m e m b e r s  m~pormn~  s~ages o f @ e  s p a c e  ~hghl  

p~ofde  are  m c  mUnCh o f ' l h c  space  vehic le ,  o rb i t  

e m r v .  re rmez~,ous  ~ i t h  @e >pace slam,on ~epma-  

[i{m ~?om @e s p a c e  s t m i o n  d e - o r b i L  r e - e m r y  mH) 

@e aar~ospheH~. F A E M  ] e r m m M  Area  h n e r g  3 

M a n a g e m e m  a n d  finally~ a p p r o a c h i n g  a n d  / a n d -  

"~g a~ @e r u n w a >  M n o n v  @ese.  g m d a n c e  aml  

c~mK{>l ~ f  ~he a l m o s p h e r i c  r e - e m r s  p h a s e  c a n  he  

r e p r e s e n t e d  a~ t h e  l]igf]l o m o  the  re lc rence  

Ka./ec{or }' w h i c h  h a s  to sat{a~y raan} c o n s ' l r a i m  

c o n d ~ t , o n s  a n d  e x e c m e  sIabl  ~ligm~ 

e ?orr~Dondmg %athos'. 
g-mai~ k'cho4~ mbama~'.~ 
fE~ }82 5t 5/0 2309: FAX g2 51-513<~760 
~)e~ amnem o~ Ae .,pace I'{ngineerinF Pusan Nahomd 
r ~crs ~v. Pusa~ 60%735. Korea. { ManuscHp~ Reeebed  
%lar<~ 3/. 2000: Rewlsed bebrua.r}: 14. 1002- 

F r o m  @e  very b e g i n n i n g  in  ~he aes~s ,,, Ine 

space  s h u H b  m ~he U S A  m e  }~uidance anr 

comrg~l s y s t e m  m r  r e - e m r y  veh ic l e  h a s  been  

d e v N o p e d .  Fhe  S p a c e  S h u t t l e  has  a h , g h  ~oad 

capac i~y  a n d  c a n  d e c e l e r a t e  e f f i c m n d ,  h v  g l i d i n g  

l ike a p l ane ,  mH t{ f e a t u r e s  expens ive  ~tam~e~ 

nance ,  bo~ @ e s e  r e a s o n s  ~ n e w  e e n e r a d o n  o[ 

r e u s a b h :  pa  9 l oad  v e h i c l e s  h a v e  been  dcveh~ped  m 

severa} c o u m r m s  R L V  ~f @e U S A  a n u  Hc~pe-X 

of ] a p a u  a re  t he  t ypma]  e x a m p l e s  R I . \  h a s  aeen  

d e v e l o p e d  H-o~r a s e r m s  o f  experm~enta~  v e h i c l e s  

d e n o l e d  X - 3 3 .  Hope-  X ~s ba sed  o~ I ne  exDer~ 

~mema l  v e h m l e s  :named O r e x  A i f ] e x  a n d  Hy/]ex .  

tn  {he d e ~ e ~ o p m e m  o f  t hese  r e u s a b l e  :~,~ace 

veh ic l e s  ekHdance a n d  c o m r o l  {hr am'~ospher~c 

re- e m r y  nas b e c o m e  an  IH1porN4ni i s s u e  

T h e r e  a re  m m  y r e s e a r c h e r s  w h o  hay{ w o r k e d  

on  @c re e m r y  p r o b l e m  In 1983 H a r a o l d  an{~ 

( i ave r t  1979 a n a l y z e d  t he  r e l e r e n c e  { r a j e c w r y  

by d ~ w d m g  n i~Ho d i s t i nc t  p h a s e s  d e D e n d i n e  o~ 

~h< d o m i n a n t  c o ~ s t r a i n t s  a t  each  p h a s e  ~kUl~o~ gn 

lhey p r e s e m e d  t h e  charac{er i s* ies  o~ r a n g e  Dredic-  

Lior, .,. well  a,, @e p a r a m e t e r s  ~ r d ~ r e n c e  ~ralc~- 

Hyry at e a c h  phase ,  t he  r e l a t i o n s h i p s  De, w r e n  Ihe  

d r a g  ~ccelerat~on ve[oci{> a n d  a h ~ m d e  h a v e  no~ 

been  fu l ly  e x p l o r e d  Xxel J. R o e n n e k e  p r e s e n t e d  a 

HackH]g  coIl{rol h~v~ eoverni r~g m e  d'~nam~c~ o~ 
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lhe r e - e m r v  <quaHons ~:,~pressed m ~u~m~ o F  u l e  

M m u d e .  v e l o c i t y ,  a n u  l h g h I  r ) a t h  a ~ g l e  m / 9 9 7  

An(* ~Rlbv0{o C a v a / l o  p r o p o s e d  a n  L � 9  c o m r o  

sche t  m ~or r e - e r K y  m I g g 6  P i n e  { ~  , } r e s c m e d  

. ~ e ~ e r e n c e  { r a j e c l o r y  o b { a m e d  H o m  a r  5 Q  p 

S e q u e m m ~  Q u a d r a U c  P r o g r m m n m ~ ;  m /Y97  

i l H s  r e t ~ ' r e n c e  K a . l e c t o  r .  is  I h e  f u n d  ~on o f  ene~ g y  

~ h > w e v e ,  [ h e ~ r  a n a l y s e s  c o ~ c e r ] m ~ >  {he reR*,rencc 

I r a_ l ee{e l )  {laVe 1101 (}eeN [U l  } d e v e l o n e d .  

Fhis p a p e r  propo,~c. , ,  t h e  d e ~ a i | e d  a~a  ">e~ o~ 

re l e re~ l<u  u a / e c m r m s  h . -  ~ / a h k  r e c t o r y  F h e  

r e ~ e r e n c e  ~ r a j e c ~ o r / e s  a r e  a ~ a / y z e d  b) c a l c u | a -  

[ r a n  Hie  v e m c l t y - d r a ~  a c c e ~ e r a u o n  : rod v e ~ o c H )  

a h i t u d ~  I\>r a t m o s p h e r k '  re  e m r .  s p a c e  v e h i c l e .  

/ h e  / o n g i m d m a ~  l a t e r a l  c o n t r o l  o~ ~ ra}e{xo ry  a r e  

tTONOUW[C(I -l} t[Sin~ d Nt~][-}]C ~10 1l i l l e / iF  {O~]]F{%~ 

~aw a n d  h a n k  r e v e r s a l s  ~ h e  r e s u l t  o n  @ e  a z i m m h  

e~{n r e v e a l s  t h e  m ~ p o m a n c e  o~ [ a {e ra ]  [ r a j e c r  

coDtro~ ~n o r d e [  H} ~F{HIOC" {he Q r ~  a c c e l e r a l ~ {  '~ 

m ~ c ' k m e  er~(  r~ m mmaI m{~ / m a ~  r c g i m e ~  o f  ~he 

r e - e m r )  p h a s e ,  t h i s  p a p e r  s u g g e s m  m e  h x e d  b a n k  

a n g l e  m m h o d  [ ) s i n e  ~his m e t h o d  q~e dra~.,. 

a c c e / e r a U o n  ~rackm~2 e r r o r  ~s ~ e d u c e d  H~ a h e m  

u . g m  ,~ef / t  H ie  H n a [  r e g i m e  o f ' t h e  r e e n t r y  ) n a s e  

2 .  M a t h e m a t i c s |  M e d e U n ~  

L s in ~r b e {S:'S E }  !~ ~' . m  u 
r V cos  Y R 

A{#,:, [ar~ 7 cos  W cos@ ; 

M :::::: ~/. CON s 

I) nS,,,,~V%,% s _ _ ...... .{ 

x~,z 2 n'z 

~ / ~ : l c  A/~ /S HIe F a ( l ~ l  {llsJa~}ce H-,~ t  {he  eaFlJ]  

,:el ~er ~o m e  s p a c e  v d u c / e .  V is die e;  r l h - r e l  r o v e  

v e a ) c u v ~  >' is @ e  f l i g h t  p a l h  a h e m .  u ~s m e  u r a >  

a c c e / e r m i o n  ~e t,~ m e  g r a v l %  c o n s [ a m  ~g ~s m e  

c o m r o l  v a r i a b l e  m a t  ,> ~ l [ l n c [ l o l t  ~}J l h e  b a n k  

a m ~ .  a n d  ~2}, ~s l h e  a n ~ u t a r  v e / o c H y  o1 t h e  

~ a u o ~  o l  e a r d ' L  ] h e  l a t i t u d e  a ~ (  , - W u u ( ~ e  a r c  

a n d  (L r e s p e c t ~ < q }  , ~ W~e a z m m U ~  anek% L i~ 

d'm im :rod n ,, 1he h a n k  angle. [{* and [/% 

"~ 'p rese rH t h e  r a w  o[" d e c e n t  l h e  p ro~zress  

d h ' e c t h m a l  a c c e l e r a ~ K m  HRI m e  ~oHVi~udina{  

t c c e / e r a l l o ~  r e s D e c U v e i ) ~  (?~ mu <~t . v  m e  m~ 

c o e f f i c i e m  n o d  d r a g  c o e f f i c i e n t  re> n e d  weh , '  . ,- 

urn u m t } s n h e r i c  s u n s - r  a)Fe is u l e  r d e l e D c e  -m 

~ace a ~ e a  ]g]  Is ~he H]ass  Of ~he ~ ~ c f *  v e I H c l e  %11 

u]]r~r ~ ~ e a i u r c  d u r i n g  g U d i n . a  ~' d 'm l  l h e  M~ghl 

oau~  a n g l e  m s m a l l  c o m o a r e d  w H h  b a l l a s l i c  M i a m  

T h e n } a c e  v e h i c l e  u s e o  m { l u s q [ a d ,  h a s a  m a s s e "  

l {}020ke  md a r d e  e n c e  s u r f a c e  a k  o l  / ? m  z 

2 A  ] } y n ~ m i e s  @f r e  e n t r y  f%~ s p a c e  ~ ' e M e | e  

H]e ~:~UaHOHS O1 re e~Hr~ ~OHO~] lot -Face 

veh~cle~  < a ~  b e  d e s c r i b e d  u n d e r  @c / b l l o w i n g  

as~l t r}~pHol / , .  

* 1] e e a l l h  is  a s s u m e d  ~o b e  a re[slinK a d h e r e  

" ] h e  nomthrus[mg r e  e m r >  v c . ~ c l e  ~s a s s a m ~  

e d  , o  t}c a p t  HH m a s s  f r o m  I l le  v e r i ~ c a l  D } a n e  

q U~P ca rH~ 

W s h  U'~e~e a s s u m ~ l i o n ~  t h e  d ~ n a m i c s  o f  re  en t r~  

a r c  

/{~ ...... I/sin } 

,uP, 

t-2L2~- ~ / c o s  d~ s i n  (, 

cos )" C08 q~ 

_ V cos 7sin - 

/~ COS ? 

2 2  ~ , t m ~ s p h e r k  m{~de~s 

~ e n e ~  [~ v. ~he aw~H~spher~!  ~ H m H e d  [ o  { ~ e  

~ c ~ h [  J 2 0 k m  H o n "  H~c g e a  R?~e~ ~ H ~ � 9  

n > > d e ~  c a n  b e  : ~ x o K ~ U ; e d  D ,  Q ~ r  e H h e [  [ < 5 .  s~ang ~ 

u{~ aHno~ohcrc [ ~ne <~,pori~er;tda| ~n]osp~ere 

t 

�9 [ ~-% 
" : . . . . . . . . . . . .  : . . . . . . .  " b m .  

F i ~ .  [ t OH}DtI~/,%OF~ {} ~H~T~OSO[1C[C I ] t ode l  
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w h i c h  a r c  b o t h  r e a s o n a b l e  a p p r o x i m a t i o n s .  K q  

a is  ~he e x p ~ e s s i o u  ot  a m 3 o s p h e r ~ c  d e n s i t y ,  am:~ 

b l a ,  ~ s h o w s  {he v a r m t ~ o n  ,o~ de't~Slt 3 0 l  H?e 9"7h 

t . 5 .  s t a n d a r d  a m ~ o s p n e r e  a n d  m e  e x p o n e n t i a l  

a ~ m o s p h e r e  w i t h  e s p e c ~  {o t h e  a / ~ t u d e ,  l { q o  a ~s 

t i m  e x p , m e n J m /  m m o s p h e r i c  m o d e l  H e r e  ~ s tl~e 

dense r  oi  t he  a t m o s p h e r e  m s e a  l eve l  1~ ,> m e  

r a d i u s  o f  t h e  ea rd~  a n d  h - t h e  s c a l e  heigl~L 

b,  

2~ k e r o d ~  n a m i e  c o e f f k i e n i s  

T h e  a e r o d y n a m i c  c o e i ' t ] c i e m s  . ~ .  f u n c ~ m n s  o f  

he a n ? t e  o f  a u a c k  a n a  t h e  amg~e c;{ a U a c k  ~, t ~e 

h m c i i o n  q veloc~l~ F h e  a n g l e  o~ a U a c k  ~ _. 

e e m r ~  v e h i c l e  ~;hotdd be  d e c i d e d  ~o a e c ~ e a s e  

a e r o d y n a r m c  coe l ' I~c i en t -  as  s h o w n  m F ie .  l o t  

t h e  p r o [ e c ~ / o n  o~ m e  m t a m e  l o  p~o/ee~ ~ /e 

a u ' ~ a m e  f r o m  h e a t i n g  d ~ l r m ~  re  e m r : .  ~he s k i n  

o f  tl~e a p a c e  v e h i c l e  s h o u l d  :~e c o v e ~ e ~  w m ~  p r o -  

~ecl~vc n e a t  [ / e ~  | ) s u M I v .  ~ o w e v e r  m e s e  ~des 

a r c  r o a c h e d  o n l y  a~ {he t r a d e r  Male a1~d ~}ose 

c u p  o f  t h e  veil{c/e_ a n d  a~ m e  t e a o m g  e u g c  ~ 

H~e w i n >  to  r e d u c e  t h e  o ~ e r a l [  w e ~ g m  | he  :mt.~le 

.~  a ~ a c K  s h o l d d  b e  d e s i g n e d  m r e m a i n  at: 4 3  w u  

t h e  v e l o c i t y  ra~?ge o~ 4 3 0 0 - - - 7 4 0 ( ) n  - ~ ~a~s~> 

t h e  h e a ~ i n g  {me  c o l l s [ r a | ~ t  ~ il~cD is {he m o s {  

d o m i n a n t  c o n s ~ r a i m  d u r i n g  h~gh s p e e d s  { ] { ? l , l  

} :o r  t h e  v e l o c i t i e s  o f  less  t h a  ~ 4 3 0 0 m  -. ~hc a~?~e  

o~ arta~c~ (leclcaaL%. }"ignite "~ is II1~ \ . a ~ / a H o ~  (~ 

a e r o a )  n a m i c  c o e f f i c l e m s  w i i h  re,.pec~ 1o d~e <c- 

l o d  tv .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3~ G e n e r a t i o n  o f  R e f e r e n c e  T r a j e c ~ o D  

I h e  re[e~e~c~ d r a g  ~cce~crm~o~ c ;d ted  '~"" 

,: ,,, ', ~ c c e k J a t ~ o n  I~ n e c e s s a r y  ~o r  ~ p r o f i l e  

l o t  l h e  o p t i m a l  d r a g  a c c e [ e r a t I o ~  .! I h e  oo tH~a~  

- [ r a j e c [ o r y ,  b~ e x e c u m ~  , ,} t imiza~h>n o~ p a r a m e -  

l e r s  b a s e d  , m  m e  I b / / o w H  v ~ m s { r a i n i  c o n d i t i o n  :r 

. . . . .  ar id  p e r l b r m a n c ,  hadex~ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  l o ~ s ~ r ~ . ~  c o n d i t i o n s  H e a ~ m e  . . . . . .  I . o a d  

l a c i e r .  E q u i l i b r i u m  g ~ d e .  D } ~ } a m i c  m-es~m-e  

,,,# ;.0,,e e 4aaa ...... ,~,,,, . . . . . . .  ,, .... R a n g e  e r ro~  Dynami p e H o r m a ~ l c e  

- , :~erR~nmmce im~cx  : T ( , t a l  h e a { i n ~  at'cm~q ~lla.. 

e;l m the u r ~ r a m e  

e 

: : ', t 7  Z ......... a 3,1 C o n s t r a m l s  

; : ; : L_.~.._ ,x~c;, \ l l  oi ~hc c o n s ~ r a i m s  excep~ or  m e  ra~}gc 

e r r o r ,  a r e  d e t e r m i n e d  b y  t im d e s i g ~  o f  a i r f r a m e  r ! : : : { 

5 {~ ~e/eFiUI tM1. 

i H e a t h L g  i-iue c o n s i ~ a m i  

. . . . . .  ~ L ~ -  [ ' h e  l e a l H l ~  F a t e  / s  o e l e i  m l F ; e ~ , l  � 9  H ) U F U . } F r H  

~ ~}~:~-" mcc  o t he  pro~ec t~ve  h e a t  t~ies m ' c a ~ c  ~ > 

~) lOpO| ' [ /ona~  | 0  Hie lel~DC[;:~iure o~ {hr OtHMde 
. . . . .  a . . . . . . .  ~ . . . . .  

.~ ~m%~ce. F r o m  t h e  d e f i n i t i o n ,  s ,~ Hm h e a ~ m e  ~c 

~Z- a a n d  d r a g  a c c e J e r a t ~ o n  ~ e  t ~ / i o w m e  rem~/o~ 

Fi~ 3 
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w b e l c  ) m a x = 6 0 0 , 0 0 0 \ ~  m z. a n d  C < , =  1.. X 10 . 

2 L o a d  m e t e r  c o n s t r a i n  

F h e  t o a d  l h d o {  n o r m a ~  m t h e  a i r f r a m e  ~ ~m- 

~errmned  b) f ie  a c c e l e r a t i o n  w h i c h  lh~ p a s s e n g e { s  

o r  m r f i ' a m e  s ~ r u c m r e  o~ l l l S t r g m e l l l . ,  car~ }~(~ar 

gh~s  c o n s t r a i m  c a n  b e  e x p r e s s e d  ,,~ 

1) E SCma <;:a, 
( [ )z , /C~ cos  r-T~m /e r 

w n e r e  ........ :.::2.5 a n d  ~i ix i h e  g ravu?~  a{ the  s e a  

l e v e l  a is ~he a n g l e  e l  aHac~ .  

3) E q m h b r m m  ~ l i d e  c o n s t r a i n {  

F h e  c N u i / i b r h m  g b d e  c o n s { ~ a m ~  ~ ~ne l i m i t  

;~{ w h i c h  { he  r e - e ~ , r y  v e h i c l e  c a ~  f ly  w ~ [ h o u t  u s  

n o s e  d o w n  a~ z e r o - b a ~ k  a n g l e .  ' l ' h e r e l b r e .  i f  d r a g  

a c c e l e r a t i o n  ~, a m a l l e r  1Dan t h e  e q u i l i b r i u m  ~[~de  

c o n s w a i n L  l h e  s p a c e  " , , ch ic le  s t a l l s  F h c  c o n ( m ~ o n  

l b r  a v o i d m e  m e  ~.a l l  :. 

( 
: :~7) 

t. 

w h e r e  <~4 , , - /  ]e: l~ ~he N e w / o m a n  g r a v e }  e r a  

d i e m  

4t  t J y n a r r f i c  pressm-e cor~sira, h~i 

] ' l i e  d y n a l l } { C  p r t % s ~ r e  C(M1S/raJlI{ b@colf11r i ~ c  

d o m m a n l  lk~ {~e e a s e  o f  h { g h  a l m o s p l l e r l c  d e n s >  

, ,  I I  l h e  d y n m m c  o l e s s t ~ r e  c o n s l r a I m  e x c e e d s  ~he 

l i l ] l i t  [ l / e  COl l {FOI  s t } P l a c e  r e l l . l l l / S  ir a~ l l e u l r [ ~ l  

c t m d / t { o n  [ r  [ ; l i e o f l h e o p e r a t l f l g c o m r o l s u r s a c e  

"[ 'h_ COl~d l [ lO t ]  {'~) 111axllTttll}] d y l l a m K :  p r e s s u r e  

[ r o v t d e s  

#~,~ /maxJ ) re f (  ;n 
Uq 

w h e r e  0,.~.~ ==~ / 0~  m 

r J~a r lge  e r r o r  c o l ~ ' r ~ J [ l l l  

| h E  n b l e c H v e  o f  l } ie  r a n g e  e r r o r  cons~r :J ln /  Is 

; u c h  l h a t  t h e  , l [ f l b r e n c e  b e t w e e n  m e  ~c/ual r~mec  

~" 411(} [ l i e  iJc le l 'e t ]c {  i ; t | ] ~ c  D i e ' / ,  ' "  Ze}f ' (J  ~ t']t~ l ' ~ l l l k ~ e  

e l k H l O l ]  

D == ~" co, <̀ ~/ 

. - -  V c o s  YU~=:~ " I )  ~, s~r" 

gifl(] m e  C O ~ l g t g i r  I l as  Hle ~orm ,~ 

d s = x x  ,-_ ~( ~ : -  I I  

l ) ) , r ~ a f l ) / c  per Ior lTb{J l lCt~  COI}NIf '~I /H{ 

~ o m e  re  e l~ t ly  s .a lda [ )ce  a r i d  c t ) n r r o I  d e s i D l l e r s  

h a v e  d e s i g n e d  t h e  p e r m i s s i b l e  f l i g h l  c o r r { d o r  w U h  

m e  a b o v e  ~ - c o n s ~ r a m ~ s  I n  {h~s s l u d )  m ~ r e  dCC~ 

ra~c p e r m > s l b l e  f l i g h t  c o r r m o {  ~> a r e s e n t e d  b;. 

~sm;.,. m e  ra i l{a}  c o w d i f i o n  c ~ s l r a T m  m m  ,, 

d e r { v e d  ~',~ {He d y n a m i c  p c /  o f m a n c e  o [  l h e  v e h >  

c / e  B e c a u s e  (~{ m e  r a~e  a m ~ o s p h e r k  de1~sil I a~ 

h i g h  a / { i n ~ d e  m d  l h e  d y n a m i c  l ~ e r t o r m a n c e  ~{m/~ 

-~  e ~(~ l l o - l m u s l e  g ~ i d i n g  f l i e h t ,  l h e  m a g l l i t t l d e  

o f  r c s j t m s c  ~d a r  ,. ~CCelen uos~ ,a ~c W ~mai l  

d e n p u e  ~he  r n a m p u m l m n  e l  c o m r o l  s u r f a c e  unto 

:mo rn  l h e  a l f i l u d e  ~}~ b45.Skm f h u s  l h e  } fl~ig/}l{ 

I3OFI[OFIYIallc_ 0, s  c o n s / F { l / f } {  l h i l i ]  t l l O s u  

~ ~nc h e a t m  7 r m e  a l?d  c i u i l i b r i t i m  g l i d e  d u r i n g  

h ~ g h  s p e e d s  l h g h t .  T h ~ s  cons t~  m ~ t  .~ c o m p o s e d  o~ 

n a n , <  an_Ses o f  ()' an(t  9 0  

3 . 2  G e ~ e r a ~ i ( m  ~ f  a s  e p t i m M  ~ r a ~ e c ~ o r y  

~ 'Or  /he ~e~ le raHo l  O~ ~ /e o p l i m a ~  (Ha~ acce ie r~  

{ d o n  n r n f i l e  ek~c i l i es  r e / ~ n v e  /o  d~e K a r l h  mus~ 

b e  ( I (  l i f lOd l~rs{  a s / r  h q  ( 12 l'he~,e ve locd~es  ~re 

t h ' { d c ,  n a r r o w l y  a l  h Jgh~  s r~eeds  b e c a u s e  l h e  ra~e 

I~ff V~.{[{~{I OF f~} lJ le  Vr162 /S ~ a {~." I l l  {}<lose 

r cgu -ues ,  M{r {s l h e  m a x { r r m m  n m n b e r  o l  b r e a .  

v , : =  ~ , (  E V 
"su ..... ( i k : : ~  J 12 

, - 14C::.V 

I~he r c - e m r y  ~ra/ec~ory  . { m { i [ o d  bx lhe ..... - 

q / r a l l H ~  ll}~l de {eF { ' / lH ]e  [ l lU  H - / a ~ [ I H H ( I e  o f  the (l{'ak ~. 

~ucc~eraI~orL t /~e le- en~r3 ~:ol ' r /do~ L~ a l x (  de f i { } ed  

b y  these : o n d m o n s  F h e { e l b r e  m e  dra>d ~ucc  

{e rauo { {  s a ~ s n e s  G~ 13 w h i c h  ~, d e t m e d  <~ 

I~ {'1 e /Yl//l/113t l/H (] F{t.  7 l c o e i e l a l { o l  ~'7~; a r i d  llele 

~ ; i }ax t t l l / J l ] ]  d f  ~ a c c c l e { a H o t ]  / ) ~  ,. t;'~lLll } l } l e P - - -  

;tl}(~ 011 veFler  ~ ~ f F;//V'd O f  i l l  a i { o { l  +~+1 

l~,r / 4  t J c c a t l s (  ~ )  t i I ld  [)/Me~ ~ a l l s l y  , D /C-  

-o r {  b e d  ! ] a n  Vl) a l }eH\ ,e {  {~f') {~/ t  H x e f l  Va h l e~  

w~' l {d? i e ODU.{ I / le (  {F(}F~} / h e  ( l e { I r H { { � 9  tt l l '~(~ ~lr~t,~ 

acceley31J ~o~ 

z ~ J .  2 i /%]<s ,v  

D , = : D . , /  t / , )  I Z , , ( V , )  -- D V,)  ! x 0 . 5  
/ 1 4  

Wax 

qt~e~H:lal ( }_ /adra t~c  Pro~:~amil~H~d S Q P  m a no~ 

b n e a r  p r o g r a m m i n g  netho~ a n d  ,< d e s c r i b e d  ,,~ 
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Fah |e  lnifial  and  final c o n d l t m n s  tier gene raunn  

o f  mkieemr ~ 

Parameler  V a hue 

ini t ial  ve~oc~ty 7400m , 

init ial  a l t i tude 85.5 km 

~ma~ ve/ocil y 760m, ,  

flna~ a | t~tade 27.5km 

ae~atl  hy  h~ F t e t cbe l  A p  ~ rox ima~mn at ca~ch 

wera{ion i> s o h e d  b5 t a k i n g  ~he H e s s i a n  ~f 

L a g r a n g ~ a n  m n c t i o n  u s i n g  t he  q u a s u n e w m n  

u p d a t i n g  m e t h o d .  In  gene ra l ,  th is  m e f l m d  is a l s o  

ca l l ed  lhe  c o n s t r a i n e d  n o n l i n e a r  o p t i , m z a ~ i o n  

l ' a b { e  I d e s c r i b e s  t he  c o n d i t i o n s  n e e d e d  m d~e 

t~enera~on  ot  re~erence  ~ra lecmry .  

~n th~s p a p e r ,  t he  a p p l i c a t i o n  o f  S Q  ~' , .an be  

~, p~a ined  as the  i t e ra t ive  p r o b l e m  ti~ m i n i m i z i n g  

~he to t a l  h e a t i n ~  ~m b o u n d a r ~  ~,f c o n s t r a i n t s  1 

2} 3}. r a n d  6 unt i l  ds a e c o m e s  less ~han 

W i l e  ] a s  t h e  p e r R ~ r m a n c e  i n d e x ,  t h e  o p t i m i z a t i o n  

p ~ b / e m  c a n  be f o r m a l l y  sta~ed as 

m m  l = r a i n  J?~'v;P V " d /  1~ 

R e q m r m g  /ota~ h e a l i n g  to be  a cos t  f i mc f i on  

i n c r e a s e s  t h e  p ay loa d .  P e r f o r m a n c e  i n d e x  j w h i c h  

~ t h e  t ~ n c t i o n  o f  u m e .  c a n  be  ~ p p r o X i m a t e d  a~, 

~he a n a l y t i c a l  exp~ ession_ AnMyt~ca l  p e r h r m a n c e  

mde~ J~,:a~ is t he  f l m c t i o n  o f  D a n d  V a s  g i ven  by 

F i g u r e s  a,-. ~ s h o w  t h e  ' p t i m a l  ~ra~ecmrie~ 

a~o~g m e  r a n g e  F~gure  4 s h o w s  lhe  c a s e  o f  ~he 

spec i f i ed  r a n g e s  2500.  3000 a n d  3500k i n  respec-  

t~vely. ~ ~s e v i d e n t  tha t  ~ p t i m a l  I r a . i e cmrms  a~v 

~ms~gned tbr l a rge  d r a g  a c c e l e r a t i o n  m o r d e r  m 

s h o n e u  1he h e a t i n g - - u p  t i m e  o~ ~he a i r f r a m e  

d u r i n g  f l i gh t s  a t  - p e e d s  e x c e e d i n g  4 5 9 4 . b m / s  A 

~ra jec tor  3 w~th a r a n g e  o f  2500k in  hes  o n  ihe  

u p p e r  b o u n d  o f c o n s ~ r a i m s ,  w h i c h  a r e  t h e  h e a l i n g  

ra~e_ toad  lhc~or a n d  d y n a m i c  p r e s s u r e  | ' rab .c-  

~o ies  e~ th  in the r a n g e  b e t ~ e e H  3000k in  a n d  

~500k ~ a re  d e s i g n e d  t o t  f l i gh t s  a t  l he  lower  

born  d (~f ~hc e q u i l i b r i u m  g h d e  c o n s t r m m  m 

m m m ~ z e  h e a t i n g  at l o w - s p e e d s  Tha~ i~ the  

m i n i m i z a t i o n  c~f a n ~ o s p h e r i (  d e n s n y  a n d  d r a g  

acx 'e le ra~mn F i g u r e s  5 a n d  h d e p i c t  ~he ~raicc- 

Fi~, 4 Optm'~al drag ,,cce~era~mn a m n g  ih{ 

ranges(  [ 

t . . . . . . . . . . . . . . . . . . . .  

]Fi~, 5 ~ ~p~,ma| drag accelerat in~ a h m  ~ ~he 

. ; ~  . . . .  

Fi~, 6 ( ) p ~ m a l  drag a c c e m r a m m  a m n g  m e  

r a i l  . , -~ I l l  
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t 

Fi~ ? A l m u d e  sar ia f ior :  ah~: a : a e  ~a~/gcs 

Fig,  8 A h m * d e  '~,arla~ol alon}.: d'~e ::m;ae H 

/< - 

Fia.  9 \~/~lude varial~or:  a lo i :g  :he ran~,.cs m 

I o t t c s  a b o v e  : he  rm:g~: o f  4 0 0 0 k i n  :ha l  h a v e  - t m -  

d e n l }  I h l l e n  ~o ~he iov,  e r  b o u r i a  a~ ~b{ v e l o c : l v  ,~" 

7{]{]~Im ~ a l to  dmn c l i m b e d  b a c k  {o :he l%t~tt~ 

]{8b~e 2 V c l f o r m : l [ l c e  h (iex : c c o r : : : m :  �9 l he  rar~ge8 

Ra: e.e( k m  / R a n 4 e : k m  

? 5 0 0  o tr 4 50( } }8863 

~ 5 0 0  {}. /7402 5 . 5 0 0  1 9 3 6 7  

:-~:}/i~/~: ~:1 a F o t i n d  0 5 u u m  ,- i :  ~,~ F e a s o n a b l e  : o  

:CGLiCC }~Ca~i~[]~ ~t~ IC{,I{~CII:~ ~. a i m o ~ ( - e r t c  d e ~ s i l w  

0 e c a u s e  ~()n~ ra l lgC : r a  j e c : o r / e s  a:c a{ n i g h  s p e e d ,  ~- 

h}: {o~> p e r i o d s  ol ~m~c 

: g u r e s  7 '-- .9 s h o w  l h e  v a r i a l i o : :  o: :h{ a l m u a e  

win :  r e s ~ o c :  to  :Be v e l o c i t y  c o r r e s p o : l d m g  :o  m e  

- , p : i m a l  : r a / e c t o r t e s  ~ e p ~ c ~ e m e a  in : , :gs ,  4 - - 6 .  T h e  

: : a i e c : o r i e s  :>vet- u:< a n g e  o :  4 0 0 0 k i n  il} } i g ~  

a m /  9. r e : l i k e  [-i~ 7. d e s c e n d  in o r d e r  t o  sal isf} 

long ra::ge at v e l o c i t i e s  o: 7~*~]om s - - 6 0 0 0 m , -  

:trier ~, -,horl a s c e m .  /-hil r 4 e n o m e i : a  4 i i m e  uqo:~ 

i h e  ex:--  }}t]atlon ol t h e  : r a c l i  ~ (d" d r a ~  a c c e [ e r a t l o n  

~ o , w n  m E'h.,, 5 3rtd ' | ' h c  ascet}~s oI  a l : l l u d e  a r  �9 m -  

' h e s e  ~ e  ca t~sed  :~v l h e  �9 g d d e : :  d e s c e m  :}i , p  

m}4: ctrag ::ccelera~:o~: imo the :ower bounda:, 

: ' a b b  ~;~:~,As, [ b e  : l e  o i  ~s :  pc l ' tO:FI]aBCC 

{{he k ) / : : c r  u:r  r a : : g e  iS, l h e  ~ r e a : e ~  ~he i : ' t c l - a ~ e  

::~ heatli:b: Lcc~lmuhi~ed tB the alfhame -H~ce lhc 

.,,F~aco :~.c}:ic[e s:::}, whe:e ~he J:eaiHt]~ rat( ( :o : : -  

s:raim .- ::overm~d :r :~gh pced! fi:r hmg 

p : ' r i o d s  o f  :ime [r~ I'ab[e 2_ m e  va:m' ] ,- 

FiOIH).liH~r ": ~s :=:~').~';11]/ ~4 ~ 

< 3  R e f e r e n c e  d r a ~  a e c e ~ e r a ~ e ~ l  

F}:e De~/o ma~:ce  it:alex a c q u i r e d  / r o l ~  Ko / [(?~ 

. . . .  a o :  b e  P m  , / t a l l y  r e a h x e d  B e c a a s e  t h e  s i o m '  

ol  m e  irae : c c e l e r i i d o n  2 h a r l g e s  smi~lem ~ ~: 

l a t~ge rous  t o  d ,  oD : b e  b o u n d a r y  e~, c o r m : r a m m  

w~lh  respec t  ~o t h e  sb~b / l l t y  o~ : h e  r e  c~:lr> vcmc~c .  

I ~ ct~ rec :  ucr~ (te[ec{ ~ e  r~'eUt ir~za~K}R 

a a r a m e t c  ~- }~ m i r o d t i c e d  :o  Ih{ ~ , e r l o r m a r t c u  

index  W l { h  g { l~e  p e E i o r m a h c c  m a l e  c a ~  bc 

m o d d m d  as  R>|/c~>- 

/ =  2] J , / ,+e  E D .  - t ) , ; '  
17 

D ::1) . . . . . . . . .  :;i:~u,~1 D ......... = / )  ~ 
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C~p~m]ai ~ r a j e c { o r y  a c q m r e t ~  l h r o u ~ h  S Q P  in 

c l m r a c t e r i z e d  b3. ~he d r a e  a c c d e r a t i o n _  a r i a  ex.~ 

p r e g s e r  ,~ a lH1Ca l -  t k i r l c i g o f }  Of" i h e  v e | o c / Q  a~ 

e a c h  b r e a k  p ( n m .  In  {his  p r o c e s s i n g ,  l h e  " r e g ~ l a r ~  

~>'a~ o n  m e l l ~ o d  n e m ~ o n e d  a b o v e  ~.. n e e d e d  ~o 

~ c q m r e  t h e  uesHe{I  c h a r a c t e r l s i . c s  h} r  ~he o o m r m l  

(H~ pro{He ,  a ~ d  ~he r d k r m ~ c e  N a l e c ~ o r y  ~s ~e-. 

p r e s e m e d  a s  t )  . W h e B  [ h e  ~ e r a H v e  c a l c r  

o f  fl~e S O P  c o n v e r g e s ,  ~be r e t b r e n c e  ~ r a j e c l o r .  , ,  

,~,qroxH- a{e(~ a,~ a t} rd  o r d e i  p o l y n o m i a l  hm~. .  

~}on o f  ~he e a r t b ~ r e / a t  vc v e l o c ~ } .  {n e a c h  b r e a k  

o o m t  m F q  ~ x . |~ h a s  a c o m i n u o u s  l b r m  | o r  ~he 

m l e g r a i  a h ~ o r n n m  a s  }~]wen by 

IN 
} - { , ,  P - k;, k C &  

l a b l e  3 Perh~rma] lce  i ndex  l o t  d{Iteren 

, ; , - g e s  ( a = O 0  

R a t  gc koq 

i a b | e  4 Pe{-J~or~ l l an te  i m w x  a c c o r d / B l e  H> 

e =::" 4 0 U U  k{~ 

s s # 

I 4.,:b ..:~0 0 0 0 1  } ~{}~(~{} 

.~_ / } (}O{H } 19"}':~ 

) .0  ] } 2 4 7 3 4  0 . 0 0 0 0  ~ } 1 S 4 1 8  

w h e r e  (~ ' ~ :  2. 3. 4 i'.~ t he  c o e m c ~ e m  w h i c h  

c h a n g e  a~oQa ~ |. Jl~c[f;g. 

l : i g n r e  iU s o o ~  ~he 11o,.~ c h a r l  ~or g e l ] e r ; m n F  

/ )  P i g u r e s  I~ and t 2  s h O ~  l b e  r e f e r e r / c e  d r a g  

. c c e i e r ~ c m  a n d  l h e  a | i i m d ~  a ~ o n g  ti'~e aoDro- 

m a a p c  ra~3~es a n d  T a b { e  3 r e p r e . ~ e m s  t h e  ~ e ~  

~ o ~ m a n c e  rode:  w} tc~  ~ =0ff)l F ~ e u r e  | 3  ~bow~ 

{ra~. acce le ra{ io{1  f o r  d / i l e r c m  v a l u e s  o f  ~ }~ 

f~xe,/ r a~we  o~ 400(}k in  a n d  ~he p e r f o r m a n c e  

~0d ices  o~ t h e s e  c a s e s  a r e  p r e ~ e m e d  m f ' a b / e  4 

D e s o i t e  c h a n g i n g  o l  ~ t o m  O.Oi m (}.1. m e r e  

,,, no{ m m m  v i s i b l e  c h a ~ g c  m ~Be r e ] c r e a t e  

{ r a , e c~o rv .  bt~t {he  pe~ o r m a n c c  i n d e x  is i n c r e a s e d  

b~ 52'.~- h l t h o u g h  t}-~e p e l ] o r m a B c e  i n d e x  ex-  

~ O P  

............................................. J~ 

} i ]~ .  ~0 k~v,  . : h a r t  ~o~ P e a c ~ a H { m  (ff D ....... F iR .  J2  

Fi~~ I I R e { c r e v i c e  (~!:a.:o $ c c [ t l e F ~ H I o H  ~ H o t ] ~  [ f / (  

e~ 
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Fig, 13 Reference drag acceleration along epsilon 

!flight range:= 4000kin) 

periences a large increase to 338250 when c - / ,  

the actual pe~t%,rmance indices  have similar  values 

for visually identical  retkrence trajectories as 

shown in Fig. ~3 Also,  compared to the case oF 

~ - - 0  with t h e  range o f  4000kin, the pe r lS rmance  

index with e=:0.01 is increased by 3 5 2 l ~ .  This  

seems to  be an  acceptable  penal ty  w pay in  terms 

of  the performance index i~ return ti~r nmch more  

realistic m~jectories. 

4, Flight Contrel System 

The  flight control  system o f  the re.-entry space 

vehicie consists of a naviga t ion  system, a guidance 

system, and an a t thude  con t ro l  system. The  role o f  

the nav iga t ion  system is to transt~r the states 

(posit ion,  altitude, velocky,  l i g h t  path  angle etc~) 

to the  guidance sys tam The guidance system also 

consists of  longitudinal  and lateral  guidance. The  

former has  two parts : one  generates the rel:?~rence 

trajectory which is based on  ,he states, and the 

other is  the trajectory cont ro l  which is acquired 

by the mt l tude  angle needed ~o t rack  the r@erence 

trajectory The role  o f  t he  latter is to reverse the 

atti tude a n g l e  in o l d e r  to decrease t h e  azimuth 

error  when !it exceeds the d e a d - b a n d  limit.  The  

atti tude cont ro l  system used in ti~is paper only 

controls  the bank angle us ing a i  aerodynamic  

cm~trol sur{~ace, d e v o n  

4.1 Contrei of iongi~udlnal trajectory 
The space velaicle St~ould be guided to the target 

D 

, ,  .-!~: I---{--V-I ...... :;.~ )- +~:D% ~-.+. c~/c I ~  ....... _, ............ ~-.+l,~..r'_--~ =o~= ~ -= 

v} 

Fig, 14 g/ock diagram ~or ~rajec~or) comrol system 

sta~es acquired by the generat ion part of  the 

reference ~rajecmry. These mrge~ s~a~es ~houid 

always be maimai  Red inside the permissible flight 

cor r laor  Fhese constraints are functions o f  the 

velocity and drag acceleratior. Fhe ve/oci~> de- 

creases m o n o t o n o u s l y  m t h e  case o f  the no--,~hrus[ 

space vehic le  Accordingly,  ~he represematmn of 

the drag acceleration as a flmction of  vetoci~y can 

guide the sta~es ~o Largets, and can also ~e 

expressed m ,,~ form m which all of the constraints 

are within the permissible fligh1 corridor,  Thus 

the targe~ states are the ret~rence states_ and they 

represem ~he drag accelerat ion described as a 

function o f  velociiy. When the optimal  drag acc- 

eleration ~s acquired.  ~ is used as the reference 

drag accdera t ion  in the control  system. 

GeaeIaI ly,  ~he drag acceleration is determined 

o} the a~mospheric densily and veloci |y  In order 

~o increase lhe d rag  acceleration for ~he ~ame 

velocdy, the atmospheric  denser3 s t lou |d  be 

increased, ['he am~ospherk densily can ~e 

approxima/ed  ~y the I976 [J.S. ~Iandard atmos- 

phere The lower the alt i tude ~s. tile higher  /s the 

a~mospher~c density. Thus  lit~ should be small  ~ 

lower the altitude. The  bank angle shot~/d be 

com,o l l ed  [or Lhis purpose.  From the defini t ion 

o{ IlL V. ]). fl~e relations lbr these parammers are 

as ~bllows 

/e= I:~ + OR~e 
P=.P,.  ~- p.zd ~) 

where }~_ ~)R, [~o Qv. i:}), Ov are functions o f  N.  

V Y, Figure 14 is ~he block diagram that re- 

presents a bank angle command  o-,, li~r me con- 

~rot of  longitudinal  mtlec~ory. ~n Fig  ~4_ k~. k2 

and k3 are the control  gains  

Copyright (C) 2003 NuriMedia Co., Ltd. 
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4.2 { ,onlra l  0 f  l a l e r a l  t r a j e e f e r y  

\ l ~ n o u g l ~  t i le  s p a c e  v e h i c l e  I r a c k ~  the  r m e r e n c e  

d r a g  a c c e l e r a t i o n  n5 t h e  l o n g , m d m a l  H ' a t e c m ~  

c o m r m  l a t e r a l  r a n g e  e r r o r s  o r m o g o n a ,  ~o she  

pJan{ o |  h m g m ~ d m a l  m u e c t o r ?  ex~s~ h? Z h e r  

%/O[(I.S, t h e  rot]  a f l t l  ~ d a  i ~OIlOT1S d L l e  1o  the 

cha~? gc  o r H~e b a n k  a n g k e  i n c r e a s e  She | e n d e n r  V el  

r u n w a ~  b i a s  ~,, o n e - s i d e .  T h e r e f o r e  t h e  c o n t r o l  of  

m e  la te ra~  t r a i cc~o r3  s h o u l d  b c o n s i d e r e d  s o  t h e s  

m e  o~  r u f u s {  \ e i ~ c i e  w i l l  h m t  on  m c  r u n w a y .  

Fhc l a*e ra l  v e h , e i ,  c a n  ~')e c o 0 s l d e r e d  ~eparalel '~  

beca t~se  ,, , .  ve/'}, S[o'tk I[1 c o l n t ) a r / E o n  w i t h  *lie 

l o n g  l{ldi l la /  Ve ee l{y ,  [ 'b(  aeHr~u/h  polnt/l~/g i t e m  

the ~ - r r e m  ) o s ] / i o r l  [ o w a r ( I  | J le l a r g e l ~  r ) o l l ~ L  

:: ~i{l /)e ~wtDressed ; l> 

7':,.-., = " ;  tan ~21 r ::,.~.: O. ':~,:~. " -  :~ 20 
i 

vvhP.re ~r :nn~: a l e  I+ltt t ] r i a l  / a t / t a d (  a m i  

l o n g n u d e  o f  t h e  v e m c ~ e  m d  t a n  ' J  } :  k 

z a : , ~ a n  } : .  X )  ::L:r ~ m e  t \ m r  q a a d r a m  

a~c t a n g e n t  o f  l h e  r e a l  par~s  o~ ~oe e / e m e m s  o f  ) (  

m d  

W h e n  d~e m a m ~ m d e  ( f | h e  t z m ? u [ h  e r ro~  ~: 

:,~.:a e x c e e d s  ~ d e a d  b a n d  | i m h  t h e  c o m r o l  

cn m ~ e r a l  ~ r a / ec~o ry  r e s u / l s  m b t m k  r e v e r s a l s  

M a t h e m a t i c a l l y .  {his ts | he  p r o c e s s  Io~ c h a n c r e s  

| h e  si,an o /  l h e  b a n k  a n e l e ~  A~ | h i s  t lPile, t i l e  d e a d  

- a n d  lHrm s h o t l l d  be , ~  be an s m a l l  ,~ 

p o s s i b l e  / t  ~s s e t  SO bc lO" ~n { h i s  s tuc ly ,  ~ m c ~  ~x 

~ d e m ~ c a /  l o  t he  c ~ e  o~ n e  spac~  sht~t t ie  

O w m e  so  t h e  h~gh  a l m o s o h e r ~ c  d e n s n ~  . , o ~  

a l t H u d e s  ~e {~vnam~r p e r / b r m a n c e  o f  *he l a | e r a l  

m o t i o n  ~ , o n S r o l l e d  ~'} | h e  b a n k  a n g l e  ~s br /s~ 

l ' he re l?>rc  l h e  t r a c k m g  e r r o ~  - m c r e a s e d  by  l h e  

ba t i k  r e v e r s a l -  l 't~us, m o r o e l  1o m a m l a  - m~ 

{hell{ s i a b / h  ~ al o w  a[Hladr t h e  d r o p  m m e  

l r a c k m ~ ,  o e r f o r m a n c e  o i  , l i e  H a / e c { o ~ y  ca/1 be 

p r e v e m e d  by the  t ] x e d  b a n k  a n m e  a H e r  a s e q u e n c e  

o f  b a ~ k  r e v e r s a l s  : -  s o m e  ~m~/ ed  ~ e l o c l t y  

& 3  a H J t a d e  e ~ n l r o l  s~ ~ e m  

P}))aIca~ [1P/1r de*gdvs ~C{2tlF ~ b e n  G a n s / e r I .  g 

s~a~e~ ~ r o m  ~ ~e n a v i g a t i o n  to  a l l , r u d e  s? sRtms.  1 o  

r e p r e s e m  /h~ ph3s~ c M  m e a n m m  d~e l \ d l o w i n g  

c ~ m a H o ~  w~H~ a Hrs{ *e,as m a i m  ,- m s e r f e d  t a r o  

~{1{ {Jl ~n } r / { l ~ n  

. } 

%11e[( :" IS t h e  HIItH d t l l l s [ a n l  

4.4 F i x e d  bank a ~ l e  m e { b e d s  

F h e  f i x ed  b a n k  a n g l e  m e t h o d s  a~re a p p h e d  ~o 

~x,~o p a r i s { c r o a t  f i n a l  f f  t he  r e<emr /y  p /ase  

t r e e  is m l h e  a / H ~ u d e  l a n e e  o f  / 2 0 k m  ". g 5 . 5 k m  

t h e  o t h e r  ~s m | h e  ve toc~  W r a n g e  12(X)m - - 

76(h  - / n  | h e  ~o rmer_  t h e  b a n k  ane~e  o f  h~ 

r e g i o n  F o r e  t h e  :d{m~de  e l  /2{~km ~ m~ r rm~a /  

p o r e *  o f  d-~e r e l e r e n c e  t r a j e c t o r y / t ~  m a l ~ i l u d e  

o f  g5  5 k m . . -  sel  a~ a t e n s e . a m  t } e c a u s e  . ,< m~ 

~ o s s * b | e  t o  t o r e r o |  d r a a  ~ c e e l e r a f i o n  i ,  c . a ~ g t a g  

t h e  b a n k  a n g l e  d u e  i o  - ,-.~ a m ~ o m h e r a  d e n s /  y 

/ l u s  co~ s i a m  v a | u e  s h o u l d  oe  se lec*ed  - t h a t  {be 

~ e - e m ~ y  v e h i c l e  c a n  . ~ p p r o a c h  H~e H m m l  c o n d F  

Hol /  o{ t h e  r e ~ e r e n c e  G a i e c t o r } .  h~ t h e  l a t e r  m e  

bank  a u e / e  < h o t d d  oe  ~]xed ~{ coH~ ~eb ~/le 

~ l u c I u a H n g  m , e r a |  m o u o n  ~.  t h e  v e n l c ~  m e  

h ,g /  a m 3 o s p n e r ~  o e n , n ~  F h e  f i x ed  bm~k ~ g ~ e  

m e , h o d s  d o  no{  a { w a ) -  m c r e a s e  H~e ~ r a e k m a  p e ~  

~ o r m a n c e .  l h e  d i f f e r e n c e s  in  p e r | o r m a n c a  u< p e n d  

n c o m r o t  c a m s .  f i x e d  ,H~gie m a n t a { u r i c  an~/ ~ e  

v e l o c n y  ~ w h i c h  ~Be Hxc~  b a t i k  an?n< . - - ~ d  

ghe c r u e r ~ a  a t .  {~xed b a n k  a n u l e  l b r  *he v e io c  ! 

r a n p c  e l  12(}0m s - -  7 0 0 m / s  a r e  a s  h ~ H o w s  

. b < Ve/oe:/g a t  w h i c h  (Zrixea i~ a/~plD,d 

rL. I t ~ z g/~l t o n i '  a t H . r t g a ~  H "r > ~  ~i~ 

'~..:= ..... < ...... Og l o l e  gH:./:~geZP H O, ~ 

4 .5  [ m p | e m e ~ t a [ i e n  o f  C o n t r o l  

F a b l e  _~ ~nov,'~ tl?e p a r a m e t e r s  

s t u d y  

qed I11 IIH~ 
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R a ~ g c  ~ UtltJk~ 

[{a~k a n e l c  l m m  

m m ~  a n g l e  ra~c tnll/[ |t} 

D e a d  ha Id m m i  oI a m m u t h  e r r o r  2 H  

Ve{ocu at  w h m h  o# ..... le a p p l i e d  2 0 0 m / s  

k{xed ; :m~e aS [o> dHtud{ t~{ 

{ xed hmH< ng{e o m w e e n  re e m r }  

m~ m h i a l  om~ o f  :).:~ 



754 Doe W o o  Lee aead K v e u m  Rae ( ' he  

l " w u r e  15 dep]c~s i he  d r a g  a c c e [ e r a d o n  h~stor~es 

m the a k i t u d e  r a n g e  o f  120kin  -~85 .5km a c c o r d i n g  

~o m e  f ixed  b a n k  a n g | e s  1~ tb~s SlU{I: ~he '~'a~iK 

a n g m  o f  60" is  ve~ Hied us  t h e  rues  t a t m q u a t e  va lue .  

F i g u r e  l{~ plo~s t he  I r a c k i n g  p e r f o r m a n c e  o} 1he 

d rag  ~cce[era[ion om(s  {~le re fe rence  H'a/cc'r u 

d u r m g b o t h ~ h e  b a n k  r e v e r s a l s  a n d  {he non  ban~  

r eve r s a l s  H g u r e  | 7  s h ~ *  a d e l a i l e d  rep~e>cn>. 

a l l e n  o f  ~he c~rcied ~egion m Fig ~0. ' | h e r e  a re  

suddm}  d r o p s  o{ d r a g  acce l e r a{ ion  m F i g -  16 aria 

17 Fbese  are  c a u s e d  % a s u d d e n  m c r e m e m a  hf~ 

a t  t h e  poH:d O':=:O d u r i n g  tl~e b a n k  reversa l  pro-- 

t e ss .  T h e  s~eady ~a~e e r r o r  m t he  a b o v e  f i gu re s  is  

c a u s e d  h y n e g | e c m ~ g  *he s e c o a d  d e r i v a t i v e  o f  the  

d r ag  coe f f i c i en t  d ~ C  dtz=:O and  m e  un~e] 

fataL, ot  e x p e r u n e n | a l  d a m .  ] ]g ~re t7  a l so  s h e  . . . .  

the r e s u h s  o f  the  ~ o n - f i x e d  h a n k  a n g l e  a{ a Iov 

d l i t u d e  ha {he ca se  ( d t h e  n o n  f ixed b a n k  an}s~e 

{racK,rig p e r f o r m a n c e  in the  ~mal r e~ ion  ~s w o r s e  

l b a n  tha l  o~ ~ m {]xed b a n k  ang le ,  

[ - I g [ N e  l> ;  ~ h o w s  t h e  b a n k  a l l g [ e  n ~ s D w ] c s  u ~ e  

di i}erence  b c i w e e n  m e  b a n k  reve~ als m d  m,~ 

h a n k  reversa l s .  "['he di fPerence ~ccon tc s  n o d c e a b h  

a~ 400~.et 

[ l g m e >  19" -2 [  a re  d~e f h g h t  pa th  ang le ,  c a l m  

re l a t i ve  veh~ci{>_ .rod a l Q l u d e  w d h  rcspec~ ~o mv~e 

~espect ively .  Fhe re  ~s ] m l e  d i f l h r ence  in t h e  b m~: 

r eve r sa l s  :xccpt  {br m e  ~ i g h t  ~}ath a n ~ m .  {he  

s u d d e n  v a r m H o n s  o i  ~he i l l g m  pa{l~ a n g l e  a r e  d u e  

m the  b a ~ k  r eve r sa l s  m u s  the  n u m b e r  o{ ~l~e 

:{udder va r i a~ [oas  are same as dlal . f f  t h e  b a n k  

reversa l s .  

F i g u r e  22 s h o w s  {he a z u n u t u  error> m ~w{ 

cases .  T h e r e  ~s an  ~ z i m u t h  e r r o r  o f 3 7  m ~{}e b a n k  

reversa ls ,  w~i le  ~11 a z l m m h  e~{o~ ,>~ 225 

r e d u c e d  h.-~ d'~c case  ~}/" {]~e no~  bank  e~ "rs;~s 

,<7" 

g , 

E 

. . . .  RefeFence 

. . . . .  Badk  a s # e  6.0 ' 

Fig, 15 Drag  accelera t ion his  0t ies  al- ,ng :~i~e fixed 

ba~k a n g  es in 7440m S - -~7400m/  

1 .............................................................................. 

........ Bar+, rev rsaS 

. . . . .  ~ . . . . . . .  . { . . . . . . . . . . . . . . . . .  Bale', reversa*~ 

e # " .. { N ~Ba~k }~v~?gais 

r > . . . . .  \ 

!, ~,g v v >, 

!i "" . . . .  ' 2  

To {he deta i led  f igure 

t 

tO~e 2000 a00t? 400~ 51)00 ~ 0 ~  7000 ~ 0 B  

Fig, 16 D r a g  acccqcmdo~ histories  w t h  respct tO 

velocity 

{ , , . ; ; ; i  ....................... 

V {~w'sec 

Fig; 17 Detai led reprcse~tat io~ o i  drag  acceIcrat ion 

his tor ies  [n ~ ~a~speed reg ion  

Copyright (C) 2003 NuriMedia Co., Ltd. 
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- 4 

F~g. 19 

200 400 cO0 800 I000 i200 I~00 

Fl ight  path angle histories wit/~ respect to 
t ime 

i ~ > ' ~  Non Batik r~v~r aiS 
7000" ........................................ ................................ 

eooo, 

:~ 4oo0- 

> a60o- 

2 9 0 ~  

o ~oo 4o0 80o 800 Obo 1200 1400 

t (~eO} 

Fig~ 20 Earth-relative velocity historie:, x~i~h ~espect 
W time 

120 

1 O@ 

0 

Fig. 21 

200 40O 600 ~00 ~000 1200 ~400 

t {SeC 

Altitude histories wth respec{ tO time 

- ~  NO~ Batik revel'Sa S 
250 ~ .................................... 

I 

0 2 0 0  4 ~ 0  ~ 0 0  8 0 0  o00 ;12r 4 0 0  

{(sec) 

Fig. 22 Azimuth eriol histories with respec~ ~o time 

r ,  g 14~. 

F~go 23 3-Dimensior~ geometric trajectory 

The azimuth error in bank reversals exceeds ~he 

dead-band lh~it; which is caused by the fixed 

bank angle needed to maintain flight stability 

and tracking perfbrmanc~e at a low altitude. This 

azimuth error does not {have any significant eftbct 
on the lateral range error because the altitude is 

atready low, and it car~ be easily dealt at the 

TAEM phase  Figure 23 represems ~he 3-dimen- 

sional trajectory fbr re~.--entry~ It shows the differ- 

ence between the two cases mentioned due tO the 
bank reversala 

5~ Conclusions 

It is necessary to design the re~?rence trajectory 

related :to drag acceleration in order ~o decrease 

~he hypersonic velocity of  a p a c e  vehicle shordy 
after atmospheric re .entr  N This paper ases d~e 

total heating of  the airframe as the perR-~rmance 

index, and seek to minimize it by applying the 

SQP method. Kthe  range is designed to be longer, 

the  akkude  climbs and suddenly comes down to 

safist}; the tong range at high-speeds 
For  realistic rel?:rence drag acceleratiom the 

Copyright (C) 2003 NuriMedia Co., Ltd. 
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regu/arization parameter is introduced into the 

perfbrmance index  Trajectories fl~at u ' e  ph}Si  

catly realizable ea~ be designed be the suitable 

soiling of  c and it is verified that ff~e regul~r- 

[ za t i o l  parameter iS eiti~cti~e ia tl~e scale range 

f rom 0 ( ) / t o  0 i .  

]~ ( te  cc:m/rol p b t s e  b a l k  ~eve~sa/ m d  ~lo~}- 

b m k  ~evers~L, are i nmia t ed  isink~ a i m p l e  

nonliiea~ eontioiier  % i  i r a  

jeclory, The effect of  bank reversals appears 

in the drag acceleration, tl~e bank angle, the 

flight path angle+ not in the velocity a l d  the 

altitude, h'~ particular; fixed bank angle methods 

are shown to reduce drag aceeieratlo~ error at 

in{ti~ii/fi~ai par~s 0f ihe re entiy piiase. The 

s teady . s ta~e  errors ia drag  a c c e l e r a ( o n s  ~re 

caused by neglecling the second deriv:aive o f  

the drag  coefficient and  by the tmce~taitty i n  

the experimeital  d ~a Although the m a x i i m m  

steady sta~e er~o~ is about Olzm/s '% the pro- 

pOSed iaethod provides a good t~:ackilg per- 

fbrma~ce in {lie permissi//le flight co r r idor  
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