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presented. Derivation of the powered RTLS algori thm i s  presented, as 
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1.0 INTRODUCTION 

The original powered f l i gh t  guidance software proposed for Shutt le  ccnsisted 

of various specialized routines t o  handle the various phases of f l i g h t  (as  

Saturn V/Apol 1 0 ) .  The Boei ng devel oped Li near Tangent Guidance (LTG) 

equations (Reference 1 ) were base1 ined for Shutt le  nominal ascent. Investi- 

gation revealed t ha t  Apollo type guidance was inadeqwte t o  handle some 

phases of Shutt le  f l i gh t  ( i  .e., low tnrus t  deorbi t ) .  I t  was l a t e r  dis-  

covered by Long and McHenry of the Mission Planning and Analysis Division 

(HPAD) of JSC that  the basic LTG algorithm was accurate and f l ex ib le  

enough t o  handle some of these di  f f i cu l  t phases. Long and McHenry 

(Reference 3) then developed the concept of extending the basic ascent 

LTG equations t o  handle a l l  phases of Shutt le  powered f l i g h t ,  including 

Abort Once Around (AOA) and Return To Launch S i t e  (RTLS) aboi-t. Brand, 

Brown, and Higgins (Reference 2 )  of the Massachusetts I n s t i t u t e  of 

Technology (MIT) l a t e r  developed concepts that  made i t  feas ible  t o  extend 

the ascent LTG t o  handle various phases of Shutt le  f l igh t .  

The basic Boeing guidance task under t h i s  cont-act was t o  coordinate with 

MPAD, MIT, and Rockwell Intkrnational (KI) i n  development of the Unified 

Li$ear Tangent Guidance (ULTG) and to implement t h i s  capabil i ty in the  

JSC Space Shutt le  Functional Simulator (SSFS). Emphasis was placed on 

abort capabi 1 i ty. Various candidate abort techniques vere cri t iqued.  I t  

was determined t ha t  a l l  of the exist ing candidates f o r  RTLS abort guidance 

had certain l imitat ions and disadvantages. As a r e su l t ,  Boeing developed 

a complcte solution t o  the RTLS abort problem sat is fying a l l  constraints  

and cmpat ib le  with the ULTG as a simple option (Section 5.2). In order 

t o  solve the RTLS problem, the original  LTG algorithm was s ignif icant ly  



modified. A unified optimum guidance algorithm (References 8 and 1 3 ) ,  

involving higher order accuracy and more f l e x i b i l i t y ,  was developed. 

This accuracy and f lexibi  1 i t y  made range th ro t t l ing  possible (Section 4.2) 

and made i t  possible fo r  the s,:eeri ng to nodulate t o  deplete excess pro- 

pel :ant and simultaneously s a t i s fy  velocity and position constraints  

(Section 5.2). 

The guidance work performed irnder this contract contributes t o  a l l  phases 

of Shutt le  powered f l i g h t  guidance. A technique fo r  haqdiing the Orbiter 

Maneuvering System (OMS) ascent phase (Reference 9)  was developed and  i s  

presented i n  Section 4.1. This t txhniiue has been implemented i n  the 

ULTG of the SSFS and incorporated in to  the  currently baselined Shutt le  

powered f l i g h t  guidance equations (Reference 10). Theoretical background 

and development of the unified optimum guidance algorithm are presented 

in Sections 2.0 and 3.0. Techniques for  optimally handling various s e t s  

of end-conditions are  presented in Section 4.0. (Techniques t ha t  were 

undeveloped fo r  Saturn.tApo11 o techno1 ogy) . Two exp l i c i t  powered f l  i ght 

guidance algorithms fo r  RTLS a re  presented in Section 5.0. Section 6.0 

contains a method fo r  implementing the steering computations fo r  a l l  

Shuttle pk,ases. RTLS time-to-go and range th ro t t l ing  equations are  

also included. References are  l i s t e d  in Section 7.0. Derivation of 

general ized higher order t h ru s t  i ntegral s i s  presented in  Appendix A. 

A simple gravity model capable of accurately handling a l l  Shut,tIe powered 

maneuvers i s  presented i n  Appendix B ,  However, t h i s  i s  not the model in 

the currently basel ined equations (Reference 10).  The RTLS powered f l  ight  

option i s  presently being programmed in the SSFS by NASA/JSC and LEC.  



The guidance a lgor i thm has the fo l l ow ing  features : 

Optimal i t y  - A1 1 necessary condi t ions f o r  opt imal i t y  are s a t i s f i e d  t o  

w i t h i n  the accuracy o f  the guidance algori thm. A l l  f l a t  ear th  assumptions 

are el iminated. 

Accuracy - This guidance a lgor i thm i s  an approximate closed-form s o l u t i o n  

t o  the powered f l  i g h t  t r a j e c t o r y  op t im iza t ion  problem. 

Stabi 1 i t y  - There i c  considerable feedbdr 7 the algori thm; i .e., every- 

t h i n g  i s  a func t ion  o f  everyth ing else. t i~wever, i n  the  f i n a l  analysis,  

everyth ing i s  a funct ion o f  f i n a l  s ta te ,  costate, and f i n a l  time. These 

f i n a l  quan t i t i es  converage t o  v i r t u a l l y  constant values a f t e r  a few cycles 

through guidance. 

F l e x i b i l i t y  - The a lgor i thm can handle any reasonable s e t  o f  maneuver end- 

condi t ions i n  an optimum manner. The number o f  end-condit ions can vary 

from one t o  seven. 

S i m p l i c i t y  - The basic  equations are very c lean and simpl.e, e.g., cleaner 

and simpler than the  Saturn I t e r a t i v e  Gu idanc~ Mode (IGM), the o r i g i n a l  

LTG approach o f  Reference 1, and the equations o f  References 2 and 3. 

I t  w i l l  be seen i n  the fo l l ow ing  sect ions t h a t  the  coniept  presented i n  

t h i s  r e p o r t  actual  l y  represents a ?rob1 em s o l u t i o n  apprcach. The approach, 

although numerical i n t e g r a t i o n  could be employed, e l iminates expensive 

( so lu t i on  t ime and computer storage) Newton-Rhapson type i t e r a t i o n s .  

Desired maneuver end-condi t i o n s  are  expressed as functions of the  terminal  

v e l o c i t y  and p o s i t i o n  vectors. The nav iga tor  furnishes instantaneous 



values of s ta te ,  time, thrust acceleration and gravity acceleration. 

Analytic expressions are employed to represent the magnitude cf the thrust 

acceleration time history. The problem i s  to  determine the thrust vector 

time history (and issue steering commands and thro t t le  command i f  ap- 

plicable) that maximizes final mass subject to  satisfying maneuver objectives 

(end-ccndi t i  ons) . Theoretical development furnishes the optimum form of 

the thrust vector (steering parameters) and missing end-condi tions necessary 

for optimality. The problem solution approach i s  to  develop a closed form 

approximation for determining val ues of the steering parameters that  

sat isfy a l l  necessary and desired conditions. The solution is a predictor/ 

corrector or recursive type i terat ion,  Sever-1 pre-thrust or pre-guidance 

cycles through the equations are assumed necessary to  converge the algorithm. 

The solution approach i s  as follows: The solution i s  linearized i n  terms 

of steei-ing partmeters, thrust  and gravity integrals and final s ta te .  The 

steering paramsters are then determined from the linear equations. The 

steering parameters and thrust integrals are in turn used to  predict final 

s t a t e  in a manner that approximately sa t i s f ies  down-range conditions. Down- 

range conditions a1 ready being sa t i s f ied ,  cross-range and radial conditions 

as well as appropriate rnagni tudes are corrected i f  errors exis t ,  i .e., a 

discontinuity i s  ;ntroduced into the predicted s t a t e  t o  sa t i s fy  end-condi tions. 

A one pass i teration i s  repeated on the next periodic guidance cycle, The 

algorithm i s  extremely convergent, even for bad guess s tar t ing values of 

final sttite, costate and time. An i n i t i a l  estimate of velocity-to-go i s  

needed t o  s t a r t  the algorithm. 



2.0 THEORETlCAL BACKGROUND 

The guidance and trajectory optimization probleni f i t s  i n  the class of the problem 
of Bolza or more specifically the problem of Mayer (Reference 5 ,  Chapter 4 ) .  This 
problem can be formulated as follows: cvnsider t h t  class of functions 

n , where t i s  the independent variable, 

ints  (differential  equations) Sat isfying the constra 

dS 
j = 1, . , where S = x ,  

which involve n-a degrees of freedf~m. These functions also sat isfy the end 
condi t i  ons 

The problem i s  to find that  special s e t  o f  these functions (Si) that minimizes 
or maxi mi zes 

This problen can be trer.ted in a : imple and elegant manner by introducing a s e t  
of vari able Lagrange mu 1 t i  pl i ers , 

~ ~ ( t ) ,  j = 1, ..., L (const.raints) 

and a s e t  of constant Lagrange mu1 t i  p l ie rs ,  

pk, k = 1, . . . , L (end conditions), 

and ernployin: the principles and theorems in Reference 6, Chapter 7 ,  and Reference 7 ,  
Chapter 2.  

For simp1 i c i t y  the n o t ~ t i o n  of Reference 6 i s  employed hew, e.g . , 
n a 



The above problem can be reduced t o  minimizing o r  maximizing the augrl~ented 
func t iona l  

L 

P = [GI: + vkCt  + I Fdt ,  where F = Ajmj = 0 

I n  order  t o  ~ x t r e m i z e  P subject  t o  cons t ra in ts  the f i r s t  va r i a t i on ,  6P, must vanish. 
The fo l lowing commutative la\,; from Reference 7 are used i n  formulat ing the f i r s t  
va r i a t i on ,  6P. 

where x  i s  the independent var iable.  It i s  a l so  shown i n  Reference 7 t h a t  

2 6(F,/F2) = (Fj&F, - F16F2)/F2 as i n  d i f f e r e n t i a t i o n .  

I n  order  t o  obta in z l l  o f  the necessary cdndi t ions f o r  o p t i m a l i t y  shown i n  
References 5 and 6, the equations are w r i t t e n  i n  parametr ic form as i n  Reference 6, 
i.e., 

t = x, Si = Si ( x )  from which i t  fo l lows t h a t  F  = F t ( x ) ,  Si (x) ,  C 
bF = aF a Si + aF 6 Si + aF s t  + aF s i  (where 1 = d t ,  dS = dS/dx) and zr - - 7 - 

1 asi a t  a t  dx dt/dx 

d  dS d d 
63 == 6S - a f :  6 t  since 6 and are comnutative , and €it = 3 tit. 

Wcth the above d e f i n i t i o n s  we are now ready t o  formulate the  f i r s t  va r i a t i on ,  6P. 
With the usual i n t e g r a t i o n  by par ts ,  removing some terms from the i n t e g r a l  , the 
f i r s t  v a r i a t i o n  i s  as fo l lows:  

sP = T + I ,  where 

2 ~ = [ d ~ + ( ~ - f ~ ~ , + ) d t + F ~ d S ~ l  + Q C k  
i 1 



~t i s  necessary f o r  o p t i m a l i t y  t h a t  t h e  c o e f f i c i e n t s  o f  t h e  d i f f e r e n t i a l s  vanish. 
The van ish ing  of the coe f f i c i en t s  o f  t h e  d i f f e r e n t i a l s  i n  the  express ion T i s  c a l l e d  
the " t r ansve rsa l  i ty cond i t i on " .  The coe f f i c i en t s  o f  6Si i n  t he  i n t e g r a l  a re  c a l l e d  
the Euler-Lagranye equat ions.  

Inspec t ion  shows t h a t  

- - F H, c a l l e d  the  Hami l ton ian * t he  system. The c o e f f i c i e n t  o f  6 t  

i n  the i n t e g r a l  becomes H + F = 0 ( c a l l e d  the  " f i r s t  i n t e g r a l " ) .  Consequently, 

o f  t i ;~ system. 
f fo r  problems where F i s  forma l y  independent o f  t, the Hami l ton ian i s  a  constant  

H = C i i m s t a n t ) ,  and t he  t r a n s v e r s a l i  t y  c o n d i t i o n  reduces t o  

2 [dG - Cdt + Fg dSiIl + vkdCk = 0. 
i 

So, i n  conclusion, the  " t r a n s v e r s a l i  t y  cond i t i on " ,  the Eulet. Lagrange equat ions,  
the " f i r s t  i n t e g r a l " ,  and t h e  c o n s t r a i n t s  and end cond i t i ons  be ing  sat ;s f ied form 
th2 necessary cond i t i ons  f o r  o p t i m a l i  ty  i n  t he  problem o f  Mayer, s t a t e d  above. 
The above necessary cond i t i ons  a re  genera l  and cons i s t en t  w i t h  t he  problem statement.  



3.0 NECESSARY CONDITIONS APPLIED TO GUIDANCE 

For reference, the necessary conditions f o r  opt imal i ty  are summarized here i n  
comnon notation. 

a 
F = 1 A . + ,  and 

J "  
j=l 

The exoatmospheri c equations o f  motion are 

Where - V i s  velocity, - R i s  radius, m i s  vehicle mass, and i s  grav i ty .  

aT = 1, where T i s  engine thrust. 
m 
sine cos 6, 

P = [core ::: , a uni t Vector - (5) 

def in ing the thrust  d i rec t ion  (when implementing the guidance law the small 
th rust  vector control osc i l l a t ions  may be ignored). 



An ingenious method f o r  handl ing g r a v i t y  i n  the probleu~ f o r n ~ u l a t i o n  has been 
developed by Jezewski (Reference 4). The approximation i s  made tha t  the 
g r a v i t y  vector  i s  a l i n e a r  f unc t i on  o f  the radius vector, i .e.  

G = - (U/R:) R where Rc i s  a - 
constant radius magnitude chosen j ud i c ious l y .  I t  i s  seen t h a t  

3 
r/Rc = V: /R: w2 where u i s  t h  

o r b i t  a t  radius Rc. This leads t o  
2 G =  - w!. - 

I t  w i l l  be seen i n  the fo l l ow ing  formu 
f l a t  ear th  assumptions i n  the guidance 

A 

angular r o t a t i o n  r a t e  o f  a c i r c u l a r  

a t i o n  t h a t  t h i s  approximation e l iminates 
1 aw. The augmented func t i ona l  becomes : 

F = -- A [j - aTz + W'RJ + - o (R - y) + ~ ( i  - f 7 )  

where f o r  constant t h r u s t  i = f 7  = constant, and f o r  constant acce lera t ion  
f7 = -mac/1sp where a, i s  the value o f  acce lera t ion  and I i s  engine/ 
propel 1 an t  s p e c i f i c  impulse (assumed constant i n  t h i s  pro%!em), and . . .  

(~ :a : f i )  - - n Aj ,  (V :R :~ )  - - 1 S .  and (~:!:m:e:$) a S , j = 1, ..., 7 i = 1, ..., 9 .I i 
The t y p i c a l  powired f l i g h t  t r a j e c t o r y  and guidance problem* i s  t o  determine the 
t h r u s t  d i rec t i on ,  P ( t )  , t i r e  h i s t o r y  t h a t  s a t i s f i e s  f i n a l  condit ions, 

2 ( V  :&), and sTmul taneously maximized f i n a l  mass, m2. Therefore, G - m. 
:lie e d  condit ions, i n  general, are n o t  e x p l i c i t  f u n c t ~ o n s  of  t, m, and 2. 
The number o f  end condi t ions,  s, can be anything from one t o  seven. I n  general, 
the i n i t i a l  condi t ions are f i xed .  

Applying equation (1 )  

* The problem here i s  r e s t r i c t e d  t o  a s i n g l e  burn maneuver, f .d, no long coast 
arcs be tween s tages . 



Referr ing t o  equation 3 

(e) H = C a constant 

since F i s  formal ly  independent o f  time. Therefore, the t e r n  H 
disappears from the t ransversal i  ty, cond i t ion  f o r  var iab le  i n i t i a l  
and f i  nal condi t i  ons; i .e. , 

( f )  Ht2 - Htl = C - C =O 

For s i m p l i c i t y  i t  i s  assumed here t h a t  i n i t i a l  condit ions are f i x e d  
and the i n i  ti a1 d i f f e r e n t i a l s  vanish, therefore, the transversal i ty 
condi t i  on becomes 

- ac 
dCj2 - x <- dSi2 (end condi ti ons are independent o f  t, m, 0 and$). 

i = 1 

Conditions c, e, and q f u rn i sh  superf lous informat ion f c  the problem 
as stated, since they can be s a t i s f i e d  w i thout  cont ro l  1 i n y  anything. .. 

The so lu t i on  t o  the d i f f e r e n t i a l  equation o f  cond i t ion  b (i , u 2  = 0 i s  

i(o) s i n  , A = x(0) cos ut  + - - - 

i = -uA(O) s i n  ut t i(0) cos ut - - 
I n  most low earth orb1 t a l  maneuvers i s  approximately the  range angle ra te .  
Since t h i s  i s  a homogeneous s e t  of equations (i ,e., one o f  the components i s  
a r b i t r a r y )  the above equations can be expressed as 

i u = A cos ~ ( t - K )  + = s i n  u(t-K) = ~ ( t )  - - 

where t i s  referenced t o  K = (1/2)t2, t l  = 0, A A(K) i s  a constant u n i t  
vector and A r x(K) i s  a constant r a t e  vector.  ~ q i h t i o n  7 i s  the key t o  the  
s i m p l i c i t y  Xnd ;iccuracy o f  t h i s  guidance algori thm, and replates equation 4 
o f  Reference 1. I n  general the quan t i t y  1 , i s  small and 1 ~ 1  = u, therefore 
u i s  approximately a u ~ i  t vector. - 



The t h r u s t  u n i t  vector i s  expressed as 

u / l u j  (cond i t ion  d) e = ,  , (9)  

Expanding equations 7 and 9 and dropping terms of order  h igher  than three, 2 
can be approximated as 

2 2 2 2 2 i , T ' =  T ( 1  - 7 1 6 ~  X ), = 64, and u2 = 3u1 - 2~ . where x = t-K and T = X - 
The equati  on o f  moti on becones 

a,E = 4 - 5 (11) 

The l e f t  hand s ide o f  equation 11 can be i n teg ra ted  twice i n  closed form usinq 
the general ized t h r u s t  i n t e g r a l s  defined i n  Appendix A t o  y i e l d  

- S A + Q i where ETH= p p- 

P 
= L - TJ1 - 1/2 u;J~, where J1 = Jl - 7 1 6 ~ ~ ~ ~  

2 I 2 
s~ 

= s - T ~ ;  - 1/2 u Q2 , where Ql = Q1 - 7/60 93 

Equation 10 i s  probably adequate f o r  a l l  Shu t t l e  maneilvers. However, if more 
accuracy i s  desired, a constant factor,  f, can be in t roduced i n t o  equat ion 10, 
as i n  Reference 8. Then the average value o f  i s  forced t o  u n i t y  , i .e. : 

The above equation i s  a quadra t ic  f unc t i on  of f, i .e. , of the  form 

An a l te rna te  approach i s  t o  use e uat ions 7 and 9 and employ numerical i n t e g r a t i o n  
t o  i n teg ra te  ( a T / l ~ ( ) c o s  ux and ?aT/ bl)rin UX. 



The r i g h t  s ide o f  equation 11 can be handled as: 

where ! T  and KT are terminal values o f  v e l o c i t y  and pos i t i on .  Gravi ty  i n t e g r a l s  

,'% a n i  R ) are def ined i n  Appendix B. The v e l o c i t y  and p o s i t i o n  equations 
-9 

are expressed as two 1 inear  equations i n  1 and i. 

S o l ~ , i n g  equations 12 and 13 simultaneously and fo rc ing  & t o  u n i t y  i t  fo l lows t h a t  

A sca lar  equation used t o  fo rce  %N (i .e. t o  be consis tent  w i t h  TGO 

(t ime-to-go) i s  obtained by performing the  dot  product o f  & w i t h  equat ion 13. 

S + QpT = &QN, where T = &h 
P 

This cons t ra in t  can bc s a t i s f i e d  by de f i n ing  &N as 

f romu9ich  i t  fo l l ows  t h a t  ?ElGN = Sp + QpTb* 

* l ; :~s same approach could be used i n  equat ion 12, poss ib ly  speeding convergence. 
F i r s t  guesses f o r  &N and & could have any magnitude as long as the d l rec t fons  
were somewhat reasonable. 



Equation 16 can be bypassed i f  there are no pos i t ion constraints. Inspection 
of equation 16 shows that  IR+-N/c&NI i s  the secant o f  the angle between %N 
and - I ( i  .e., &.O) and tha t  (&N/~*RGN)-A is  - normal t o  - and has the magnitude 
o f  the tangent . ~ f  the same angle, So - has a component normal t o  - x and a 

component along f&,, equal t o  the product o f  T = - 1.i - and the secant o f  the angle 

between &N and do. . 
We now have values o f  A and x, therefore the value o f  Go can be defined f o r  the 
next guidance cycle (from equation 12) 

Time-to-go (TGO) i s  determined from 

Referring t o  the def in i t ions o f  V , R+,, and Equations 12 and 13, the predicted 
values o f  IT and IT are obtained*!: 

quant i t ies  t o  be used i n  the end-condi t ion rout ine i n  a predictor /carrector  manner. 

Having determined ~ ( t )  i t  i s  possible t o  employ numerical i n tegra t ion  t o  solve 
equation 11 y i e l  ding any desi red order o f  accuracy f o r  s ta te  extrapol a t i  on and 
grav i t y  e f fec ts .  This would e l  iminate the generalized in tegra ls  o f  Appendix A 
and the need o f  an approximate g rav i t y  model : possibly s imp l i f y ing  the algorithm. 
However, t h i s  i s  no t  necessarily recommended. I t  would possibly r e s u l t  i n  an 
increased cycle time. 

. 
* . e.g., the model o f  Appendix B. 



3.1 Transversal i t y  Conditions 

The fo l l ow ing  s e t  of end condit ions i s  defined t o  be used i n  development o f  
the transversal i t y  condi t ions:  

(Energy), V = 1 ,  R = I R I ,  and v2 = - V g V  - , 

E p  = ( R V ) ~  - (8.1) 2 (Angular momentum magnitude) (20) 

- Eg - (Dl!) % (Angul a r  momen tum vector)  

Where R i s  radius vector,  II_ i s  v e l o c i t y  vector, v i s  the g r a v i t y  constant 
and lly-is the desi red value o f  the angular momentum u n i t  vector.  These condi t ions 
are t o  be s a t i s f i e d  a t  the end o f  a maneuver. For convenience, f i n a l  sub- 
s c r i p t s  are dropped. The general t ransversal  i ty cond i t ion  from the 1 as t 
sect ion i s :  

Where s i s  the number o f  end condi t ions (cond i t ion  h). 

Case 1 

Consider the case where energy i s  the only  end cond i t ion  ( i . ,  s=l, Cl=El). 
. Using equations 20 and 21  

Where & = - R i s  the g r a v i t y  vector .  

$- 
Equation 22 impl ies t h a t  the f i n a l  value o f  2 i s  p a r a l l e l  t o  the v e l o c i t y  vector  
and the f i n a l  value o f  - i s  p a r a l l e l  t o  the g r a v i t y  vector. 



Case 2. - 

Consider the case of two end conditions, energy and angular momentum. 

s = 2 ,  C l  = E l ,  Cp = Ep 

Using equations 20 and 21 

G = o  -1 + q!" - v p  - 

- 1  - - "N+ + p2  = 0 

Where = 1 X ( E ) a n d  I& = R'X(RX1). 

Pe r fon i  ng the appropriate dot products the following sca la r  equations resul t :  

- u 0 u  + - - u.5 = 0 u k v  - u p  - 
. . 

u*u - r q R  + p2 $1 = 0 - 
from which the two necessary conditions r e su l t  

u * V  - u * G  0 -- -- . 
N u*$- lPy = 0 - 



Equ,~tions 23 and 24 can be w r i t t e n  as 

S = [ u n i t  (g)] +, 
a 

= s i n  (angle of a t tack  -a).  

Inspect ing equation 24 i t  i s  seen t h a t  the tu rn ing  r a t e  vec tor  i s  ro ta ted  from 
the terminal g r a v i t y  vector  (negat ive radius vec tor )  by an angle ( 8 )  t h a t  i s  
p ropor t iona l  t o  the terminal anole o f  a t tack .  I n  many maneuvers 

(V/Ru,) u, = 1, when V = w ( a n p l a r  i o t a t i o n  ra te) .  
It 

v = E. and um = 1. I n  t h i s  case 

Equation 23 provides magnitude in fo rmat ion  and equation 24, d i  rect icm information. 

Case 3 

Consi der the case o f  three cons t ra in ts  

Using equations 20 and 21 and performing the necessary a lgebra ic  manipulat ion, 
i t  i s  seen t h a t  equations 23 and 24 are the necessary condi t ions f o r  op t ima l i  t y  
as i n  Case 2. I t  can a lso  be shown t h a t  these are the  t r a n s v e r s a l i t y  condi t ions 
fo r  a v e l o c i t y  vector  cons t ra in t  (i .e., V, y, AZ) w i t h  no p o s i t i o n  cons t ra in t .  
E3 can be considered an azimuth cons t ra in t  ra the r  than a p o s i t i o n  cons t ra in t .  

Case 4 

Considering the  case i nvo l v ing  p o s i t i o n  cons t ra in t (s )  as we1 1 as v e l o c i t y  
cons t ra in t (s ) ,  i t  can be shown t h a t  equat ion 24 i s  the t r a n s v e r s a l i t y  condi- 
t i o n  and equation 23 i s  no t  used. 



I n  summary, three modes su f f i ce  t o  handle a l l  sets o f  end-condit ions ( i  .e., 
end o f  thrust  ; ng maneuver cons t ra in t s )  : 

Mode 1 - Energy cons t ra in t ,  
Mode 2 - Ve loc i ty  vector  constra ints ,  , no p o s i t i o n  cons t ra in t (s ) ,  and 
Mode 3 - Pos i t i on  cons t ra in t ( s ) .  

The t ransversal  i t y  condi t ions are implemented i n .  the LTG a lgor i thm w i t h  very 
sirnple modif icat ions. Terminal values of ; and requ i re  several pre-guidance 
i t e r a t i o n s  as do TGO, IT, and f& (t ime-to-go, terminal v e l o c i t y  and p o s i t i o n  

vectors).  However, a f t e r  several i t e r a t i o n s  a1 1  the terminal condi t ions 
converge t o  v i r t u a l l y  constant values ( i  .e., t o  w i t h i n  the accuracy o f  the 
guidance a l g o r i  thin). The fo l l ow ing  d e f i n i t i o n s  are made: 

U = ~ n i ' t  vector  normal t o  desi red o r b i t  plane, i n p u t  o r  ca lcu la ted  i n f l i g h t .  
9 

U = u n i t  (F&) -x 

A l l  o f  the above defined q u a n t i t i e s  are defined and ava i l ab le  i n  the LTG 
a l g o r i  thni. An arb i  t r a r y  manner o f  implementing the t ransversal  i ty condi ti ons 
i s  shown here. For convenience, f i n a l  subscr ipts  are dropped. From equations 

7 and 8 where t = 2K: 

The various modes are handled as fo l lows:*  

MODE 1 - Enerqy 

q, - u n i t  (9 

*A reasonable f i r s t  guess est imate f o r  A: ( f o r  a1 1 modes) r e s u l t s  from equatjon 7-a 
assuming t h a t  2 = uni t ( 9 ,  i .e. , final-angle o f  a t tack  i s  small. 



MODE 2 - Veloci ty  

%l 
= u n i t  (i) 

u = ( g a G J q , * l )  % o r  & = uni t (a and - 

. . - i [l cos w~ - (G/u) s i n  ~ K I  % 
-ti - 

" = -4 s i n  UK t i cos UK - - 

MODES 2 and 3 - Veloci ty  o r  Pos i t ion  

= t S, [;, U+ - (iegz)d (smal 1 angle approximation) - 
and f i n a l l y ,  i i s  obtained for  a11 modes by so lv ing equations 7-a and 7-b simul- 
taneous l y  . 

A = u cos UK + w l s i n  UK - 

The quant i ty  i i s .  p rac t i ca l l y  a funct ion o f  K = (112) T only, since 2 and g 
converge t o  vTrtua1 l y  constant values a f t e r  a few passe@othrough the guidance 
algorithm. 

Equation 25 should be evaluated before and a f t e r  the transversal i ty computation. 



4.0 END-CONDITIONS 

I t  i s  simple t o  imple~nent t h i s  guidance a lgor i thm t o  handle any reasonable s e t  
of end condit ions i n  an optinlum fashion. For example l e t  the desired end 
condi ti ons be ve loc i  t y  magni tude ( V D ) ,  radius magnitude (R,,) , f l i g h t  path 
angle (r  ), and o r b i t a l  i n c l i n a t i o n  ( i  ). i .e., there are f o u r  end condi t ions 
and the bownrange angle and nodal ang18 are f ree .  A p o s i t i o n  cons t ra in t  ( R  ) 
I s  involved and i t  w i  11 be seen t h a t  the t ransversa l i  t y  cond i t ion  i s  handlea 
as i n  mode 3 i n  paraaraph 3.1. A simple i t e r a t i v e  manner o f  handl ing 
t h i s  problem i s  as fo l lows:  

Using equations 18 and 19: 

V = V, U n i t  ($RED), R = RD U n i t  (SRED)  - 

U = U n i t  (E), U = U n i t  (s$), lz = &Xq -x 9 

Define an e r r o r  term: 

E 
U + cos I D )  where al i s  a damping c o e f f i c i e n t  (al 2 l /cos))* S = a l ( g o r  

emp i r i ca l l y  chosen, and - n i s  the ea r th  r o t a t i o n  u n i t  vector.  

Then the so lu t i on  proceeds as fo l lows:  

4 = Yo 

When SE + 0 

lT 

= RD Uni t (E + SpS&,) 

end condi t ions and the  t r a n s v e r s a l i t y  cond i t ion  are s a t i s f i e d .  

Another example i s  i n  Reference 9 where the magnitude o f  apogee radius (R,) IS 
the on ly  constra int .  The t ransve rsa l i  ty cond i t ion  i s  Mode 1-energy. This 
end-condi t i o n  scheme makes use o f  the r e l a t i o n s h i p  

2 Rp ' [RD(Ra-RD)]/[(~,/cOs vD)-RD], where Rp 1s perigee radius.** Another 

re la t i onsh ip  t h a t  could be used t o  develop end-condi t i o n  schemes i s  

Rp[2-(1-cose) (R~/R,)] - RD(l+cos 0)  = 0 . where 0 i s  t r u e  anomaly. 

* Where $ i s  terminal l a t i t u d e .  

**RD and YD are computed from pred ic ted  values, %RED and 



4.1 Ascent Orb i te r  Maneuvering System (OMS) Burn (one cons t ra in t -  
Apogee Control ) 

A present ground r u l e  f o r  OMS ascent burn i s  t o  have a separate OMS guidance 
and ta rge t ing  stage. During main engine burn guidance i s  targeted e x p l i c i t l y  
f o r  Main Engine Cuto f f  (MECO) condi t ions t o  accommodate external  tank (ET) 
impact. A f t e r  MECO guidance i s  r ? s t a r t e d  and the OMS i s  targeted f o r  
d i f f e r e n t  condit ions. There i s  a very low acce lera t ion  dur ing OMS burn 
( c.06 g 's ) ;  therefore v e l o c i t y  d i r e c t i o n  change and a1 t i t u d e  cons t ra in ts  
could be very expensive i n  terms o f  performance and guidance and con t ro l  
(G&C) systems s t a b i l i t y .  (e.g., a v e l o c i t y  change o f  one degree a t  a velo- 
c i t y  o f  25,000 FPS costs about 450 FPS, compared t o  a t o t a l  nominal OMS 
prope l lan t  loading o f  600 FPS. An a l t i t u d e  cons t ra in t  could a lso be very 
expensive and produce e r r a t i c  a t t i t u d e  and a t t i t u d e  r a t e  commands). 

The guidance and ta rge t i ng  scheme, presented here in  f o r  implementation i n  
the SSFS, produces an optintum (minimum AV) OMS burn t o  achieve a desi red 
ta rge t  apogee a1 ti tude ( o r  radius) .  Perigee a1 t i tude i s  no t  e x p l i c i t l y  
constrained b u t  i s  i m p l i c i t  i n  terms o f  desi red apogee a l t i t u d e  and OMS 
c u t o f f  a l t i t u d e  and f l i g h t  path angle, Predic ted values o f  c u t o f f  a l t i t u d e  
and f l i g h t  path angle are obtained by enforcing a near g r a v i t y  t u r n  
t r a j e c t o r y  f o r  the OMS burn, u n t i l  a v e l o c i t y  magnitude i s  a t ta ined  t h a t  sat-  
i s f i e s  apogee a l t i t u d e .  The problem i s  t o  determine the desi red v e l o c i t y  
magnitude as a func t ion  o f  desi red apogee a1 ti tude and pred ic ted  c u t o f f  
a1 t i tude and f l i g h t  path angle. 

The three fo l l ow ing  o r b i t a l  mechanics equations are used t o  express perigee 
radius (R ) as a func t ion  o f  desi red aposee radius (RA) , burnout radius (RD), 
and burnost f l i g h t  path angle (yo). 

Subs t i t u t i ng  equations 26 and 27 i n t o  equat ion 28 r e s u l t s  i n  

Then desi red v e l o c i t y  i s  as fo l lows 



2 The value of cos y i s 'ob t r ined from values o f  c u t o f f  p o s i t i o n  and v e l o c i t y  
vectors (iT and %9. 

2 2 
cos y u  = 1 - [Uni t  (E-T) * U n i t  (IT)] (30) 

R,, i s  expressed as 

R D =  IETI (31) 

This guidance opt ion  i s  implemented i n  the fo l l ow ing  o-der: 

(1) RD i s  obtained from equation 31, 

(2 )  C O S ' Y ~  cMeS from equation 30, 

(3)  VD i s  obtained from equation 29, and 

(4)  The desired v e l o c i t y  vector  i s  expressed rs -# V, = VD U n i t  (IT) 

I n  Section 3.1 i t  i s  shown t h a t  a  necessary cond i t ion  fo r  op t i l na l i t y  ( f o r  the 
one cons t ra in t  problem) i s  t h a t  the  f i n a l  t h r u s t  d i r e c t i o n  be p a r a l l e l  t o  the 
f i n a l  v e l o c i t y  vector ( l T ) .  This cond i t ion  i s  satisfied by the fo l l ow ing  
equat ic t ( i f  the simplg f y i n g  app~ox imat ion  t h a t  - A ~ A  - = 0 i s  made). 

where 

and V and R are i n i t i a l  values o f  v e l o c i t y  and rad ius  magnitude. 

This guidance opt ion  was described i n  Reference 9 and implemented i n  the 
SSFS. The opt ion  has a lso  been implemented i n  the U n i f i e d  Powered F l i g h t  
Guidance o f  Reference 10, 

An approximation o f  the above equat ion i s  

= -U u n i t  [(gN/kQN) - AJ, - 
which i s  essent ia ' ly  what i s  implentented i n  Reference 10. 



4.2 Range T h r o t t l i n g  

For Shut t le  mission 3-B, i t  i s  a requirement t o  determine a constant t h r u s t  
l e v e l  t o  achieve a prescribed reference t r a j e c t o r y  ( f o r  rendezvous pur- 
poses). Also, f o r  Return t o  Launch S i t e  (HTLS) abort ,  i t  i s  desi rable 
t o  t h r o t t l e  t o  a constant t h r u s t  l e v e l  t o  achieve a prescr ibed range 
from the landing s i t e  a t  Main Engine Cuto f f  (MEcO). 

Equation 13 of Section 3.0 i s  used t o  develop a t h r o t t l e  equation. 

where I$ i s  the f ixed, desi red  terminal radius vector.  

A descr ip t ion  o f  the method i s  s i m p l i f i e d  by making the assumption t h a t  
T r - A * A  - = 0. Performing the vector  sca lar  product o f  - A w i t h  equation 13 
resu l t s  i n  

I n  order t o  s a t i s f y  equation 32, i t  i s  necessary t o  know the  proper value 
o f  thrust ,  pass f low rate,  and Tso (t ime-to-go). Thrust (F) and mass 
f low r a t e  (m) are constant and d i r e c t l y  p ropor t iona l  t o  each other,  i .e. , 

~/i = Vex (constant exhaust ve loc i t y ) .  

TGO i s  inverse ly  propor t ional  t o  th rus t ,  o r  v isa  versa. 

The authors o f  Reference 10 d ~ v e l o p e d  the concept o f  a n a l y t i c a l l y  
determining the time-to-go (TGO) t o  s a t i c f y  a range equation ( s i m i l a r  t o  
equation 32). They then used t h i s  new value o f  T (along w i t h  the o l d  
value. T ' ) t o  def ine a p r o p o r t i o n a l i t y  constant (ky r e l a t i n g  desi red 
values  of*^ and rn t o  prescr ibed reference values (FR and rnR) , i .e. 

F = KFR and i = hK (33) 

The value o f  K i s  i n i t i a l i z e d  ss K' = 1.00 and on subsequent i t e r a t i o n s  
i s  a1 te red  as 

I 

K = KITA/TB and K i s  rese t  as K '  = K, (34) 

where TB i s  the burn t ime u n t i l  an acce lera t ion  l i m i t  i s  at ta ined,  o r  
T8 = TGO i f  an acce lera t ion  l i m i t  w i l l  no t  be at ta ined.  Ti) i s  the value of 

T on the previous i t e r a t i o n  and T = T i  + ATGO, where  AT^ 
i s  the d e s i d d  increment i n  T t o  s a t i s f y  th! 
range equation. The value o f G B ~ G ~  i s  obtained f r o m  a Newton-Rhapson 
i t e r a t i o n  employed i n  s a t i s f y i n g  the range equation. Each guidance 
pass represents one i t e r a t i o n ,  however, the  s o l u t i o n  i s  v i r t u a l l y  converged 
a f t e r  a few passes. 



The approach described i n  the above paragraph i s  taken here; however, the 
s o l u t i o n  f o r  ATGO t o  s a t i s f y  the range cons t ra in t  i s  approached i n  a 
d i f f e r e n t  manner. A value o f  TGO = TiO + dlGO i s  found t o  s a t i s f y  
equation 32, i .e . ,  

where E i s  an e r r o r  t o  be dr iven t o  zero. 

For small values o f  ATGO, a very good approximation f o r  S i s  
P 

= S' + .5L (TGO-Ti.,) where S' i s  the uncorrected value. s~ P P P 
Another good assumption f o r  va r i ab le  t h r u s t  i s  

aL 
9 = 0, s ince L i s  e s s e n t i a l l y  an average acce lera t ion  m u l t i p l i e d  
a T ~ ~  P 

by TGO, and if the acce lera t ion  i s  changed by a given fac to r ,  TGO i s  
changed inve rse l y  by the same f a c t o r .  

Therefore a good approximation i s  

Another approximation used here i s  

s R 
3 = V , where R and V are g r a v i t y  i n teg ra l s .  

a T ~ ~  -3 3 

Equation 35 i s  expressed as 

F = Sp - &(E~-&-~T -I? ) . 
-9 

D i f f e r e n t i a t i o n  o f  equation 35 y i e l d s  

Adding ?IT t o  equation 36 and subst rac t ing  the same q u a n t i t y  y i e l d s  



Using the i d e n t i t y  . 
V - V - V  r %N = L , i t  fo l lows t h a t  -T - -9 P  

And f i n a l l y ,  

Where E: i s  def ined by equation 35 and -- a €  , by equation 36. 
B T ~ ~  

Equation 34 i s  used t o  def ine K (where TB = T i  + bTGO) and the desi red 
value o f  F and are obtained from 
equation 33. 

The only  ~nod i f i ca t ions  necessary t o  implement t h i s  method i n t o  the range 
t h r o t t l i n g  rou t i ne  o f  Reference 10 i s  t o  make the fo l l ow ing  d e f i n i t i o n s .  



5.0 RETURN TO LAUNCH SITE ABORT (PROPELLANT DEPLETION CONSTRAI hT) 

The ob jec t i ve  o f  Return t o  Launch S i t e  (RTLS) abor t  guidance i s  t o  prcv ide 
closed loop p i t c h  and yaw commands t o  achieve e x p l i c i t  burnout condi t ions 
a t  External Tank (ET)  fue l  deplet ion.  The e x p l i c i t  condi t ions a t  Main 
Engine Cuto f f  (MECO) are r e l a t i v e  v e l o c i t y  (VR), r e l a t i v e  f l i g h t  path 
angle ( v R ) ,  a1 t i t u d e  (h) ,  r e l a t i v e  f l i g h t  azimuth ( A Z R ) ,  range from 
landing s i t e  (RLs) and burnout weight (WUO) .  A 36 acce lera t ion  l i m i t  i s  
a lso imposed. The RTLS ta rge t i ng  a lgor i thm i s  no t  presented i n  t h i s  r e p o r t  
s ince i t  i s  presented as one o f  the ta rge t i ng  opt ions i n  Figure 5-11 
o f  Reference 10. Equations t o  constra in veh ic le  a t t i t u d e  a t  MECO are 
easi l y  developed, should t h i s  become a requi  rement. 

This Sect ion presents two powered f l i g h t  guidance algori thms capable o f  
handl ing the burn t o  MECO p o r t i o n  o f  Shu t t l e  RTLS abort.  T h r n t t l i n g  
c a p a b i l i t y  i s  provided t o  cons t ra in  range from the landing s i t e  a t  MECO. 
However, t h r o t t l i n g  i s  no t  necessary should i t  be desi rable t o  r e l a x  
the range const ra in t .  The work presented i n  Sect ion 5.1 i s  based on the 
concept developed by Russ Sievers (Reference l l ) ,  c a l l e d  Launch Abort 
Guidance Simulat ion (LAGS). LAGS i s  p resent ly  being used i n  the Space 
Vehicle Dynamic Simulator (SVDS) f o r  RTLS performance and ta rge t i ng  
studies, and i s  c u r r e n t l y  being programmed i n  the SSFS. 

The LAGS guidance concept i s  t o  have a constqnt a t t i t u d e  maneuver before 
the nominal guidance maneuver, and the value o f  the constant a t t i t u d e  i s  
computed e x p l i c i t l y ,  simultaneously w i t h  the parameters o f  the nominal 
guidance phase ( i  .e., the constant a t t i t u d e  phase i s  no t  open-loop) . 
The durat ion time o f  the constant a t t i t u d e  phase i s  p ropor t iona l  t o  the 
excess v e l o c i t y  o r  excess prope l lan t .  Time-to-go i s  an e x p l i c i t  f unc t i on  
o f  desi red burnout weight. 

The guidance a lgor i thm presented i n  Sect ion 5.2 requi res no constant 
a t t i  tude maneuver t o  expend excess propel 1 ant. The a lgor i thm represents 
an e x p l i c i t  s o l u t i o n  t o  the seven cons t ra in t  guidance problem ( w i t h  
constant t h r u s t  l e v e l  befcre acce lera t ion  1 i m i  t )--burnout weight i s  ex- 
p l  i c i  t l y  constrained as w k l l  as terminal poc.i ti on and ve loc i  t y  vectors. 
Burnout weight i s  c o n t r o l l e d  by burn time, the s tee r ing  modulates t o  
expend excess propel l a n t  (whi 1 e s a t i s f y i n g  r a d i a l  and crossrai-;ge p o s i t i o n  
and v e l o c i t y  cons t ra in ts ) ,  and a constant t h r u s t  l e v e l  (before acce lera t ion  
l i m i  t )  i s  de ter~r lned t h a t  s a t i s f i e s  the downrange const ra in t .  

The "s ing le  maneuver" a lgor i thm o f  Sect ion 5.2 has advantages over the  
"two maneuver" a lgor i thm o f  Sect ion 5.1. It i s  much s impler  t o  implement 
as a guidance opt ion  i n  the nominal guidance (w i th  the add i t i on  o f  a 
n e g l i g i b l e  amount o f  equations and l o g i c ) .  It a lso  e l iminates most o f  
the disadvantages o f  o ther  candidate powered f l i g h t  RTLS gui dance schemes 
(a comparison of candidate schemes i s  out o f  the scope o f  t h i s  repor t ) .  

Atmospheric terms are  no t  e x p l i c i t l y  included; however, an empi r ica l  
v e l o c i t y  b ias  term ( t h a t  ranges from f u l l  value t o  zero a t  MECO) i s  i n t r o -  
duced t o  insure t h a t  enough p rope l l an t  i s  ava i l ab le  t o  achieve desi red 
v e l o c i t y  and burnout weight simultaneously. This b ias  term a l so  compensates 
fo r  o ther  approxfmations i n  the guidance algori thm. Time-to-go (TGo) i s  
computed e x p l i c i t l y  as a func t i on  o f  nominal desi red burnout weight. 
I f  more p rope l l an t  i s  ava i l ab le  than requ i red  t o  achieve the v e l r - i t y ,  
the s teer ing  modulates t o  deplete the excess propel 1 ant. 



(I: 5.1 i l e r i va t i on  o f  Constant A t t i t u d e  Equations 

The RTLS guidance equations w i l l  be developed here i n  the order  o f  

computation. The fa l l ow ing  d e f i n i t i o n s  are made: 

'ex - Engine exhaust v e l o c i t y  

a , Measured acce lera t ion  

I. - Accelerat ion l i m i t  (e.g., 3 g ' s )  

T = Vexla 

W - Current veh ic le  weight (onboard est imat ion)  

'BO - Nominal MECO burnout weight ( i npu t )  

T~ 

T ~ s  

T ~ O  

Add 

Time-to-go i s  cemputed as fo l lows:  

~ ( 1 - a / a L )  - (Time o f  constant t h r u s t )  

(Vex/aL) I n  (Wa/WBOaL) (Time. of constant accelerat ion)  

Tp + TLS (Time-to-go) 

i ti onal parameters are computed as f o l  l ows : 

Veloc i ty  avai lab le :  

Va = Vexln [K/(T-Tp)]  + aLTLS - L, 

where L, i s  the v e l o c i t y  increment dur ing the reo r ien ta t i on  maneuver 

(computed l a t e r  i n  the order  o f  computation). L, i s  i n i t i a l i z e d  as zero 
on the f i r s t  pass. Ve loc i ty  requ i red  i s  updated as: 

%EQ ' %EQ - *sensed where 4 e n s e d  i s  the  measured vei  o c i  ty increment 
s ince the l a s t  guidance pass. The excess v e l o c i t y  i s  now computed. 

LC = Va - IV+EQl and the tine of the constant a t t l  tude maneuver i s  

computed as TI = T [l - exp (-Lc/Vex)J. 



The equations of motion assume the following form: 

P = alLl + 5 , O5t:T1 ( t  i s  time) -1 

= a 2 {  [l - 1 / 2 ~ ~ ( t - ~ ) ~ ] ~  + [ ( t - K )  - 1 / 6 ~ ~ ( t - ~ ) ~ ] i  1 + 5 

0 < t c T where T2 = TGo - T I .  - - 2  
Where 

a, = Wm), 

a, = ( F / R ) ~  

F - Thrust (function of time) 

m - Vehicle mass (function of time) 

C - Unit vector defining constant a t t i tude  phase -1 

G - Gravity (function of radius vector) - 
A - U n i t  vector dcfining mid-point of nominal guidance phase - 

- Pitch ra te  vector during nominal guidance phase - 
For simp1 i c i  ty the following constraints  are introduced in to  the above 
equations 

A A = O  - - 
w = i . i  - - 
The expression fo r  $ was derived i n  Section 3.0 (assuming t ha t  - ~ - h  = 0).  

The fol lowing integrals  a re  defined: 
Tl 

/a ldt  = LC (excess velocity) 
0 

Where al =  vex/(^ -t) 



The fol lowing in tegra ls  a r e  defined i n  Appendix A .  

Q m = S J a p ( t - ~ ) " d t  d t ,  m=l, . . . , 3 

0 0 

Where rp = r-TI and a2 = V,,$T?-~) o r  a2 = aL 

Gravi ty  in tegra ls  are  defined i n  References 2 and 3 and Appendix 

% f y d t  - d t .  

0 0 

Using the above in tegra ls  the equations o f  motion a r e  integrated twice t o  y i e l d  

L ~ ~ , + L A = X ~ - V - V  - J ~ = v  
P- - -9 p 7 - G N  

S C + S A + Q I + Lcc1T2 = $  - R - L T G o  - R g  z &N 
c-1 P- P- 

Where 
2 Lp = L - 112 w J2 

2 Sp = S - 1/2 w Q2 

2 
P 

J1 - 1/6 u J3 

2 
Qp = Ql - 1/6 u Q3 



V i s  terminal ve loc i ty  vector (a t  MECO) -T 
R i s  terminal radius vector -T 

R i s  current  radius vector - 
V i s  current  ve loc i t y  vector - 
The in tegra l  Sc can be redefined as 

sc = (TI T ) L ~  + Ve,Tl + LcTZ = (TGo d L c  + VexT1 

The above equations now assume the form 

The unknown scalar fac to r  f i s  introduced because i t  i s  assumed tha t  the 
d i rec t ion  o f  QN i s  known but  the magnitude i s  an unknown funct ion o f  the 
th rus t  integrals.  The desired terminal radius magnitude (R*) i s  an input, 
however, the down range component o f  the terminal radius vector (KT) i s  
unknown. Even if t h r o t t l i n g  i s  used t o  constrain down range posi t ion,  i t  i s  

assumed t o  be unknown i n  solv ing equations 38 and 39. A t  another po in t  i n  
the equations, the th rus t  l eve l  i s  corrected t o  correct  the difference 
between desired radius vector and predicted radius vector (based on 
equation 39). 

Equations 38 and 39, i n  component form, represent s i x  l i nea r  equations i n  

ten unknowns (L,, 1, i, and f). However, fou r  scalar equations are 
introduced, making the so lu t ion possible i n  a recursive manner. Equation 38 

i s  solved independent o f  equation 39 f o r  L1 and & Then values of L1 and r 
are subst i tuted i n t o  equation 39 from which h i s  solved. Performing the 
appropriate vector dot products the f o l  lowing scalar equations r e s u l t  . 



. 
Defining C = A C i t  fol lows that :  

a - -1 
2 2 

C a = 1 - [(LC + Lp) - V GNl/2LcLp (40 1 

C~ (LC + LpCa)/VGN . (41) 

CA = (LcCa + Lp)/VGN (42 1 

f (ScCa + S p ) / ( ~  $N) (43) 

A so lu t ion t o  equation 38 i s  constructed by making the fo l lowing assumptions : 
C1, A, and d a l l  l i e  i n  the plane defined by - - 
U+ Un i t  (GN) and 

&= Un i t  !&N) - %lo 

Another assumption i s  t ha t  g1 H > 0 and K < 0. It i s  seen t ha t  Ca 

i s  the cosine of the angle between and Ll , C, i s  the cosine o f  the angle 

between c1 and qN, and CA i s  the cosins o f  the angle between r and V+. 

The value o f  Ca i s  determined from equation 40 and subst i tuted i n t o  
equations 41 and42 for  CB and CA. Then the so lu t ion f o r  - C. and A fo l lows 

* 

as: 

The steer ing conmand during the constant a t t i t ude  phase i s  

Now t ha t  i s  known the value o f  f i s  determined from equation 43. 

I n  solv ing equation 39 f0 r  C i t  i s  desirable t o  force the rad ia l  magnitude 
constraint,  [ R T l  = RD. This i s  done i n  the fo l lowing manner: 



&T = R~ U n i t  @.,, + s) 

f'(ScCa + Sp)/(h'&) 

The so lu t ion f o r  6 (from equation 39) fo l lows as 

The fo l lowing parameters are now computed f o r  the next guidance pass: 

u = l i l  
< I n i t i a l  guidance comnand o f  nominal guidance) 
P = COSUK - (&o)sinul: 
-0 ' 

cos " % -4 
f ~ n i  t vector ha1 fway between and GI. ) 

(Duration time of reor ienta t ion maneuver) 

Where oL i s  p i t c h  ra te  l i m i  t (e.9. 10°1sec) 

(Velocity increment during reor ienta t ion phase) 

(Velocity loss fac to r  due t o  turning-approximate) 

d = 1 - 1 /6u2  (~ , /2)~ 

The expression f o r  d i s  exact assuming constant average accelerat ion (a - Lg/T8) 

The vefoci ty required i s  aow computed f o r  the next guldance pass. 

2 
where YglAS - B[Tm/(Tw + T - T ~ ) ]  Llt (hi. B i s  h enp i r l ca l  b las and 

To i r  a reference time. 



5.2 Derivat ion o f  Steering Modulation Equations ( f o r  f i xed  burnout weight) 

I n  the fo l lowing analysis, TGO and the th rus t  i n t e  r a l s  L, S, 31 ,  Qi S (i = 1,. . . , 3) are f i xed  ( f o r  a f i xed  th rus t  leve l  , since the burnout 
weight i s  f ixed,  Therefore, the steering must modulate t o  burn up excess 
propel lant, as wel l  as sa t i s f y  pos i t ion and ve loc i ty  constraints. I t  i s  
assumed tha t  excess propel lant  i s  available, whether the amount i s  con- 
siderably large o r  approaches zero ( the amount converges t o  v i r t u a l l y  
zero a t  thrust  termination). 

The fo l lowing equations are developed i n  a second order manner ( rather 
than t h i r d  order) i n  order t o  be compatible wi'th the equations o f  Reference 10, 
which are the current ly baselined Shutt le powered f l i g h t  guidance equations. * 
The author feels tha t  second order accuracy i s  adequate t o  perform the 
RTLS powered f l i g h t  maneuver. 

These equations also supercede the equations presented i n  Section 3.0 o f  
Reference 12. I n  Reference 12 i t  was assumed tha t  T f kL = 0. However, 
since the w r i t i n g  of Reference 12, the author fee ls  tha t  the steering ra te  
must modulate i n  d i rec t ion  as wel l  as magnitude ( i  .e., Tf 0). The value o f  
T i s  determined t o  sa t i s f y  ve loc i ty  and pos i t i on  simultaneously. 

Dropping t h i r d  order terms, the steering equations from Section 3.0 
(equations 12 and 13) are w r i t t en  as 

where 

_YWr %N + %IAS (SIAS i s  defined on page 31 ) 

The above equations are s impl i f ied by the o r l g i na l  LTG const ra in t  

The above re la t ionsh ip  i s  defined on page A-4 o f  Appendix A. Equations 48 
and 50 become 

* The f f~rerunner (presented i n  Reference 14) o f  the current steer ing law 
was d t~~e loped  as a second order algorittun. . 



With the  proper s u b s t i t u t i o n  equat ions, 46 and 47 become 

2 (L - . 5 1  J2) A + (-TJ2) = &,, (46 

where f i s  a  s c a l a r  q u a n t i t y  t o  enforce downrange p o s i t i o n .  
\ 

Performing the  vec to r  s c a l a r  product  o f  A w i t h  equat ions 46 and 47 i t  
fo l l ows  t h a t  

2 A + 2~~ = 2 (L-L-V+.~)/J~ = w 2 
P (52) 

2 The value o fup  i s  a  w e l l  de f ined  q u a n t i t y  and i s  the  f i  r s t  RTLS s t e e r i n g  
computation, 1 .e., 

The present  est imates o f  R+, and a re  a v a i l a b l e  and QN i s  updated as 

2 f = (S - . 5 ~  Q ( f rom equat ion 53) 
~2 

Equat ion 55 prov ides a s t a b l e  and accurate p r e d i c t i o n  of &NGW. f o r  a  
f i xed  t h r u s t  l e v e l .  

Two r e l a t i o n s h i p s  come f rom equat ion 52: assuming t h a t  the value o f  T i s  
known, 

i2 = u2 - 2~ ' ,  and 
P 

(56) 

assuming t h a t  the  va lue o f  i 2 i s  known, 

2 4 T = *, [ . 5 ( Y i  - i )] (57 



I f  both T and i2 are known, the values of L 5 . J and Q are determined 
Trom equations 48 through 51. P '  P P '  P 

Now, equations 46 an! 47 ( incorpora t ing  equation 55) are solved simul- 
taneously f o r  and A, i . e. , 

- R  J / Q ) , a n d  . X = Un i t  ( G N  +, - (58) 

d = (QN - s$llQp (59 

SO, the 

i2 

and the 

i -f 

value of .i2frorn the p o s i t i o n  equation (equat ion 47) i s  

= i-i, . - - (60) 

desired u n i t  t h r u s t  vector  i s  

32 2 = Uni t [(1-TX - .5A x )* t ( X - T X ~ ) ~ ,  (61 

= ~ t - K ,  and ~t i s  the t ime increment s ince the  present values o f  where ,! 
x and h were computed. - 

*2  I t  i s  obvious t h a t  t o  have a s o l u t i o n  the values o f  X from ecuations 56 and 
60 must be. equal, i .e. ,  

This re la t i onsh ip  can be forced i n  an i t e r a t i v e  manner, e.g.  ; 

where i2 = i.i (equation 60). 
P - -  

Given t h i s  value o f  I~, the value o f  T can be determined as 

I t  i s  obvious from equation 57 t h a t  two so lu t ions  e x i s t  t o  t h i s  problem: 
a p o s i t i v e  value o f  T, and a negat ive value. The m:nus s ign  i n  
equat i  on 63 i s  a r b i  t r a r i  l y  chosen. 

Values o f  T and I* must be ass1 gned i n  order t o  s t a r t  the a l g o r i  thm. 
Arb i  t r a r y  val  ues &re: 

T = 0 and i2 = 0' . 
P P 



Using the above equations, the s o l u t i o n  can proceed i n  the fo l l ow ing  order:  

1 .' Y: (equa t.i on 54). 

2 2 2. If the f i r s t  RTLS guidance pass, T = 0, and A = u 
P r' 

3. i2 (equat ion 62)  

4. T (equat ion 63) 

5. S 3 , and Q (equations 49, 50, and 51) 
P '  P P 

6. R+, (equation 55) 

7. - A (equat ion 58) 

8. (equat ion 59) 

9. iz (equat ion 60) 

10. if (equation 61) 

11. 1' = i2 ( f o r  next  guidance pass) 
P 

I f  the s teer ing  vec tor  r o u t i n e  i s  implemented i n  the proper manner, 
steps 1 through 4 are the only  add i t i ona l  steps requ i red  f o r  powered 
f l i g h t  RTLS c a p a b i l i t y  (as i n  Sect ion 6.0). 



6.0 GUIDANCE IMPLEMENT AT I O N  

I n  t h i s  sec t ion ,  emphasis i s  p laced on implementat ion o f  t he  Return t o  Launch 

S i t e  (RTLS) " s i n g l e  maneuver" abo r t  opt ion.  Repeated reference w i l l  be made 

t o  Reference 10, t he  c u r r e n t l y  base l ined  guidance equat ions,  s i nce  t h e  RTLS 

equations presented here a re  t a i l o r e d  t o  be compat ib le  w i t h  t h e  Reference 10 

equations. The i n t e n t  i s  t o  implement t h i s  RTLS o p t i o n  i n  t h e  SSFS deck i n  

which Rocknell  i ncorpora ted  t he  Reference 10 equations. 

The nomenclature used i n  Reference 10 ( d i f f e r e n t  than t h a t  i n  t h i s  r e p o r t )  

i s  de f ined  here: 

The various maneuver modes are defined i n  Reference 10: 

Standard ascent 

Reference trajectory - range t h r o t t l i n g  

Intercept 

Gravity turn/apsis control (OMS ascent) 

Return t o  Launch S i t e  (RTLS) - range th ro t t l ing  



The changes t o  the  Reference 10 equations necessary t o  implement the  RTLS 

opt ion  w i l l  be l i s t e d  b lock by b lock  r e f e r r i n g  t o  the f l o w  diagrams o f  

Sect ion 5 (Reference 10). 

Block 1 I n i t i a l i z a t i o n  

(1 Af ter  hrav i s  defined, 

(2) I n  Smode = 5 i n i t i a l i z a t i o n  (RTLS) 

a f t e r  Q i s  defined, 

i = u n i t  (Q) 
-3( 

Do Block 3.521 vdequation 

3 = Q + sXr-+., 

Ipass = 1 

to = t 



Block 3.1 Time-To-Go 

On the l i n e  between (Do u n t i l  i > n-1) and (If n > I ) ,  

If 'mode = 5, do the fo l low ing computations: 

= Imk - (WBO/go)l/ik 

T~ = T k  - "ex, k l a ~  

I f  T,c 0, T, = 0 

ELSE 1 4 /w a )  liV2 = "ex, k1 (mkgoa~,k BO L 

= B[TB/(TB + t - to)] 2 'bias 

WBO i s  i n p u t  desired burnout weight. 

go i s  reference g r a v i t a t i o n a l  accelerat ion.  

B i s  an i n p u t  empir ica l  b ias  (possibly,  B=O) 

to i s  time RTLS i s  i n i t i a t e d .  

Block 3.2 In teg ra l s  

A f t e r  K = J/L 

P = P - 2QK + SK 2 



Block 3.3 Turning Rate 

~f v # O, p u n i t  (v 
90 -90 

2 02 
If 'mode = 1,2,3, w = A 

P 

If 'pass 
= I , * =  u n i t  (v -9n ) 

qo = Li 

= q n  + 'bias u n i t  ( q n )  %n 

Note: 0' D i s  a quant i ty ,  

no t  the square o f  
a quant i ty .  

If 'mode 
= s A + i Q u n i t  [A  - (r /ie $ 3  ' 4 %  P n - -90 - 

- I f  Qp - 0 , Q, = 10 
6 

If 'mode 
= 5 , r = u n i t  (v  + Tr  HIPp) 

-9 -90 

i = ( - Sp?_)lQp 
d 

n = IiJ 

b = u n i t  [(I + TK - .5 i 2 ~ 2 )  - A - (K + TK*&I 



Block 3.4 Predictor 

Eliminate the ibias computation. 

Block 3.53 Range Throttling 

2 v = L - . 5 w H  
go* P 

If 'inode = 2 or 5 (i e .  , only one hrAtgo computation), 

A r ~ t s ~  -1.4- . 5 V  go2 

A r Z = l 0  (9- P - 2 - Ktgo - q r a v  ) - ( S  - .5wPP) 
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APPENDIX A 

GENERALIZED THRUST INTEGRALS 

Deri v a t i  on and implementation of the LTG gui dance concept requires the def i n i  ti on 
and eval uat ion - o f  the fo1 l ow i  ng in tegra ls  : 

Where m denotes the order o f  the in teg ra l ,  KS i s  #the number o f  the f i r s t  

th rus t  phase and !IS i s  the number o f  the l a s t  t h rus t  phase. 

ai = (F/M)i = Thrust accelerat ion o f  phase i 

T = I n i t i a l  time o f  phase i 
O i  

T = Final  time o f  phase i 
Fi 

T ~ i  = Burn time o f  phase i (Ts = T -T ) 
i Fi O i  

t and S are variables o f  i n teg ra t ion  

K i s  the time about which the LTG expansion i s  made. 

(K i s  approximately the midpoint o f  the maneuver. ) 

Evaluation o f  K w i l l  be shown l a t e r  i n  t h i s  appendix. 



For the  Space S h u t t l e  veh i c l e  i t  i s  assumed t h a t  e i t h e r  ai ( t h r u s t  acce le ra t i on )  

i s  constant  o r  Fi ( t h r u s t )  i s  constant,  t h e r e f o w ,  these i n t e g r a l s  can be evaluated 

i n  c losed form. A f te r  the above i n t e g r a l s  are evaluated the  t o t a l  i n t e g r a l s  o f  

phase i are evaluated as: 

Where JO,,.,~ = 
j=K, 

Then the  t o t a l  i n t e g r a l s  f o r  the  maneuver are: 

N s 

J, = 1 'mi m =  0, 1, ..., 3 

i=Ks 

This  r e s u l t s  i n  a  t o t a l  o f  e i g h t  i n t e g r a l s .  

For constant  t h rus t ,  t h e  acce le ra t i on  o f  phase i i s  o f  t he  form:* 

Where t = S-To 
i 

F  = Constant t h r u s t  

m  = I n i t l a l  mass 
0 ,  

a 

m  = Constant mass f l o w  r a t e  

"ei 
= Engine exhaust v e l o c i t y  

7 = no,% 

*For convenience, t he  s u b s c r i p t  "1" i s  dropped on F, mo and h. 



The f i r s t  constant t h r u s t  i n t e g r a l  i s :  

The fo l l ow ing  i d e n t i t y  makes a l l  the i n t e g r a l s  recurs ive i n  terms o f  3 and Q 
i 'oi 

T~ i - T~ 
T~ i 

Vei(t+T O i  - K ) ~  - - ( T ~ + T  oi -K) . so (vei ( t + ~ ~  -K)'") . [vei (t?-K)] 
d t i d t -  1 

T -t i ri-t 0 
0 

Therefore, 

J 'mi = ( r . + T  1 oi -K) Jp - Yei - ( )  
(m- 1 )i 

4, = (ri+To -K)Q' 
m i  i (m- 1  ) i  

The i n t e g r a l s  are recurs ive i n  terms o f :  

s ince ( t + ~  -K)'=O = I .  
O i  



For constant acce lera t ion  ai = aLi = constant and 

-r 

+T - K ) " ~  - (To -K) mt2 ( T ~ .  0 [ i i  .-.. fie2 i 

K i s  evaluated from the LTG cons t ra in t  

J-LK - -J,=O. 

From above equations 

from which K = J/L. (3 i s  defined on nex t  page). 
P i  . 3 



For constant t h r u s t  
T 

and f o r  constant accelerat ion 

Where 1 = a T 
pi Li Bi. 

K i s  evaluated as above before the remaining i n t e g r a l s  are evaluated, since 

K i s  needed i n  the i n teg ra l s  h.(..-.-: m > 0. 

C 
From inspect ion o f  equations 1, 2, 3 and 4, it i s  seen t h a t  the  constant t h r u s t  

i n t e g r a l s  and the constant accelerat ion i n t e g r a l s  can be p u t  i n  the same form 

by making the fo l l ow ing  de f i n i t i ons .  

I f  Constant Thrust  I f  Constant Accelerat ion 

E = O  E = l  

P I )  = (To -K) WE 

i 
I n  the fo l l ow ing  equations, the ml subscr ip t  i s  used t o  avoid the zero subscr ipt ,  
f o r  computational purposes (e.g., 3 = E 3 ). 

C "41 



The following integrals are also used 



APPENDIX B 

GRAVITY INTEGRALS 

A siwple, untested g r a v i t y  model i s  presented here. The model l s  probably adequate 
fo r  a l l  Shu i t le  maneuvers, and could have advantages over e x i s t i n g  models. 

Assume t h a t  a quant i ty  (e.g., radius vector)  can adequately be represented as a 
t h i r d  order polynomial i n  time. 

D i f f e r e n t i a t i o n  y i e l d s  

I n i t i a l  cond i t i o rs  R and - V are known as w e l l  as f i n a l  condi t ions T R and lT. 60 ' -T.. 
Subs t i t u t i ng  f i n a l  cond i t ion  i n t o  equations 1 and 2, coe f f i c i en ts  V and !! are - 
r e a d i l y  obtained. 

Using these coe f f i c i en ts  and de f i n ing  

Rearranging these equations r e s u l t s  i n  

3 = 112 ( B T +  - 1/12 ( l T  -1) TG0 

54 a 1/10 (3ET + 7E) - 1/15 (lT - 312 9 TGo (4) 

These are mean values of - R t o  be used i n  g r a v l t y  computations s ince g r a v i t y  can be 
approximated as : 

* For convenience, parentheses are mi t t e d  on f r a c t i o n s  i n  the fo l l ow ing  
equations i n  t h i s  sect ion, e.g.. 3 /21  I (3/2)1. 



G( t )  = p R( t ) ,  where p and Rc are i unc tan t s  and - 
R: 

T ~ o  
G T z$ G ( t ) d t  and 1/2 $TGO -V GO - G ( t ) d t d t  . 

0 

From the  above equations i t  i s  seen t h a t  

R and $ - & = +  -" --+---R 8 are good approximations and g r a v i t y  e f f e c t s  

R~ R~ 

are expressed as 
2 = G T and R = 1/2 $TGO . 4 -V GO 3 

Ht dever, s imu la t ions  were conducted by t he  Guidance and Dynamics Braiich o f  MPAD* 
us ing the  above model. I t  was determined t h a t  d e r i v i n g  V and R i n  car tes ian  
coordinates as above i s  n o t  adequate f o r  l m g ,  low t h r u s e b u r n  S c s  such as 
S h u t t l e  de-orbi  t. 

The above model i s  q u i t e  accurate f o r  shor t ,  h i gh  t h r u s t  burn arcs; however, 
the "genera l ized"  g: dv i  ty  model presented here makes use o f  po l  a r  coord i  l lates 
i n  o rder  t o  more adequately handle l ong  burn arcs.  It could be thought o f  as 
a t h i r d  o rder  "con ic  + t h r u s t "  so lu t i on .  Using t he  method descr ibsd above, t he  
g r a v i t y  model i s  as fo l lows .  

Transformiqg i n i  ti a1 and f i n a l  s t a t e  t o  p o l a r  coordinates 

E ~ p r e s s i n g  the  r11ean velues i n  p o l a r  coord inates (equat ions 3 and 4 )  : 

ey = 112 (eT+e) - 1/12 (&&)8 and 

*Mi ss i on  Planni  ng and Analys is  D i v i s i o n  



, I.' 
? /L 

! 

Transforming p o l a r  mean values t o  c a r t e s i  a r~  coordinates.  

EV = [COS PV ($ COS Pv t!z s i n  p  ) U s i n  p  ] pv , and 
2 3 vg -Y 2 1 

Grav i t y  losses a re  now expressed as f o l l o w s :  

where f (R) i s  an accurate g r a v i t y  model o r  zl s imple sphe r i ca l  g r a v i t y  
model ( i .e. ,  - G  = - c R ) .  I t  i s  poss ib l e  t h a t  an accurate  g r a v i t y  model i s  - - 

R~ 
more adequate f o r  low t h r u s t  (OMS) burns ( f o r  accurate  s t a t e  e x t r a p o l a t i o n ) .  




