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ABSTRACT 

A necessary cond i t ion  f o r  t h e  s u c c e s s f u l  f l i g h t  of a space v e h i c l e  
through atmospheric  d i s tu rbances  i s  t o  ma in ta in  s t a b i l i t y  a t  a l l  f l i g h t  
t imes.  It i s ,  however, equa l ly  important t o  keep t h e  responses  w i t h i n  
t h e  d e s i g n  l i m i t s  of c o n t r o l  d e f l e c t i o n s  and s t r u c t u r a l  loads of t h e  
v e h i c l e .  The s tudy  demonstrates how the  c o n t r o l  systems engineer  can 
ass is t  i n  t h i s  t a s k  by a jud ic ious  choice of t h e  c o n t r o l  system param- 
e t e r s .  To t h i s  e f f e c t ,  s e v e r a l  t y p i c a l  c o n t r o l  modes are analyzed f o r  
some b a s i c  wind p r o f i l e s .  The e x t e n t  t o  which a r e d u c t i o n  of aerodynamic ' 
loads and c o n t r o l  excursions can be expected is  d i scussed  f o r  v a r i o u s  wind, 
wind s h e a r ,  and g u s t  condi t ions.  By r e s t r i c t i n g  t h e  a n a l y s i s  t o  p l ana r  , 
and l i n e a r i z e d  motion of t he  veh ic l e ,  it i s  p o s s i b l e  t o  d e r i v e  a se t  of 
p re l imina ry  des ign  r u l e s ,  which allows one t o  p r e d i c t  the r e l a t i v e  m e r i t s  
of t h e  d i scussed  c o n t r o l  p r i n c i p l e s  when system parameters o r  wind s t r u c -  
t u r e  i s  changed. I n  a d d i t i o n ,  t h e  s t u d y  provides nomograms f o r  t he  quick 
de te rmina t ion  of g a i n  s e t t i n g s  f o r  acce le romete r - con t ro l l ed  v e h i c l e s  i f  
t h e  g a i n  va lues  a r e  g iven  f o r  ang le -o f -a t t ack  c o n t r o l  and vice ve r sa .  
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. DEFINITION OF SYMBOLS 

D e f i n i t i o n  

swivel t h r u s t ,  newton 

l o n g i t u d i n a l  t h r u s t  a c c e l e r a t i o n ,  m sec-2 

moment of i n e r t i a  about C.M., kg m2 

r a d i u s  of g y r a t i o n ,  m 

d i s t a n c e  of c e n t e r  of pe rcuss ion  from C.M. (a, = k2/xE),  m 

v e h i c l e  mass, kg 

aerodynamic moment c o e f f i c i e n t ,  newton m 

aerodynamic normal f o r c e  c o e f f i c i e n t ,  newton 

t o t a l  t h r u s  t minus drag , newton 

v e l o c i t y  i n  s tandard f l i g h t  d i r e c t i o n ,  m sec' 1 

l o n g i t u d i n a l  v e h i c l e  v e l o c i t y ,  m sec'l 

normal v e h i c l e  v e l o c i t y ,  m sec'l 

l o n g i t u d i n a l  r e l a t i v e  a i r  v e l o c i t y ,  m s e c - l  

normal r e l a t i v e  a i r  v e l o c i t y ,  m sec-1 

wind v e l o c i t y  normal t o  s t anda rd  f l i g h t  pa th ,  m sec'l 

a b s c i s s a  of space-fixed r e f e r e n c e  frame, m 

l o c a t i o n  of swivel  po in t  r e l a t i v e  t o  C.M.,  m 

l o c a t i o n  of displacement s enso r  r e l a t i v e  t o  C.M., m 

l o c a t i o n  of v e l o c i t y  senso r  r e l a t i v e  t o  C. M . ,  m 

l o c a t i o n  of accelerometer r e l a t i v e  t o  C.M., m 

o r d i n a t e  of space-fixed r e f e r e n c e  frame, m 

V 



Symbol 

a 

B 

Y 

E; 

DEFINITION OF SYMBOLS (Continued) 

D e f i n i t i o n  

ang le  of a t t a c k  

swivel  engine d e f l e c t i o n  

d r i f t  ang le  (?Ill) 

c r i t i c a l  damping of c o n t r o l  mode 

a b s c i s s a  of body-fixed r e f e r e n c e  frame, m 

o r d i n a t e  of body-fixed r e f e r e n c e  frame, m 

a t t i t u d e  ang le  of v e h i c l e  

c o n t r o l  f requency,  sec-’ 

(Other symbols and abbrev ia t ions  a r e  explained i n  the t e x t . )  

, 

v i  
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THE ALLEVIATION OF AERODYNAMIC LOADS ON R I G I D  SPACE VEHICLES 

A necessary cond i t ion  f o r  t h e  s u c c e s s f u l  f l i g h t  of a space v e h i c l e  
through atmospheric  d i s tu rbances  i s  t o  ma in ta in  s t a b i l i t y  a t  a l l  f l i g h t  
times. It i s ,  however, equa l ly  important t o  keep t h e  responses  w i t h i n  
t h e  des ign  l i m i t s  of c o n t r o l  d e f l e c t i o n s  and s t r u c t u r a l  loads of t h e  
v e h i c l e .  The s t u d y  demonstrates how t h e  c o n t r o l  systems engineer  can 
a s s i s t  i n  t h i s  t a s k  by a j u d i c i o u s  choice of t h e  c o n t r o l  system param- 
e t e r s .  To t h i s  e f f e c t ,  s e v e r a l  t y p i c a l  c o n t r o l  modes a r e  analyzed f o r  
some b a s i c  wind p r o f i l e s .  The e x t e n t  t o  which a r educ t ion  of aerodynamic 
loads and c o n t r o l  excursions can be expected is  discussed f o r  v a r i o u s  
wind, wind s h e a r ,  and g u s t  condi t ions.  By r e s t r i c t i n g  t h e  a n a l y s i s  t o  
p l a n a r  and l i n e a r i z e d  motion of the v e h i c l e ,  i t  is  p o s s i b l e  t o  d e r i v e  a 
s e t  of p re l imina ry  design r u l e s ,  which al lows one t o  p r e d i c t  t h e  r e l a t i v e  
m e r i t s  of t he  discussed c o n t r o l  p r i n c i p l e s  when system parameters or  wind 
s t r u c t u r e  is changed. I n  a d d i t i o n ,  t h e  s tudy  provides nomograms f o r  
quick de te rmina t ion  of g a i n  s e t t i n g s  f o r  accelerometer-controlled v e h i c l e s  
i f  t h e  g a i n  va lues  are given f o r  ang le -o f -a t t ack  c o n t r o l  and v i c e  v e r s a .  

I. INTRODUCTION 

S t a b i l i t y  of a space v e h i c l e  is a t t a i n e d  by proper c o n t r o l  of t h e  
t h r u s t  v e c t o r ,  employing j e t  t abs  o r  swivel  engines .  Besides t h e  
s t a b i l i t y  requirement ,  i t  is a l s o  important t o  keep t h e  responses  caused 
by atmospheric  d i s tu rbances  w i t h i n  the  des ign  l i m i t s  of t he  c o n t r o l  
d e f l e c t i o n s  and t h e  s t r u c t u r a l  loads of the v e h i c l e .  This problem is 
so lved  i n  two ways. One is  the  p r o p e r  des ign  of t h e  v e h i c l e  configura-  
t i o n  such t h a t  aerodynamic l i f t  and moment c o e f f i c i e n t s  are minimized. 
The o t h e r  i s  t h e  s e l e c t i o n  of a con t ro l  mode which provides  load r e l i e f  
du r ing  the  per iod of f l i g h t  where aerodynamic d i s tu rbances  become seve re .  
The p o s s i b i l i t y  and e x t e n t  of reducing t h e s e  aerodynamic loads by t h i s  
second approach a r e  discussed i n  t h i s  r e p o r t .  
e s t a b l i s h i n g  g e n e r a l  c r i t e r i a  f o r  the p r e d i c t i o n  of t r ends  under changes 
of system parameters and wind c h a r a c t e r i s t i c s .  Because of t he  complexity 
of t h e  a c t u a l  system, t h i s  n e c e s s i t a t e s  t h e  i n t r o d u c t i o n  of s e v e r a l  
s impl i fy ing  assumptions.  Accordingly, t h e  equat ions of motion are 
l i n e a r i z e d ,  and e f f e c t s  of bending, s l o s h i n g ,  i n e r t i a ,  and compliance 
of t h e  swivel  engines a r e  omitted.  

This s tudy  i s  aimed a t  

The motion of t he  v e h i c l e  i s  r e s t r i c t e d  



t o  t he  yaw p lane ,  and the s y s t e m  is considered t o  be t i m e - i n v a r i a n t ;  t h i s  
r e s t r i c t s  t he  a n a l y s i s  t o  s h o r t  time i n t e r v a l s  of t he  f l i g h t .  The e f f e c t  
of g r a v i t y  i n  the  yaw plane is  neglected.  Furthermore, t h e  c o n t r o l  equa- 
t i o n  is assumed t o  be l i n e a r ,  omi t t i ng  a c t u a t o r  l a g s  and  c o n t r o l  f i l t e r s ,  
and a l l  sensing elements a r e  assumed t o  be i d e a l  w i t h  a t r a n s f e r  func- 
t i o n  of un i ty .  Although these  assumptions a t  f i r s t  appear  t o  be ve ry  
r e s t r i c t i v e ,  i t  has been proven that such a s i m p l i f i e d  a n a l y s i s  s t i l l  
preserves  the e s s e n t i a l  f e a t u r e s  of the space v e h i c l e  behavior and 
provides s a t i s f a c t o r y  d a t a  f o r  prel iminary c o n t r o l  system design.  

The au tho r  would l i k e  t o  thank M r .  W i l l i a m  D. Clarke f o r  h e l p f u l  and 
s t i m u l a t i n g  d i scuss ions  during the p r e p a r a t i o n  of t h i s  s tudy.  

11. EQUATIONS OF MOTION 

I n  the fol lowing a n a l y s i s ,  t he  equat ions of motion w i l l  be  de r ived  
bo th  i n  a space-f ixed and a body-fixed coord ina te  system. The r eason  
f o r  t h i s  i s  t o  show how t h e  necessary l i n e a r i z a t i o n  of t h e  equat ions of 
motion w i l l  r e s u l t  i n  no tab le  d i f f e r e n c e s  w i t h  r e s p e c t  t o  the  s t a b i l i t y  
and response of the  system. 

A. Space-Fixed Coordinate Sys tem 

The space-f ixed coord ina te  system has i t s  o r i g i n  a t  t h e  undis-  
turbed p o s i t i o n  of t he  c e n t e r  of mass of t he  v e h i c l e  (Figure 1). The 
equat ion of t he  l a t e r a l  t r a n s l a t i o n  i s  obtained by summing a l l  f o r c e s  
i n  t h e  space-fixed y - d i r e c t i o n ,  which y i e l d s  

my = (T - F) s i n  cp + F s i n  (cp + /3) f N ' a  COS Cp. (1) 

The equat ion of r o t a t i o n  i s  obtained by summing a l l  moments, which y i e l d s  

The numerical va lue  of t he  aerodynamic moment c o e f f i c i e n t  i s  chosen t o  
be p o s i t i v e  f o r  an  aerodynamically s t a b l e  v e h i c l e .  The l i n e a r i z a t i o n  of 
the equations of motion r e q u i r e s  two cond i t ions  t o  hold: t h e  r o t a t i o n a l  
motion cp and t h e  engine d e f l e c t i o n  (3 have t o  be small. 
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With these  assumptions,  the equat ions of motion can be l i n e a r i z e d  
i n  the  form 

The a n g l e  of a t t a c k  a i n  the above equations is  def ined as 

t g a = - ,  

I1 

are t h e  r e l a t i v e  a i r  v e l o c i t i e s  perpendicular  and p a r a l l e l  1 and v I I  where v 

t o  t h e  l o n g i t u d i n a l  v e h i c l e  a x i s .  They can be expressed i n  terms of space- 
f i x e d  v e l o c i t i e s  as 

V s i n  cp - j ,  cos cp + w cos cp 
= 

and 

= v cos cp + 9 s i n  cp - w s i n  cp. (7 1 II 
I n s e r t i n g  equat ions ( 6 )  and (7)  i n  (5) y i e l d s  t h e  expres s ion  of t he  ang le  

j o f  a t t a c k  i n  the  form 

w - 9  - cp)  = v *  

This expres s ion  can be l i n e a r i z e d  by r e s t r i c t i o n  t o  small  ang le -o f -a t t ack  
va lues  such t h a t  

w - i r  
v -  a = c p +  (9) 

3 



B. Body-Fixed Coordinate System 

The body-fixed coord ina te  system has i t s  o r i g i n  a t  the  c e n t e r  of 
mass of the v e h i c l e  and i t s  a b s c i s s a  co inc ides  w i t h  t h e  l o n g i t u d i n a l  
v e h i c l e  a x i s  (Figure 1). 

Summing a l l  f o r c e s  normal t o  the v e h i c l e  y i e l d s  

whereas the equat ion f o r  t he  r o t a t i o n a l  mode remains unchanged, i . e . ,  

I$ = - Fx s i n  @ - M'a. (11) E 

The l i n e a r i z a t i o n  of t he  above equat ions of motion r e q u i r e s  now only the 
r e s t r i c t i o n  t o  s m a l l  engine d e f l e c t i o n s .  

Since the cond i t ion  under which the equat ions of motion were l i n e a r i z e d  
a r e  l e s s  s eve re  i n  the  body-fixed r e f e r e n c e  frame, we expect  t h i s  s e t  of 
equations t o  g i v e  a b e t t e r  d e s c r i p t i o n  of t h e  actual  behavior of t he  
system than the s e t  of equat ions of t h e  space-f ixed r e f e r e n c e  frame. 

It remains t o  express  the  ang le -o f -a t t ack  r e l a t i o n  (5) i n  terms 
of body-fixed coordinates .  This is  accomplished by using t h e  k inemat i ca l  
r e  l a  t ion 

which can be d i r e c t l y  i n t e g r a t e d  by observing t h a t  

- -  - v cos cp. (V = const . )  
v5 

4 

(15) 



This g ives  the  normal v e h i c l e  v e l o c i t y  as 

The corresponding r e l a t i v e  a i r  v e l o c i t i e s  a r e ,  t h e r e f o r e ,  given by 

= V s i n  cp - -rj + w cos cp 

and 

= V cos (p - w s i n  cp. (18) II 

Fr'om t h i s  fol lows the expres s ion  of t he  a n g l e  of a t t a c k  i n  terms of body- 
f i x e d  coord ina te s  as 

w - Ti cos a l c o s  (a - Cp) 

V t g ( a  - cp> = 

This expres s ion  can be l i n e a r i z e d  by r e s t r i c t i o n  t o  small r o t a t i o n a l  
ang le s  and s m a l l  ang le s  of a t t a c k ;  t h i s  y i e l d s  

a = c p +  w - \  
v -  

111. CONTROL EQUATION 

It now remains t o  e s t a b l i s h  the l a w  f o r  c o n t r o l l i n g  the  motion of 
t h e  v e h i c l e .  To t h i s  e f f e c t ,  we employ a l i n e a r  feedback c o n t r o l  system 
which e s t a b l i s h e s  a l i n e a r  r e l a t i o n s h i p  between t h e  engine d e f l e c t i o n  
( c o n t r o l  v e c t o r )  and the  s t a t e  v a r i a b l e s  of t h e  system i n  t h e  form 

5 



The c o e f f i c i e n t s  a i  and g i ( i  = 0,1,2)  r e p r e s e n t  t he  g a i n  va lues  of t h e  
v a r i o u s  t ransducers  ( a t t i t u d e  gyro,  ra te  gyro,  acce le romete r ,  e t c . )  which 
monitor the motion of the  v e h i c l e .  The v a r i a b l e s  cpo, @o, e t c . ,  r e p r e s e n t  
t h e  corresponding ou tpu t  s i g n a l s .  
c o n t r o l  law f o r  more r a p i d  response w i l l  i n  most ca ses  no t  be necessary.  
They a r e ,  i n  f a c t ,  undes i r ab le  because t h e i r  implementation w i l l  cause 
r a t h e r  noisy ou tpu t  s i g n a l s .  

The use of h ighe r  d e r i v a t i v e s  i n  t h e  

Within the  accuracy requirements of t h e  subsequent a n a l y s i s ,  it i s  
j u s t i f i e d  t o  s e t  t h e  ou tpu t  s i g n a l s  monitor ing t h e  angu la r  motion of t h e  
v e h i c l e  equal t o  t h e i r  corresponding a c t u a l  s t a t e  v a r i a b l e s ;  i . e . ,  

The output s i g n a l s  of t he  t ransducers  monitor ing t h e  l a t e r a l  motion, 
however, depend on t h e i r  l o c a t i o n  along the  l o n g i t u d i n a l  v e h i c l e  a x i s .  
For body-fixed senso r s ,  we can o b t a i n  t h e i r  ou tpu t  s i g n a l s  i n  terms of 
s t a t e  v a r i a b l e s  (and t h e i r  time i n t e g r a l s )  by using the  fundamental 
r e l a t i o n  a s  given by equat ions (3 )  and (12): 

We ob ta in  

It should be emphasized a t  t h i s  p o i n t ,  t h a t  the q u a n t i t i e s  'ii and 'q i n  
t he  above equat ions do not  r e p r e s e n t  t he  v e l o c i t y  and displacement a long 
t h e  normal m i s s i l e  a x i s ,  b u t  a r e  merely the  time i n t e g r a l s  of t he  normal 
v e h i c l e  a c c e l e r a t i o n ,  ;i. 

The e f f e c t  of the i n t e g r a l  terms appearing i n  t h e s e  equat ions i s  
o f t e n  undesirable .  They can be compensated f o r  by a p p r o p r i a t e  i n t e g r a -  
t i o n s  of t h e  ou tpu t  s i g n a l  of t he  a t t i t u d e  gyro. These terms can a l s o  
be el iminated by mounting t h e  t r ansduce r s  on the space-f ixed s t a b i l i z e d  

6 



platform.  The g a i n  values  a s soc ia t ed  wi th  such platform-mounted senso r s  
w i l l  be designated by ei. In  t h i s  case,  the c o n t r o l  equat ion i s  w r i t t e n  
i n  t h e  form 

p = aocp + al+ + a s  + eoyo + e l f o  + e2Y0, (25) 

where the ou tpu t  s i g n a l s  a r e  g iven  by 

In g e n e r a l ,  some senso r s  w i l l  b e  body-mounted; o t h e r s  w i l l  be p l a t -  
form-mounted. I n  each case,  the output s i g n a l s  must be expressed i n  
terms of body-fixed o r  space-fixed coordinates  depending on t h e  equat ions 
of motion used. The following d i scuss ion  assumes a body-fixed accelerom- 
e t e r  and platform-mounted v e l o c i t y  meter and displacement meter.  The 
c o n t r o l  equat ion,  t h e r e f o r e ,  has the form 

Adopting a space-fixed r e fe rence  frame, we must f i r s t  express  the ou tpu t  
s i g n a l s  of t he  senso r s  i n  terms of space-f ixed coord ina te s  using the  
r e l a t i o n s  ( 2 4 )  and (26);  t h i s  y i e lds  

where 



It is desirable to simplify the control equation (28) by eliminating the 
lateral and angular acceleration terms using the equations of motion 
(3) and ( 4 )  of the space-fixed coordinate system. This yields the con- 
trol equation in the simplified form 

p = Aocp + Al$ + Eoy + Elf + Boa, (30) 

with 

mI Eo = - 
mO 

m = mI + mFx a2 - F(yxA + I) g2.  
0 E 

It is interesting to notice that only the term Bo contains aerodynamic 
parameters. The above transformation shows that it is possible to replace 
an accelerometer by an equivalent angle-of-attack meter and vice versa. 

Because of the relationships of equation (31), we can assume without 
loss of generality that the control equation is given in the form ( 3 0 ) .  
The gain value for the equivalent accelerometer in equation (28) is then 
simply 

mI Bo + m(xEF Bo + M') a2 
g2 = IN' + m  MIX^ + F(I + y x A )  B, 

Substituting an equivalent accelerometer for an angle-of-attack meter can 
be done with or without resorting to an angular acceleration feedback as 
indicated by the free parameter a2 in equation (32). 
tion feedback term a2 could be used to compensate for unreasonably high 
or low values of the accelerometer gain g2. An illustration of such a 
conversion from angle-of-attack meter to equivalent accelerometer and 
vice versa is given in the nomograms of Figures 2 through 4 for the 
Saturn V vehicle at maximum dynamic pressure. In Figure 2,  the depend- 
ency of the gain values of an equivalent accelerometer is shown with 

The angular accelera- 
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r e s p e c t  t o  i t s  l o c a t i o n  along t h e  long i tud ina l  v e h i c l e  axis w i t h  the  
g a i n  v a l u e  Bo of the  a n g l e  of a t t a c k  as parameter and no angu la r  a c c e l e r a -  
t i o n  feedback (a2 = 0). For h igh  ga in  va lues  of t h e  ang le -o f -a t t ack  meter ,  
l o c a t i o n s  of t h e  accelerometer  i n  f r o n t  of t h e  c e n t e r  of mass (x < 0) 
r e q u i r e  excess ive ly  high accelerometer ga ins  and are t h e r e f o r e  t o  be 
avoided. 

Figures  3 and 4 show s i m i l a r  nomograms employing angu la r  a c c e l e r a t i o n  
feedback which r e s u l t s  i n  changes of t h e  g a i n  va lue  of t h e  e q u i v a l e n t  
accelerometer .  The above r e s u l t s  could have a l s o  been der ived us ing  a 
body-fixed r e f e r e n c e  frame as long as t h e  a r i s i n g  i n t e g r a l  terms a r e  
p r o p e r l y  compensated f o r .  Such a compensation is necessary when a body- 
f i x e d  v e l o c i t y  meter and displacement meter a r e  used i n  a space-f ixed 
r e f e r e n c e  frame. I n  the  following d i scuss ion ,  i t  w i l l  always be assumed 
t h a t  t h e  proper compensation has been done such t h a t  ensuing r e s u l t s  and 
conclusions app ly  equa l ly  w e l l  t o  a body-fixed o r  space-fixed r e f e r e n c e  
frame . 

IV. SYSTEM STABILITY 

The c h a r a c t e r i s t i c  equa t ion  governing system s t a b i l i t y  i n  t h e  space- 
f i x e d  r e f e r e n c e  frame is  obtained by omi t t i ng  t h e  e x t e r n a l  d i s t u r b a n c e  
w, assuming a time dependency of est i n  equat ions (7), (8), and (9) and 
s e t t i n g  the  r e s u l t a n t  determinant  equal t o  zero.  This y i e l d s  t h e  f o u r t h  
o r d e r  polynomial: 

A I  
FM' - FIE, + mA,F,> s3 + (7 Al - - v 

F Bo I /N' FxE 
m1s4 + (T I N '  + V 

) s2 + f? A, - FM' A. + m Fx Bo + m M' - FIE, + m Fx A E E O  
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To s impl i fy  f u r t h e r  d i s c u s s i o n ,  we abandon t h e  c o n s t r a i n t  of the l a t e r a l  
t r a n s l a t i o n  by s e t t i n g  Eo = 0. As  a consequence, t h e  v e h i c l e  has l o s t  
c o n t r o l  over i t s  l a t e r a l  p o s i t i o n .  This p e n a l t y ,  however, i s  n o t  s eve re ,  
s i n c e  one can hope t o  c o r r e c t  f o r  a temporary d e v i a t i o n  from t h e  s t anda rd  
f l i g h t  t r a j e c t o r y  a t  a l a t e r  f l i g h t  time. The c h a r a c t e r i s t i c  equa t ion  is  
now of t h i r d  o rde r .  Two of i t s  r o o t s  a r e ,  i n  g e n e r a l ,  conjugate  complex 
( c o n t r o l  r o o t s )  having an  a b s o l u t e  va lue  which is  l a r g e  compared t o  t h e  
a b s o l u t e  va lue  of t he  t h i r d  r e a l  r o o t  ( d r i f t  r o o t )  of t h e  polynomial. 
The s t a b i l i t y  behavior of t he  r o t a t i o n a l  mode ( c o n t r o l  mode) can, t he re -  
f o r e ,  be approximately analyzed by t h e  f i r s t  t h r e e  terms of t h e  polynomial 
( 3 3 )  

FkE (Ao + Bo) + MI- 
A 1  + I )-= 0. m I FXE) S +  {f clzI- 

From equat ion ( 3 4 )  we can draw s e v e r a l  important conclusions.  The f i r s t  
concerns the frequency of t h e  r o t a t i o n a l  mode ( c o n t r o l  frequency) which 
i s  r ep resen ted  by t h e  last  term of t he  above equat ion.  
by bo th  the a t t i t u d e  and ang le -o f -a t t ack  feedback (Ao + Bo). The a t t i -  
tude r a t e  feedback, AI, has the  tendency t o  i n c r e a s e  the c o n t r o l  frequency. 
This i n f luence  i s ,  however, ve ry  small and can be neglected i n  most prac- 
t i c a l  cases.  It i s  a l s o  important t o  n o t i c e  the  absence of a v e l o c i t y  
feedback term, El, from which we conclude t h a t  i t s  i n f l u e n c e  on the  
(undamped) c o n t r o l  frequency is  a l s o  n e g l i g i b l e .  The undamped c o n t r o l  
frequency can, t h e r e f o r e ,  be approximated by 

It i s  a f f e c t e d  

FxE (Ao + Bo) + M' 
u2 = 

C I (35) 

Because of experimental  and t h e o r e t i c a l  u n c e r t a i n t i e s  i n  t h e  aerodynamic 
c o e f f i c i e n t  MI 
t o  choose t h e  values of A, and Bo such t h a t  t h e  f i r s t  term of equa t ion  
( 3 5 )  becomes predominant i n  o rde r  t o  gua ran tee  a comfortable s t a b i l i t y  
margin. 

(< 0 f o r  uns t ab le  c o n f i g u r a t i o n s ) ,  i t  i s  common p r a c t i c e  

The second conclusion concerns the  damping of t he  c o n t r o l  mode which 
i s  represented by t h e  second term of equa t ion  ( 3 4 ) .  
back (Bo) tends t o  inc rease  t h e  damping of t h e  c o n t r o l  mode, whereas 
v e l o c i t y  feedback (E1) decreases  i t .  
a re  small i n  comparison t o  the  a t t i t u d e  ra te  feedback term, A l ,  f o r  prac- 
t i c a l l y  encountered g a i n  va lues .  

Angle-of-at tack feed- 

However, bo th  of t h e s e  in f luences  

The aerodynamic damping term i n  
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equa t ion  ( 3 4 )  i s  a l s o  ve ry  small such t h a t  the "con t ro l  damping" can be 
approximately w r i t t e n  as 

Dropping a l l  n e g l i g i b l e  t e r m s  i n  equat ion (33 ) ,  we can r e w r i t e  i t  i n  the  
form 

F ( N ' x E  - M' ) >. + v A. mIs3 + mAl Fx s 2  + (Ao + Bo) + m M' 
E 

TFxE Bo 
- - -  TM' + F ( N ' X ~  - MI + T X ~ )  E~ = 0 .  v V 

The s t a b i l i t y  boundaries of t h i s  equation a r e  g iven  as follows: 

(a) S t a t i c  S t a b i l i t y  Boundary (D, = 0) 

(37 1 

T 
( N I X E  - M I )  A, + {(T + N ' )  xE - M I )  E l  - F M '  

_ _  - - 
E Bo - Tx 

(b) Dynamic S t a b i l i t y  Boundary (D1D2 = DoD3) 

T 
( N ' x E  - MI - i l F X E )  A. + {(T + N') xE - M' 1 E 1  - (F i- il) M' - 

9 

(T + i l F )  xE Bo - 
(39) 

- 
where El = EIV and A I =  AIV/L? . 

P 
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The s t a b i l i t y  boundaries become s t r a i g h t  l i n e s  i n  the  Bo/Ao-plane using 
E l  as a parameter o r  i n  the El/Ao-plane using Bo as a parameter.  The 
corresponding s t a b i l i t y  a r e a s  a r e  i l l u s t r a t e d  f o r  pure ang le -o f -a t t ack  
feedback (E1 = 0) i n  Figure 5 and f o r  pure v e l o c i t y  feedback (Bo = 0) 
i n  Figure 6 .  Both f i g u r e s  show the s t a b i l i t y  a r e a s  f o r  t he  system 
descr ibed i n  a space-f ixed as we l l  as i n  a body-fixed coord ina te  sys -  
tem. The t r a n s i t i o n  from space-f ixed t o  body-fixed coord ina te s  is 
r e a d i l y  obtained by s e t t i n g  T = 0 i n  equat ions (38) and (39).  Because 
of the dominance of the A,-term i n  equat ion (39) ,  t h e  dynamic s t a b i l i t y  
l i n e  i n  the Bo/Ao-plane has a s l o p e  of approximately -45 degrees ,  and 
the s l o p e  of the dynamic s t a b i l i t y  l i n e  i n  the E,/Ao-plane assumes a 
r a t h e r  high ( p o s i t i v e )  va lue .  

- - 

A comparison of the s t a b i l i t y  behavior of the system shows a remark- 
a b l e  d i f f e r e n c e  between the space-f ixed and body-fixed coord ina te  sys -  
tem regarding the  boundaries of s t a t i c  i n s t a b i l i t y .  I n  the  space-f ixed 
coordinate  system, t h i s  s t a t i c  i n s t a b i l i t y  occurs  i f  t he  angle-of-  
a t t a c k  feedback g a i n ,  Bo, is  being inc reased .  P h y s i c a l l y  it r e p r e s e n t s  
t he  g a i n  value of Bo beyond which the v e h i c l e  t u r n s  i t s  nose i n t o  the 
wind t o  such a degree t h a t  i t  a c q u i r e s  a nega t ive  d r i f t  v e l o c i t y ;  i . e . ,  
t he  v e h i c l e  f l i e s  a g a i n s t  t h e  wind. 

Another p o i n t  of i n t e r e s t  i n  t he  s t a b i l i t y  a r e a s  is  the  zero- 
c ros s ing  of t he  dynamic s t a b i l i t y  boundary. This occurs approximately 
a t  the value of t he  angu la r  displacement feedback g a i n ,  Ao,  a t  which 
t h e  r e s  t o r i n g  moment of the swivel engines compensates the ove r tu rn ing  
aerodynamic moment. 

V. STEADY-STATE RESPONSE 

The response of the v e h i c l e  is s u b j e c t  t o  two b a s i c  c o n s t r a i n t s .  
One is  the l i m i t a t i o n  of t he  c o n t r o l  v a r i a b l e ,  B, t he  o t h e r  t he  des ign  
l i m i t  of the bending moment. For r i g i d  body c o n s i d e r a t i o n s ,  as i n  t h i s  
d i scuss ion ,  t he  bending moment can be expressed as a l i n e a r  combination 
of t he  ang le -o f -a t t ack ,  a, and the  c o n t r o l  v a r i a b l e ,  B, i n  the form [ l ] :  

M(x, t )  = Mk(x) a ( t )  + M ~ ( x )  B ( t ) .  (40)  
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The o b j e c t i v e  of aerodynamic load r e l i e f  i s  t o  reduce t h i s  bending moment 
by a c o n t r o l  system des ign  which fo rces  the  v e h i c l e  t o  t u r n  i n t o  the  wind 
wi thou t  excess ive ly  high excursions of the engine d e f l e c t i o n .  To i n v e s t i -  
g a t e  t h e  response p a t t e r n  of t h e  va r ious  c o n t r o l  modes which we can choose 
w i t h i n  t h e  s t a b i l i t y  a r e a s  depicted i n  Figures 5 and 6 ,  we f i r s t  d e r i v e  
the  expres s ion  f o r  the s t eady  s t a t e  response of t h e  system to  a u n i t  s t e p  
inpu t .  

This  is  obtained by s e t t i n g  a l l  time d e r i v a t i v e s  equal  t o  zero.  
Since we assume i n  the fol lowing t h a t  the guidance term, Eo, 
t he  system i s  only q u a s i - s t a b l e  i n  i t s  l a t e r a l  p o s i t i o n ,  y- Therefore ,  
t h e  v e h i c l e  assumes i n  i t s  s t eady  s t a t e  a cons t an t  l a t e ra l  v e l o c i t y ,  9 ,  
when a u n i t  s t e p  f u n c t i o n  is appl ied and we have t o  r e t a i n  a l l  9-terms 
i n  t h e  equat ions when the  s t eady  s t a t e  responses  a r e  obtained f o r  t h i s  
cas e. 

i s  omit ted,  

By in t roduc ing  the  abbrev ia t ion  

( 4 1 )  
T Co = (N'? - M ' )  A, - T% Bo - ?MI+ (N'% - M' + TxE) E l ,  

t h e  s teady-s ta te  response i n  t h e  space-fixed coord ina te  system i s  thus 
g iven  as 

(N'% - M') 
- 

(cpia,)ss - - CO 

( N ' x ~  - M') A. - T TxE Bo - F M' 

The nex t  s t e p  is  t o  f i n d  con t ro l  modes which e x h i b i t  load r e l i e f  
f e a t u r e s  such t h a t  t he  v e h i c l e  turns  i n t o  the  wind i n  i t s  s t e a d y - s t a t e  
response.  
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A.  Gyro Control  

This i s  t h e  s i m p l e s t  c o n t r o l  mode which employs a t t i t u d e  and 
a t t i t u d e  ra te  feedback only (El = Bo = 0).  
i n  t h i s  case a l l  s t e a d y - s t a t e  va lues  v a n i s h  w i t h  the excep t ion  of t h e  
l a t e r a l  v e l o c i t y ,  9 ,  which approaches t h e  wind v e l o c i t y ,  w. The v e h i c l e  
s tar ts  d r i f t i n g  wi th  t h e  wind, b u t  does n o t  t u r n  i n t o  it. A load r e l i e f  
i n  the above sense is  t h e r e f o r e  no t  achieved,  a l though  t h e  s t e a d y - s t a t e  
bending moment i s  zero.  

It can be r e a d i l y  seen t h a t  

B. Velocity-Feedback Control  

This c o n t r o l  mode employs a veloci ty-feedback,  El, i n  a d d i t i o n  
t o  a t t i t u d e  and a t t i t u d e - r a t e  feedback. Since N'xE >M' and Co > 0 f o r  
a ( s t a t i c a l l y )  s t a b l e  v e h i c l e ,  we deduce from equa t ion  ( 4 4 )  t h a t  t he  
s t e a d y - s t a t e  a t t i t u d e  of t he  v e h i c l e  is  nega t ive ;  t h i s  means, according 
t o  the adopted s i g n  convention, t h a t  t h e  v e h i c l e  t u r n s  i n t o  t h e  wind and 
t h a t  t h i s  c o n t r o l  mode e x h i b i t s  t h e  d e s i r e d  load r e l i e f  f e a t u r e .  I n  
a d d i t i o n ,  t h e  l a t e r a l  d r i f t  v e l o c i t y  j ,  i s  sma l l e r  than t h e  s t e a d y - s t a t e  
wind v e l o c i t y .  Since the  v e h i c l e  does n o t  completely d r i f t  w i t h  t h e  wind, 
i t  s t a y s  c l o s e r  t o  the  nominal f l i g h t  path.  It assumes s t e a d y - s t a t e  
va lues  f o r  a n g l e  of a t t a c k  and engine d e f l e c t i o n ,  and t h e r e f o r e  has a l s o  
a s t e a d y - s t a t e  bending moment. 

C. AnPle-of-Attack Control 

This c o n t r o l  mode is  c h a r a c t e r i z e d  by an ang le -o f -a t t ack  feed- 
back, Bo, i n  a d d i t i o n  t o  a t t i t u d e  and a t t i t u d e  ra te  feedback. 
t h i s  c o n t r o l  mode w i l l  y i e l d  t h e  s a m e  s t e a d y - s t a t e  va lues  as t h e  gyro 
c o n t r o l  mode. However, t h e r e  e x i s t s  an important s p e c i a l  case f o r  a 
feedback s i g n a l ,  Bo, such t h a t  

I n  g e n e r a l ,  

T 
( N I X E  - M') A, - - F M I  

Bo = 
T"E 

With t h i s  g a i n  va lue ,  t h e  s t e a d y - s t a t e  responses of - equat ions ( 4 2 ) -  (45) 
become independent of t he  veloci ty-feedback g a i n ,  El. They a r e  as follows: 
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N'?  - M' 

E (cp/aw>, = - N ' x  - M' + TxE (49)  

This c o n t r o l  mode i s  r e f e r r e d  t o  as "drift-minimum control"  [ 2 ] .  It 
d e r i v e s  i t s  name from the f a c t  t h a t ,  i n  t h i s  p a r t i c u l a r  c o n t r o l  mode, 
- t he  s t e a d y - s t a t e  d r i f t  v e l o c i t y  vanishes .  I f  the veloci ty-feedback,  
E,, i s  zero (pure ang le -o f -a t t ack  c o n t r o l ) ,  then the  d r i f t  v e l o c i t y ,  9 ,  
w i l l  assume the indeterminate  form O/O. Phys ica l ly  speaking, t h i s  means 
t h a t  t h e  s t e a d y - s t a t e  d r i f t  v e l o c i t y  i s  determined by i n i t i a l  cond i t ions  
and t r a n s i e n t  motion of t h e  v e h i c l e .  I ts  f i n a l  va lue  is u s u a l l y  ve ry  
s m a l l  i n  comparison t o  t h e  s t e a d y - s t a t e  wind v e l o c i t y .  The drift-minimum 
c o n t r o l  mode, t h e r e f o r e ,  l eads  t o  small d e v i a t i o n s  from the nominal f l i g h t  
path.  From equa t ion  (49) i t  can a l s o  be seen t h a t  t he  drift-minimum con- 
t r o l  mode e x h i b i t s  the d e s i r e d  load r e l i e f  f e a t u r e  by assuming a negat ive 
s t e a d y - s t a t e  a t t i t u d e .  Because of t he  d u a l  f e a t u r e  of providing minimum 
d r i f t  and load r e l i e f ,  t h e  drift-minimum c o n t r o l  mode has been i n t e n s i v e l y  
s t u d i e d  i n  the  p a s t  [ 3 ,  41. The s t e a d y - s t a t e  bending moment, however, 
does n o t  vanlsh.  

The drift-minimum condi t ion of equat ion (46)  l eads  t o  a n  ope ra t -  
ing p o i n t  which l i e s  on the  s t a t i c  s t a b i l i t y  boundary of t he  s t a b i l i t y  
a r e a  f o r  t h e  space-f ixed coord ina te  system (Figure 5) .  This means t h a t  
t h e  d r i f t  r o o t  of t he  c h a r a c t e r i s t i c  polynomial becomes zero.  The 
45-degree d o t t e d  l i n e  r e p r e s e n t s  po in t s  f o r  which t h e  c o n t r o l  frequency 
remains cons t an t ;  i .e . ,  A, + B, = const.  
system, the drift-minimum cond i t ion  r e p r e s e n t s  t he  h i g h e s t  angle-of-  
a t t a c k  feedback p o s s i b l e  without  becoming uns t ab le .  Since no i n s t a b i l i t y ,  
however, occurs  a t  t h i s  p o i n t  i n  the body-fixed coord ina te  system, i t  i s  
p o s s i b l e  t o  f u r t h e r  i nc rease  the angle-of-at tack feedback gain.  Keeping 
t h e  c o n t r o l  frequency c o n s t a n t ,  we thus a r r i v e  a t  a p o i n t  where t h e  a t t i -  
tude feedback g a i n ,  Ao, equals  0. This c o n t r o l  mode i s  r e f e r r e d  t o  as 

load-minimum control ."  I n  t h i s  c o n t r o l  mode, t h e  v e h i c l e  t u r n s  com- 
p l e t e l y  i n t o  the  wind (cp = - q). 
Therefore ,  t he  s t e a d y - s t a t e  bending moment becomes ze ro ,  j u s t i f y i n g  the  
name g iven  t o  t h i s  p a r t i c u l a r  con t ro l  mode. 

For t h e  space-f ixed coord ina te  

11 

A l l  o t h e r  s t e a d y - s t a t e  va lues  vanish.  
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V I .  TRANSIENT RESPONSE 

The c o n t r o l  mode t o  be adopted f o r  load a l l e v i a t i o n  w i l l  a l s o  
s t r o n g l y  depend on t h e  t r a n s i e n t  behavior  of t h e  v e h i c l e ,  e s p e c i a l l y  
how f a s t  the v e h i c l e  can be turned i n t o  t h e  wind. The e f f e c t i v e n e s s  of 
t h e  load a l l e v i a t i o n  is  d i r e c t l y  p r o p o r t i o n a l  t o  t h i s  " t u r n a b i l i t y "  
parameter,  which i s  given by t h e  q u a n t i t y  C 2  = FxE/I.  
of importance a r e  t h e  wind, wind shea r  and tu rbu lence  c h a r a c t e r i s t i c s ,  
and the  r e l a t i v e  magnitude of t he  c o e f f i c i e n t s  M& and MB of t h e  bend- 
ing moment equat ion (40)  a t  the  c r i t i c a l  s t a t i o n s  of t h e  v e h i c l e .  

Other f a c t o r s  

To ga in  more i n s i g h t  i n t o  t h e  s a l i e n t  f e a t u r e s  of t h e  v a r i o u s  pos- 
s i b l e  c o n t r o l  modes and t o  assess t h e i r  r e l a t i v e  m e r i t s  o r  demer i t s ,  t h e  
response behavior of a Saturn V space v e h i c l e  was i n v e s t i g a t e d  f o r  t h e  
maximum dynamic p res su re  region.  Two b a s i c  wind i n p u t  func t ions  were 
app l i ed .  One i s  a ramp i n p u t ,  which se rves  t o  i l l u s t r a t e  t h e  e f f e c t  of 
an  average wind shea r  of 0.02 m/sec/m b u i l d i n g  up t o  a maximum l e v e l  of 
75 m/sec, t h e  o t h e r  a s t e p  inpu t  of t h e  same magnitude demonstrating the  
e f f e c t  of a seve re  g u s t  cond i t ion .  The feedback g a i n s  of t h e  d i f f e r e n t  
c o n t r o l  modes i n v e s t i g a t e d  were s e t  t o  g i v e  a c o n t r o l  frequency of 0.15 cps 
and a c r i t i ca l  c o n t r o l  damping of 70 pe rcen t  i n  each case.  All response 
curves a r e  p l o t t e d  f o r  both the  space-f ixed coord ina te  system ( s u b s c r i p t  s) 
and t h e  body-fixed coordinate  system ( s u b s c r i p t  B) .  

A t  f i r s t  t h e  response behavior i s  shown f o r  a simple gyro c o n t r o l  
mode i n  Figures 7 and 8. The a t t i t u d e  remains p o s i t i v e  a t  a l l  times f o r  
t h e  ramp inpu t  as w e l l  as f o r  t h e  s t e p  input .  The v e h i c l e  does n o t  t u r n  
i n t o  the  wind, and no load r e l i e f  is obtained.  The s t e a d y - s t a t e  va lues  
g r a d u a l l y  drop t o  ze ro  wi th  t h e  except ion of t h e  d r i f t  ang le  y which 
approaches the  wind ang le ,  %; i . e . ,  t h e  v e h i c l e  d r i f t s  w i t h  t h e  wind. 
Introducing ang le -o f -a t t ack  feedback i n  t h e  form of the  d r i f t  minimum 
c o n t r o l  mode changes the response p a t t e r n  r a d i c a l l y .  For t h e  ramp inpu t  
(Figure 9) , t he  v e h i c l e  a t t i t u d e  ve ry  r a p i d l y  becomes nega t ive ;  t h i s  
reduces the ang le  of a t t a c k  s imultaneously.  This r e d u c t i o n  of a n g l e  of 
a t t a c k  can even be achieved w i t h  a sma l l e r  engine d e f l e c t i o n  than i n  t h e  
gyro c o n t r o l  mode. For such wind i n p u t  f u n c t i o n ,  t he  d r i f t  minimum con- 
t r o l  mode would, t h e r e f o r e ,  a l s o  reduce the  bending moment i n  comparison 
t o  t h a t  of t h e  gyro c o n t r o l  mode. E s p e c i a l l y  conspicuous - a t  l e a s t  f o r  
t h e  space-f ixed coord ina te  system - is  t h e  extremely low d r i f t  a n g l e ,  y .  
The s t e a d y  s t a t e  responses approach t h e  va lues  as g iven  i n  equat ions (47) 
through (49). For t h e  s t e p  i n p u t  (Figure l o ) ,  t h e  system r e a c t s  immediately 
wi th  a comparatively l a r g e  t r a n s i e n t  engine d e f l e c t i o n ,  which causes t h e  
v e h i c l e  to  t u r n  i n s t a n t l y  i n t o  t h e  wind. This r e s u l t s  i n  a s u b s t a n t i a l  
r educ t ion  o f  t h e  a n g l e  of a t t a c k .  A f t e r  t he  i n i t i a l  k i c k ,  t h e  engine 
qu ick ly  s e t t l e s  down t o  i t s  s t e a d y  s t a t e  value.  
engine excursion,  t he  e v a l u a t i o n  of t h e  system response w i t h  regard t o  

Because of t h e  h i g h  
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t h e  d e s i r e d  load a l l e v i a t i o n  now becomes more complicated.  I f  t he  
t u r n a b i l i t y ,  C2, of t h e  v e h i c l e  i s  h igh  and i f  t he  t h r u s t  c o e f f i c i e n t ,  
M'p of equa t ion  (40) does no t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  
bending moment, i t  i s  p o s s i b l e  t h a t  t h e  engine d e f l e c t i o n  s t a y s  w i t h i n  
i t s  des ign  l i m i t  and that the bending moments can b e  reduced i n  compari- 
son t o  those  of t h e  gyro c o n t r o l  mode. A c a r e f u l  i n v e s t i g a t i o n  must 
t h e r e f o r e  be made whether o r  n o t  the p red ic t ed  wind shea r  or g u s t  condi- 
t i o n s  a l l o w  a load r e d u c t i o n  by using t h e  d r i f t  minimum c o n t r o l  mode. 

Adopting t h e  "load minimum" c o n t r o l  mode (Figures 11 and 12)  shows 
t h a t  a l l  s t a t emen t s  made f o r  t h e  d r i f t  minimum c o n t r o l  mode app ly  a l s o  
f o r  th is  type o f  c o n t r o l ,  b u t  i n  a s t r o n g e r  sense.  Low wind bui ldups 
l ead  t o  ve ry  f avorab le  cond i t ions  f o r  load a l l e v i a t i o n ,  whereas h i g h  
wind s h e a r s  w i l l  l e ad  t o  even more seve re  engine d e f l e c t i o n s  than those 
e x h i b i t e d  f o r  t h e  d r i f t  minimum c o n t r o l  mode. It i s  i n t e r e s t i n g  t h a t  
t h e  a l r e a d y  d i scussed  i n s t a b i l i t y  of t h e  system which appears  i n  t h e  
space-f ixed r e f e r e n c e  frame r e s u l t s  i n  a tumbling o f  the v e h i c l e .  I n  
t h e  body-fixed r e f e r e n c e  frame, t h i s  i n s t a b i l i t y  does n o t  ex is t ,  and 
the  v e h i c l e  merely t u r n s  completely i n t o  t h e  wind; i .e. ,  cp = -%. 
F i n a l l y  Figures  13 and 14 g i v e  a n  example of a v e l o c i t y  feedback con- 
t r o l  mode. This c o n t r o l  mode also causes t h e  v e h i c l e  t o  t u r n  i n t o  t h e  
wind w i t h  a consequent r e d u c t i o n  of t h e  bending moment, a t  l e a s t  under 
low wind s h e a r  cond i t ions .  For high wind s h e a r  o r  g u s t s ,  t h e  engine 
d e f l e c t i o n s  are less s e v e r e  than i n  t h e  p rev ious ly  d i scussed  c o n t r o l  
modes; t h i s  makes t h e  v e l o c i t y  feedback an a t t r a c t i v e  cand ida te  f o r  
load r e d u c t i o n  under h i g h  wind shear  and g u s t  cond i t ions .  Also, t h e  
v e l o c i t y  feedback c o n t r o l  mode assists i n  reducing l a t e ra l  d r i f t  veloc-  
i t i e s ,  and should,  t h e r e f o r e ,  be p re fe r r ed  over a reduced ang le -o f -a t t ack  
feedback which does n o t  e x h i b i t  t h i s  f e a t u r e .  

CONCLUSIONS 

The r e d u c t i o n  of aerodynamic loads is p o s s i b l e  by c a r e f u l  s e l e c t i o n  
of a n  a p p r o p r i a t e  c o n t r o l  mode under a l a r g e  class of wind and wind s h e a r  
cond i t ions .  However, t h e  e f f e c t i v e n e s s  of t he  load r e d u c t i o n  depends 
d e c i s i v e l y  on t h e  v e h i c l e  conf igu ra t ion  and t h e  wind s h e a r  c h a r a c t e r i s t i c s  
of t h e  atmospheric  d i s tu rbances .  
d i s t u r b a n c e s  i s  concentrated a t  high f r equenc ie s ,  t h e  p o s s i b i l i t y  of a 
load r e d u c t i o n  is v a s t l y  reduced because of h igh  engine excursions which 
tend t o  i n c r e a s e  t h e  t o t a l  bending moments. In t h i s  case,  improvement 
can be obtained through v a r i o u s  mod i f i ca t ions  of the d i scussed  c o n t r o l  
modes by in t roduc ing  n o n l i n e a r  and a d a p t i v e  c o n t r o l  techniques.  However, 
p re l imina ry  load s t u d i e s  such as those d i scussed  above always have to  be 
supplemented by more r e f i n e d  analyses  i n c o r p o r a t i n g  t h e  e f f e c t s  of f l e x -  
i b i l i t y ,  s l o s h i n g ,  e tc .  This, under c e r t a i n  c i rcumstances,  can l ead  t o  
d r a s t i c  r e e v a l u a t i o n ,  o r  even r e j e c t i o n ,  of c o n t r o l  modes which had proven 
t o  be s a t i s f a c t o r y  under s i m p l i f i e d  assumptions.  

I f  t h e  power l e v e l  of the atmospheric  
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