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SUMMARY 

A d e t a i l e d  s tudy  w a s  made of manual backup con t ro l  systems s u i t a b l e  f o r  
t he  f i r s t  s t a g e  of  t h e  Sa tu rn  V launch v e h i c l e .  A technique t o  measure the  
manual con t ro l  system r e l i a b i l i t y  with a p i l o t e d  s imula to r  was developed. 
Two manual backup con t ro l  systems were considered:  a "load r e l i e f "  and a "no 
load r e l i e f "  system. Both systems allowed t h e  p i l o t  t o  c lose  an adapt ive  
con t ro l  loop t h a t  i s  p a r a l l e l  t o  t he  primary automatic  con t ro l  system. The 
system f a i l u r e  modes a s soc ia t ed  with t h e  primary system, as wel l  as those  
a s soc ia t ed  with t h e  a d d i t i o n a l  hardware f o r  t h e  p i l o t e d  backup system, were 
considered.  An analog p i l o t e d  s imula t ion  w a s  used and included r igid-body,  
engine-ac tua tor ,  vehicle-bending,  p rope l l an t - s losh ing ,  and control-system 
dynamics. Over a thousand s imulated f l i g h t s  with randomly s e l e c t e d  f a i l u r e s  
were made with t h r e e  research  p i l o t s .  The r e s u l t s  i n d i c a t e  t h a t  f o r  t h e  
f a i l u r e  modes and automatic  system considered,  t h e  p i l o t e d  manual backup sys
tem can reduce t h e  p r o b a b i l i t y  of mission f a i l u r e  by a f a c t o r  of 2 .  Tra jec
t o r y  d i spe r s ions  a t  f i r s t - s t a g e  cutoff  were s i g n i f i c a n t l y  reduced. The 
hand-cont ro l le r  and p r e s s u r e - s u i t  conf igura t ions  had l i t t l e  e f f e c t  on system 
performance. 

INTRODUCTION 

Since e a r l y  1963, t h e  Ames Research Center  and t h e  George C .  Marshal l  
Space F l i g h t  Center  (MSFC) have been j o i n t l y  i n v e s t i g a t i n g  t h e  problem of  
p i l o t e d  guidance and c o n t r o l  of l a rge  launch v e h i c l e s .  Early s t u d i e s  of  t h i s  
group and o the r s  ( r e f s .  1-5) have e s t a b l i s h e d  t h e  f e a s i b i l i t y  f o r  t h i s  class 
of  veh ic l e s  . 

A t  t he  conclusion of  t hese  f e a s i b i l i t y  s t u d i e s ,  t h e  ques t ion  was posed: 
"Can the  p r o b a b i l i t y  of  mission success  be  improved by inco rpora t ing  t h e  
p i l o t  i n  a backup mode t o  t h e  primary automatic  c o n t r o l  system of t h e  Sa turn  
V launch vehicle?"  The purpose of  t h e  p r e s e n t  i n v e s t i g a t i o n  w a s  t o  answer 
t h i s  ques t ion .  



The f i rs t  s e c t i o n  o f  t h i s  r e p o r t  is  a d e s c r i p t i o n  of  t h e  system t o  b e  
c o n t r o l l e d  and i t s  environment. I t  a l s o  inc ludes  a d i scuss ion  of  t h e  candi
d a t e  manual backup con t ro l  systems t o  be  considered,  as well as a d iscuss ion  
of t he  c o n s t r a i n t s  on t h e  guidance and c o n t r o l  system. The second s e c t i o n  
o u t l i n e s  t h e  technique used t o  measure t h e  r e l i a b i l i t y  con t r ibu ted  by t h e  
a d d i t i o n  of a manual backup con t ro l  system. I t  a l s o  d iscusses  t h e  f a i l u r e  
modes considered,  t h e  d e t a i l s  o f  t h e  s imula t ion  used,  and p i l o t  procedures .  
The t h i r d  s e c t i o n  d iscusses  t h e  r e s u l t s  ob ta ined ,  which inc lude  s t r u c t u r a l  
loads experienced, t r a j e c t o r y  d i spe r s ions ,  and mission r e l i a b i l i t y .  The 
effect  of  p r e s s u r e - s u i t  and hand-con t ro l l e r  conf igu ra t ions  on performance i s  
a l s o  discussed.  

Some of  t h e  r e s u l t s  presented  h e r e i n  are a l s o  presented  i n  re ference  6 .  
The purpose of  t h i s  r e p o r t  i s  t o  amplify t h e s e  r e s u l t s  and, i n  add i t ion ,  t o  
d iscuss  s e v e r a l  o t h e r  aspec ts  of t h e  problem. A d i scuss ion  of  handl ing qua l 
i t i e s ,  hand-con t ro l l e r  and p r e s s u r e - s u i t  con f igu ra t ions ,  and d e t a i l e d  p i l o t  
procedures are added. I n  add i t ion ,  more complete d a t a  on s t r u c t u r a l  loads and 
t r a j e c t o r y  d i spe r s ions  a r e  included.  

This i n v e s t i g a t i o n  was l i m i t e d  t o  t h e  f i rs t  s t a g e  of  f l i g h t ,  t h e  S-IC. 

VEHICLE AND CONTROL SYSTEM DESCRIPTION 

The Sa turn  V veh ic l e  conf igura t ion  ( f i g .  1) has  t h r e e  boos te r  s t a g e s ,  an 
instrument  u n i t ,  and t h e  Apollo s p a c e c r a f t .  The v e h i c l e  has  a r e l a t i v e l y  
high f ineness  r a t i o  ( length/diameter)  wi th  a f i rs t  f l e x i b l e  body mode f r e 
quency of  about 1 H z .  Severa l  o f  t h e  p r o p e l l a n t  tanks have s i g n i f i c a n t  s lo sh 
i n g  modes wi th  f requencies  of about 0 . 5  H z .  

The f irst  s t a g e  burns f o r  approximately 150 seconds.  Figure 2 shows some 
t y p i c a l  t r a j e c t o r y  parameters .  Maximum dynamic p res su re ,  Q ,  occurs a t  about 
78 seconds.  The maximum thrus t - to-weight  r a t i o ,  T/mgo, reaches almost 5 .  

The f irst  s t a g e  i s  powered by f i v e  F - 1  engines .  The a t t i t u d e  of t h e  
Sa turn  V during the  f irst  s t a g e  i s  con t ro l l ed  by swive l ing  t h e  fou r  outboard 
F - 1  engines .  Each engine i s  swiveled i n  the  p i t c h  and yaw planes by sepa ra t e  
hydrau l i c  a c t u a t o r s .  Rol l  i s  c o n t r o l l e d  by combined use of  p i t c h  and yaw 
a c t u a t o r s .  

The f e a s i b i l i t y  s tudy  ( r e f .  1) ind ica t ed  t h a t  a p i l o t e d  con t ro l  system 
inc luding  load re l ie f  ( reduct ion  of aerodynamic loads) had merit; however, 
t he  load r e l i e f  f e a t u r e  r equ i r e s  a d d i t i o n a l  hardware.  Therefore ,  two manual 
backup con t ro l  systems were proposed f o r  s tudy :  a "load r e l i e f "  system and a 
"no load r e l i e f "  system. Figure 3 shows t h e  elements of t hese  systems. The 
s o l i d  l i n e s  i n  t h e  lower h a l f  of t he  f i g u r e  i n d i c a t e  t h e  elements of a launch-
veh ic l e  automatic  con t ro l  system. Reference 7 p r e s e n t s  a comprehensive d i s 
cussion o f  t h i s  system. The engine a c t u a t o r  command s i g n a l s  are a t t i t u d e  
rate and a t t i t u d e  e r r o r ,  summed, gained, and f i l t e r e d  i n  the  con t ro l  computer. 
The conf igura t ion  of  t he  f i l t e r s  used during t h e  s tudy  i s  presented  i n  
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appendix A. The s o l i d  l i n e s  i n  t h e  upper h a l f  of t h e  f i g u r e  i n d i c a t e  p e r t i 
nent  ( t o  manual launch con t ro l )  e x i s t i n g  s p a c e c r a f t  control-system components. 
Ex i s t ing  p i l o t  d i sp l ay  i tems inc lude  t h e  a t t i t u d e ,  a l t i t u d e ,  v e l o c i t y ,  f l i g h t -
pa th  angle ,  e t c . ,  o f  t h e  s p a c e c r a f t .  The dashed l i n e s  i n d i c a t e  t h e  i tems 
added f o r  t h e  proposed manual backup systems. These items w i l l  b e  d iscussed  
i n  d e t a i l  below. Not shown i n  f i g u r e  3 are switches t h a t  allow t h e  p i l o t  t o  
s e l e c t i v e l y  open t h e  a t t i t u d e  ra te  o r  a t t i t u d e  e r r o r  feedback loops making up 
t h e  engine a c t u a t o r  commands. Both systems allowed t h e  p i l o t  t o  form an adap
t i v e  p a r a l l e l  con t ro l  loop t h a t  he can a c t i v a t e  when f a i l u r e s  occur  i n  t h e  
primary system. 

Load Relief System 

At t i t ude  e r r o r ,  from t h e  launch-vehicle  guidance system, as w e l l  as out
pu t s  from body-mounted accelerometers  i n  t h e  launch v e h i c l e  was added t o  t h e  
p i l o t  d i sp l ay  f o r  t h e  load re l ie f  system. The accelerometers  were loca ted  
near  t h e  ins tan taneous  c e n t e r  of r o t a t i o n  of t h e  v e h i c l e  ( r e f .  1) s o  t h a t  
t h e i r  ou tputs  were nea r ly  p ropor t iona l  t o  qa., t h e  product  of dynamic p res su re  
and angle  of a t t a c k .  Aerodynamic loads on t h e  veh ic l e  are d i r e c t l y  r e l a t e d  
t o  t h i s  product .  The output  o f  t he  p i l o t ' s  c o n t r o l l e r  was pass ive ly  f i l t e r e d  
and summed with t h e  output  of t h e  launch-vehicle  automatic  system a t  t h e  con
t r o l  computer. This f i l t e r  was a pass ive  second-order network with n a t u r a l  
frequency of 2 .7  r p s  and a damping r a t i o  of 0 . 5 .  

To determine whether t h e  c h a r a c t e r i s t i c s  o f  t h e  automatic  con t ro l  system 
were s a t i s f a c t o r y  f o r  manual c o n t r o l ,  a b r i e f  i n v e s t i g a t i o n  was made. A p i l o t  
was asked t o  f l y  t h e  s imula ted  v e h i c l e  with var ious  s e t t i n g s  of  t h e  ga ins  i n  
t h e  automatic  con t ro l  system. The p i l o t ' s  s u b j e c t i v e  opinion of  t h e  system 
and system performance d a t a  were recorded f o r  each combination. The p i l o t  
opinion d a t a  a r e  shown i n  f i g u r e  4,  and t h e  maximum s t r u c t u r a l  bending moment 
experienced, r a t i o e d  t o  t h e  breakup va lue ,  i s  shown i n  f i g u r e  5 .  The, 
absc i s sas  i n d i c a t e  t h e  r a t e  loop gain used. The u n i t s  a r e  i n  degrees of 
engine gimbal command p e r  degree p e r  second of a t t i t u d e  r a t e .  The o rd ina te s  
i n d i c a t e  t h e  a t t i t u d e  loop gain used (degrees of engine gimbal command p e r  
degree of  a t t i t u d e  e r r o r ) .  A p i l o t  opinion r a t i n g  of 3-1/2 o r  l e s s  i s  con
s i d e r e d  s a t i s f a c t o r y ,  while  a r a t i n g  of 4-1/2 o r  l e s s  i s  considered acceptab le  
f o r  normal opera t ion  ( r e f .  8 ) .  Figures 4 and 5 i n d i c a t e  t h a t  while  h i g h e r  
values  of damping ( r a t e  gain) are d e s i r a b l e ,  t h e  nominal values  f o r  t h e  auto
matic system a r e  s a t i s f a c t o r y .  These nominal va lues  cause t h e  v e h i c l e  r i g i d -
body shor t -per iod  mode t o  have (near  maximum dynamic p res su re )  a n a t u r a l  
frequency of about 0 .8  r ad / sec  and a damping r a t i o  of  about 0 .4 .  

No Load Relief System 

The no load r e l i e f  system was i d e n t i c a l  t o  t h e  load re l ie f  system except 
t h a t  i t  had no body-mounted accelerometers  o r  a s s o c i a t e d  d i sp lay .  
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GUIDANCE AND CONTROL CONSTRAINTS 

The p r i n c i p a l  c o n s t r a i n t s  on t h e  launch-vehicle  guidance and con t ro l  
system are guidance accuracy and s t r u c t u r a l  loads .  S ince  t h e  s tudy  r epor t ed  
h e r e  considers  t h e  first s t a g e  o f  f l i g h t ,  s t r u c t u r a l  loads were t h e  primary 
c o n s t r a i n t .  The equat ion  used f o r  c a l c u l a t i n g  t h e  r a t i o  of maximum v e h i c l e  
s t r u c t u r a l  bending moment t o  breakup bending moment i s  

where 

M body bending moment normalized t o  u n i t y  a t  a f a c t o r  of s a f e t y  of 1 

a aerodynamic angle  of  a t t a c k ,  deg 

B 1  swivel  angle  of  t h e  i t h  con t ro l  engine,  deg 
.. 
TI a c c e l e r a t i o n  a t  t h e  nose of  t h e  v e h i c l e  o f  t h e  j t h  f l e x i b l e  body 
j normal mode, m/sec2 

ck amplitude of t h e  k t h  p r o p e l l a n t  tank s l o s h i n g  mass, m 

The e f f e c t  o f  p r o p e l l a n t  s l o s h i n g  damping f o r c e s  was neglec ted .  The p a r t i a l  
de r iva t ives  above were assumed t o  be time vary ing .  Typical  values  near  t h e  
time of  f l i g h t  corresponding t o  high q are as fo l lows:  

4 
a M  

= 51 p e r  deg 

a M  - 1- _ aa 11 p e r  deg 

aM - 0.04 p e r  m/sec2 
a t ,  

a M-= 0.2 p e r  m 
a'k 
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Because of  t h e  d i f f e r e n t  veh ic l e  loading f o r  one engine t h r u s t  o u t ,  t h e  
fol lowing equat ion w a s  used f o r  . t h i s  f a i l u r e  mode: 

The primes on t h e  p a r t i a l  d e r i v a t i v e s  i n d i c a t e  d i f f e r e n t  values  corresponding 
t o  t h e  d i f f e r e n t  l ong i tud ina l  loading i n  t h e  v e h i c l e .  The B o  term r e s u l t s  
from unsymmetrical v e h i c l e  loading,  while  T i / T n  i s  t h e  r a t i o  o f  a c t u a l  
t h r u s t  o f  t h e  i t h  engine t o  nominal t h r u s t .  

While no t  as s i g n i f i c a n t  during f i r s t - s t a g e  c o n t r o l ,  t r a j e c t o r y  d i spe r 
s ions  were a l s o  c a l c u l a t e d  as a measure o f  guidance performance. Distance 
and v e l o c i t y  normal t o  t h e  nominal t r a j e c t o r y  a t  f i r s t - s t a g e  cu to f f  were used. 

Two s y n t h e t i c  wind magnitude p r o f i l e s  were used f o r  t h i s  s tudy .  They 
were obtained from re fe rence  9 and are shown i n  f i g u r e  6 .  The s t e a d y - s t a t e  
value of t h e  l a r g e r  magnitude p r o f i l e  w i l l  no t  be  exceeded 95 percent  of  t h e  
time during t h e  windies t  month of  t h e  yea r  nor  w i l l  i t s  v e r t i c a l  shea r  b e  
exceeded 99 pe rcen t  of  t h e  same time per iod .  The s t e a d y - s t a t e  va lue  of  t h e  
o t h e r  p r o f i l e  w i l l  n o t  be exceeded 50 pe rcen t  of  t h e  same time pe r iod .  Peak 
wind shea r  occurs nea r  t h e  a l t i t u d e  corresponding t o  veh ic l e  maximum dynamic 
p res su re .  A pre l iminary  i n v e s t i g a t i o n  showed t h a t  t h e  small-amplitude gusts 
d iscussed  i n  r e fe rence  9 had l i t t l e  e f f e c t  on t h e  manual con t ro l  problem. Two 
wind d i r e c t i o n s  were chosen, 135O and 225O r e l a t i v e  t o  veh ic l e  launch heading.  
Previous experience has  shown t h a t  t h e s e  q u a r t e r i n g  winds are t h e  most 
d i f f i c u l t  f o r  p i l o t e d  c o n t r o l .  

METHOD OF ANALYSIS 

The sys t ema t i c  ana lys i s  technique used t o  assess t h e  e f f e c t  of t h e  
p i l o t e d  backup system on system r e l i a b i l i t y  and mission success  i s  similar t o  
one t h a t  has been used f o r  t h e  automatic  system. I t  i s  a l s o  similar t o  t h e  
"P i lo t -Con t ro l l e r  I n t e g r a t i o n  f o r  Emergency Conditions" concept ( r e f .  l o ) ,  
which was r e f i n e d  and app l i ed  t o  t h e  X-22A V/STOL v e h i c l e  ( ref .  11) .  

The seven s t e p s  of  t h e  technique are shown i n  f i g u r e  7 and are d iscussed  
below. 

1. Define t h e  system. Co l l ec t  t h e  necessary information on t h e  veh ic l e ,  
systems, t r a j e c t o r y ,  mission,  e tc . ,  t o  enable  a s imula t ion  t o  b e  conducted. 
Define t h e  manual c o n t r o l  system. 

2 .  Define t h e  major f a i l u r e  modes. P r e d i c t  major f a i l u r e  modes, defi .ne 
f a i l u r e  dynamics and o b t a i n  necessary information t o  s imula te  f a i l u r e  modes, 
o b t a i n  u n r e l i a b i l i t y  number ( p r o b a b i l i t y  of occurrence) f o r  each major 
f a i l u r e  mode. 
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3. Simulate  t h e  system and fa i lure  modes. Use t h e  d a t a  ga thered  i n  
s t e p s  1 and 2 and appropr i a t e  mathematical models t o  develop a real-time 
p i l o t e d  f l i g h t  s imula t ion  of  t h e  veh ic l e  and i t s  major f a i l u r e  modes. 

4 .  Define t h e  p i l o t  procedures .  Use t h e  f l i g h t  s imula t ion  developed i n  
s t e p  3 t o  conduct a sys t ema t i c  i n v e s t i g a t i o n  wherein t h e  f a i l u r e  modes inves
t i g a t e d  are made t o  occur  a t  var ious  times o f  f l i g h t  wi th  t h e  p i l o t  i n  c o n t r o l  
of t h e  s imula ted  v e h i c l e .  From t h i s  i n v e s t i g a t i o n ,  develop a background of  
information from which t h e  crew can l e a r n  t o  d e t e c t  and c o r r e c t l y  i d e n t i f y  
each f a i l u r e  as well as t o  fol low t h e  c o r r e c t  p i l o t  procedure i n  t h e  event  of 
a f a i l u r e .  (Most of t h e  emergency s e c t i o n  o f  t h e  p i l o t ' s  handbook i s  w r i t t e n  
during t h i s  s tudy phase.  Also, a t  t h i s  time, pre l iminary  changes t o  t h e  
proposed manual system can be made .) 

5. Conduct s imula t ion  wi th  random f a i l u r e s .  Use s e v e r a l  s u b j e c t s  and a 
l a rge  number o f  s imula ted  f l i g h t s  with random f a i l u r e s  t o  determine t h e  
cond i t iona l  p r o b a b i l i t y  of  mission f a i l u r e  ( e f f e c t i v i t y )  f o r  each of t h e  major 
f a i l u r e  modes. 

6 .  Calcu la t e  t h e  p r o b a b i l i t y  of  mission f a i l u r e .  Use t h e  u n r e l i a b i l i t y  
numbers from s t e p  2 and t h e  e f f e c t i v i t y  numbers from s t e p  5 t o  c a l c u l a t e  t h e  
f a i l u r e  mode c r i t i c a l i t y  ( e f f e c t  of  f a i l u r e  on p r o b a b i l i t y  of mission 
f a i  l u r e )  . 

7. Modify t h e  system and procedures as necessary .  Analyze t h e  r e s u l t s  
of s t e p  6 t o  determine which f a i l u r e  modes have t h e  g r e a t e s t  i n f luence  on m i s 
s i o n  f a i l u r e .  Redesign t h e  system of  s t e p  1 o r  modify t h e  procedures 
developed i n  s t e p  4 as necessary t o  reach a s u i t a b l e  l e v e l  of "p robab i l i t y  of 
mission success  . I 1  

The a p p l i c a t i o n  of  t hese  seven s t e p s  t o  t h e  f i rs t  s t a g e  of Sa turn  V 
fo l lows .  

S t ep  1: Define t h e  System 

The system i s  def ined  i n  t h e  preceding Vehicle  and Control  System 
Descr ip t ion .  

S t ep  2 :  Define t h e  Major F a i l u r e  Modes 

The launch-vehicle  major f a i l u r e  modes ( a s  opposed t o  component f a i l u r e  
modes) can be  d iv ided  i n t o  t h r e e  ca t egor i e s  : control-system hardware f a i l u r e s  
( sensors ,  w i r ing ,  e t c , ) ,  engine a c t u a t o r  f a i l u r e s  (hard over ,  n u l l ,  o s c i l l a t 
i n g ) ,  and t h r u s t  f a i l u r e s .  The f i rs t  10 f a i l u r e s  i n  f i g u r e  8 are t h e  major 
f a i l u r e  modes f o r  t h e  launch veh ic l e  considered i n  t h e  o rde r  of t h e i r  assumed 
u n r e l i a b i l i t i e s  ( p r o b a b i l i t i e s  of  occurrence) .  The u n r e l i a b i l i t y  numbers are 
t y p i c a l  f o r  Sa turn  V.  F a i l u r e  modes 11 through 19 a r e  a s soc ia t ed  wi th  t h e  
d i sp lays  and c o n t r o l l e r ,  which were added f o r  t h e  p i l o t e d  backup system. 
The u n r e l i a b i l i t y  d a t a  f o r  t he  p i l o t  d i sp l ays  are no t  shown because,  as w i l l  
be  seen  la te r ,  no .miss ion  f a i l u r e s  were caused by a d i s p l a y  f a i l u r e .  



F a i l u r e  1 i n  f i g u r e  8, one engine a c t u a t o r  h a r d  over ,  can b e  caused by a 
se rvoampl i f i e r  or a va lve  blockage.  I t  was s imula ted  by a s t e p  change i n  t h e  
a c t u a t o r  command t o  a s a t u r a t e  va lue .  

F a i l u r e  2 ,  l o s s  of  t h r u s t  on one c o n t r o l  engine,  i s  caused by a l o s s  of 
t h r u s t  chamber p re s su re  and w a s  s imulated by a s t e p  change on one engine,  t o  
zero t h r u s t  . 

F a i l u r e  3 ,  p i t c h  and yaw a c t u a t o r s  i n o p e r a t i v e  on t h e  same engine,  can 
be  caused by a l o s s  of  h y d r a u l i c  p re s su re  on one engine.  The engine w i l l  
then d r i f t  under t h e  in f luence  of  t h e  aerodynamic, i n e r t i a l ,  and t h r u s t  m i s 
al inement fo rces  p r e s e n t .  I t  w a s  s imula ted  by d r i f t i n g  t h e  engine t o  e i t h e r  
hard-over d e f l e c t i o n  i n  p i t c h  and yaw (5") or t o  a 2.5O d e f l e c t i o n  i n  p i t c h  
and yaw. 

Fa i lu re  4 ,  l o s s  of  t h e  a t t i t u d e  r e fe rence  p la t form,  can b e  caused by 
hard-over  platform.  The hard-over  s i g n a l  is  i n t e r r u p t e d  by t h e  reasonableness  
check i n  t h e  d i g i t a l  computer. The a t t i t u d e  e r r o r  s i g n a l  i s  then f rozen  a t  
t h e  l a s t  reasonable  va lue .  I t  w a s  s imula ted  by f r e e z i n g  t h e  a t t i t u d e  e r r o r  
s i g n a l  a t  t he  value e x i s t i n g  j u s t  be fo re  t h e  t i m e  of  f a i l u r e .  

Fa i lu re  5 ,  one engine a c t u a t o r  o s c i l l a t o r y ,  can b e  caused by a f a i l u r e  
of t h e  mechanical feedback from a c t u a t o r  t o  va lue .  I t  was s imulated by open
ing  t h e  p o s i t i o n  feedback loop i n  the  s imula ted  engine a c t u a t o r  dynamics. 

F a i l u r e  6 ,  l o s s  of a t t i t u d e  rate s i g n a l  t o  t h e  c o n t r o l  computer, can b e  
caused by a r a t e  gyro or demodulator going t o  n u l l .  I t  was s imulated by a 
s t e p  change t o  zero on t h e  a t t i t u d e  r a t e  s i g n a l .  

F a i l u r e  7,  one engine a c t u a t o r  i nope ra t ive ,  can b e  caused by a servo-
amplifier output  going t o  n u l l ,  causing t h e  engine d e f l e c t i o n  t o  n u l l  i n  one 
a x i s .  I t  w a s  s imula ted  by a s t e p  change t o  zero i n  t h e  a c t u a t o r  command. 

Fa i lu re  8, l o s s  of  a t t i t u d e  e r r o r  s i g n a l  t o  t h e  con t ro l  computer i n  one 
a x i s ,  can b e  caused by a f a i l u r e  between t h e  launch v e h i c l e  d a t a  adapter  and 
t h e  summing a m p l i f i e r  i n  t h e  con t ro l  computer s o  t h a t  t h e  a t t i t u d e  e r r o r  
s i g n a l  pa th  i s  opened or blocked. I t  was s imula ted  by a s t e p  change t o  zero 
on t h e  a t t i t u d e  e r r o r  s i g n a l .  

Fa i lu re s  9 and 10, a t t i t u d e  s i g n a l  s a t u r a t e  and a t t i t u d e  r a t e  s i g n a l  
s a t u r a t e ,  can r e s u l t  from a con t ro l  computer f a i l u r e .  The s a t u r a t e d  a t t i t u d e  
s i g n a l  w a s  s imula ted  by a s t e p  change t o  11.5" i n  t h e  a t t i t u d e  e r r o r  s i g n a l .  
The s a t u r a t e d  ra te  s i g n a l  was s imula ted  by a s t e p  change t o  10.0" p e r  second 
i n  t h e  a t t i t u d e  r a t e  s i g n a l .  

F a i l u r e  11, a t t i t u d e  d i sp lay  lock, jump, or d r i f t ,  can b e  caused by a 
v a r i e t y  of component f a i l u r e s  ( e . g . ,  l o s s  of  motor d r i v e  or l o s s  of feedback) .  
F a i l u r e  11 was s imula ted  by causing t h e  dxive s i g n a l  t o  t h e  d i sp lay  t o  f r e e z e  
a t  t h e  t i m e  of f a i l u r e  va lue ,  t o  jump t o  some a r b i t r a r y  va lue ,  or t o  s ta r t  
d r i f t i n g  a t  a cons tan t  ra te  from t h e  t i m e  of f a i l u r e  va lue .  
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F a i l u r e s  1 2  through 17, a t t i t u d e - e r r o r ,  a t t i t u d e - r a t e ,  and accelerometer  
n u l l  o r  s a t u r a t e ,  were s imulated by a s t e p  change i n  t h e  d isp layed  signal t o  
n u l l  o r  saturate, r e s p e c t i v e l y .  

F a i l u r e s  18 and 19, t h e  p i l o t ' s  hand c o n t r o l l e r  n u l l  o r  s a t u r a t e ,  were 
s imulated by a s t e p  change i n  one a x i s  of t h e  c o n t r o l l e r  output  t o  n u l l  o r  
saturate, r e s p e c t i v e l y  . 

Step  3:  Simulate t h e  System and F a i l u r e  Modes 

Display pane l . - A comprehensive f ixed-cab analog s imula t ion  was used. 
The d i sp lay  panel  ( f i g .  9) was . r ep resen ta t ive  of  Apollo. The a l l - a t t i t u d e  
i n d i c a t o r  i n  t h e  c e n t e r  o f  t h e  pane l  d i sp layed  v e h i c l e  a t t i t u d e  on t h e  sphere .  
For t h e  load r e l i e f  manual system, a t t i t u d e  e r r o r  was d isp layed  on t h e  a u x i l 
i a r y  meters on t h e  l e f t  and top  of  t h e  i n d i c a t o r  wi th  t h e  outputs  of  t h e  body-
mounted accelerometers  d i sp layed  on t h e  f l i g h t  d i r e c t o r  needles .  A t t i t ude  
e r r o r  f o r  t h e  no load  re l ie f  manual con t ro l  system was d isp layed  on t h e  f l i g h t  
d i r e c t o r  needles  (no a c c e l e r a t i o n  s i g n a l  was d i sp layed) .  A t t i t u d e  rates were 
presented  on t h r e e  s e p a r a t e  i n d i c a t o r s  as shown. The clock used i s  j u s t  t o  
t h e  l e f t  of t h e  a l l - a t t i t u d e  i n d i c a t o r .  The fo l lowing  nominal boost  a t t i t u d e  
p r o f i l e  i s  p l o t t e d  around i t s  circumference f o r  comparison with t h e  mission 
time as d isp layed  by t h e  sweep second hand o f  t h e  clock.  

If it i s  assumed t h a t  t h e  second hand is shown i n  t h e  zero mission t i m e  pos i 
t i o n ,  t h e  nominal a t t i t u d e  should be 90". One f u l l  minute l a t e r ,  t h e  nominal 
a t t i t u d e  i s  66". The nominal a t t i t u d e  a t  s t a g i n g  (2-1/2 min) is  23". The 
f a i l u r e  warning l i g h t s  are t o  t h e  r i g h t  and below t h e  a l l - a t t i t u d e  i n d i c a t o r .  
The lower f ive  l i g h t s  i n d i c a t e  t h r u s t  l o s s  on any one o f  t h e  f i v e  F-1  engines .  
O f  t h e  remaining l i g h t s ,  only t h e  one l abe led  "L/V Guidance" was used. This  
l i g h t  i n d i c a t e s  a f a i l u r e  i n  t h e  launch-vehicle  a t t i t u d e  re ference  p la t form.  
The s i x  switches a t  t h e  lower l e f t  o f  t h e  pane l  could be used t o  open t h e  
t h r e e  r a t e  and t h r e e  a t t i t u d e  loops i n  t h e  automatic  system. The hand-
c o n t r o l l e r  switch a c t i v a t e d  t h e  p i l o t ' s  r e p r e s e n t a t i v e  th ree -ax i s  hand c o n t r o l 
le r .  A thumb but ton  swi tch  on t h e  c o n t r o l l e r  could be  used ( i n  p a r a l l e l  wi th  
t h e  one on the  instrument  pane l )  t o  a c t i v a t e  t h e  c o n t r o l l e r .  

P i l o t ' s  hand c o n t r o l l e r s . - Two hand c o n t r o l l e r s  were used i n  t h i s  s tudy:  
an Ames c o n t r o l l e r  and-ah Apollo Block I c o n t r o l l e r .  The Ames three-degree 
r o t a t i o n a l  hand c o n t r o l l e r  was used f o r  t h e  b a s i c  d a t a  of t h e  r e l i a b i l i t y  
s tudy  ( f i g .  10) .  I t  i s  a sidearm c o n t r o l l e r  having t h r e e  r o t a t i o n a l  degrees  
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of  freedom t h a t  command t h e  r o l l ,  p i t c h ,  and yaw o f  t h e  v e h i c l e .  S t r a i n  
gages mounted on f l e x u r e  p i v o t s  provide t h e  e lec t r ica l  output  s i g n a l .  The 
handle  i s  mass ba lanced  f o r  u se  i n  a high g environment. The c h a r a c t e r i s t i c s  
of  t h i s  c o n t r o l l e r  are shown as output  vo l t age  versus  displacement and torque  
i n  f i g u r e  11. A n o n l i n e a r i t y  was added t o  t h e  Ames c o n t r o l l e r  ou tput ,  which 
gave t h e  p i l o t  a v a r i a b l e  ga in  c o n t r o l l e r  t h a t  d e s e n s i t i z e d  h i s  input  f o r  
t r a j e c t o r y  c o n t r o l ,  and y e t  gave him f u l l  a u t h o r i t y  a t  maximum displacement 
f o r  handl ing  f a i l u r e  s i t u a t i o n s .  The c h a r a c t e r i s t i c s  of  t h i s  n o n l i n e a r i t y  
are shown i n  f i g u r e  1 2 .  

An Apollo Block I hand c o n t r o l l e r  was obta ined  f o r  an eva lua t ion  and com
pa r i son  wi th  t h e  Ames c o n t r o l l e r  ( f i g .  13) .  I t  i s  a th ree -ax i s  r o t a t i o n a l  
hand c o n t r o l l e r  wi th  d i s c r e t e  and p ropor t iona l  ou tpu t s .  The p ropor t iona l  
mode was used f o r  t h i s  s tudy .  I ts  output  vo l t age  versus  displacement and 
torque c h a r a c t e r i s t i c s  are shown i n  f i g u r e  14. The c o n t r o l l e r  i s  cha rac t e r 
i z e d  by l a r g e  breakout  fo rces  wi th  values  equal t o  50 pe rcen t  of maximum 
va lues .  

Pressure  s u i t . - While t h e  b a s i c  d a t a  of  t h e  r e l i a b i l i t y  s tudy  were 
obta ined  with t h e  p i l o t s  i n  s h i r t  s l eeve  garb,  a p re s su re  s u i t  was obta ined  
f o r  one of t h e  p i l o t s  t o  determine i t s  e f f e c t s  on p i l o t  performance. The ,
Gemini type p res su re  s u i t  (model SPD-766-1 made by I n t e r n a t i o n a l  Latex Corpo
r a t i o n )  shown i n  f i g u r e  15 was used both i n  t h e  p re s su r i zed  and unpressurized 
mode. I n  t h e  event  of a cabin p re s su re  f a i l u r e  i n  t h e  Apollo Command Module, 
t he  s u i t  p re s su re  i s  maintained a t  3 .7  p s i a .  This p re s su re  d i f f e r e n t i a l  was 
s imulated f o r  t h e  p re s su r i zed  mode with a gage p res su re  of  3 .7  p s i  above 
atmospheric p r e s s u r e .  A compressed a i r - f low r a t e  of  4 f t3 /min  was used f o r  
body cool ing.  Figure 16(a) shows t h e  p i l o t ,  wi th  a nonpressurized s u i t ,  
s e a t e d  i n  t h e  s imula to r  cab wi th  t h e  Apollo Block I hand c o n t r o l l e r .  The 
"ballooning" e f f e c t s  of p r e s s u r i z a t i o n  can be  seen by comparing t h i s  f i g u r e  
with f i g u r e  16(b) .  

Equations of motion.- Time-varying c o e f f i c i e n t ,  l i n e a r i z e d  equat ions of  
motion were s imulated t o  desc r ibe  veh ic l e  dynamics. These included t h r e e  
p rope l l an t  s l o s h i n g  modes, two f lex ib le -body modes, s i x  degree-of-freedom 
r igid-body dynamics, engine a c t u a t o r  dynamics, and t h e  control-system shaping 
networks. The equat ions used a r e  similar t o ,  b u t  more ex tens ive  than ,  those  
of r e fe rence  1. A 400-amplif ier  analog computer complex wi th  ex tens ive  func
t i o n  genera t ion  c a p a b i l i t y  w a s  used. Switching w a s  used t o  allow s e l e c t i v e  
s imula t ion  of t h e  var ious  system f a i l u r e  modes. 

S t ep  4: Define t h e  P i l o t  Procedures 

I n i t i a l  s imula t ion  r e s u l t s  were used t o  develop a comprehensive s e t  of 
p i l o t  procedures .  The complete procedures a r e  p re sen ted  i n  appendix B and 
a r e  summarized below. 

The primary t a s k  of t h e  p i l o t  be fo re  a system f a i l e d  w a s  t o  monitor t h e  
d i sp lays .  H i s  only c o n t r o l  i npu t s  ( load  r e l i e f  system only) were those  neces
s a r y  f o r  load r e l i e f  i n  t h e  event of  l a r g e  wind-induced aerodynamic loads .  
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He reduced t h e  loads by c l o s i n g  t h e  p i l o t e d  p a r a l l e l  loop by use  of  t h e  d i s 
played output  s i g n a l s  o f  t h e  body-mounted acce lerometers .  Reducing t h e s e  
aerodynamic loads gives  t h e  v e h i c l e  a g r e a t e r  margin of  s a f e t y  i n  t h e  event  
o f  a system f a i l u r e .  

I n  t h e  event  of f a i l u r e  of  t h e  launch-vehicle  system ( i . e . ,  f a i l u r e s  1 
t o  l o ) ,  t h e  p i l o t ' s  l loverr iding ' '  procedure was t o  keep t h e  a t t i t u d e  of  t h e  
veh ic l e  a t  t h e  nominal va lue .  He d id  t h i s  by ope ra t ing  as an adapt ive  element 
i n  the  loop t h a t  p a r a l l e l e d  t h e  automatic  f l i g h t - c o n t r o l  system. 

For  hardware f a i l u r e s  i n  t h e  launch-vehicle  con t ro l  system ( i  . e .  l o s s  
of platform,  a t t i t u d e  ra te ,  a t t i t u d e  s i g n a l ,  e t c . ) ,  t h e  p i l o t  used informa
t i o n  d isp layed  from sensors  l oca t ed  i n  t h e  s p a c e c r a f t  t o  s t a b i l i z e  and con
t r o l  t he  v e h i c l e  a t t i t u d e .  S p e c i f i c a l l y ,  i f  t h e  launch-vehicle  a t t i t u d e - r a t e  
loop malfunctions ( i . e . ,  f a i l u r e  6 o r  10) and t h e  veh ic l e  motions become 
uns tab le ,  t h e  p i l o t ,  us ing  t h e  d i sp layed- ra t e  information (which i s  sensed 
from gyros loca t ed  i n  t h e  spacec ra f t )  , t akes  over  and s t a b i l i z e s  t h e  veh ic l e  
motions. If hard-over con t ro l  system f a i l u r e s  occur ,  t h e  p i l o t  removes t h e  
s a t u r a t e d  s i g n a l  by a c t i v a t i n g  t h e  appropr i a t e  switch on.  t h e  d i sp lay  pane l .  

In  t h e  case o f  engine a c t u a t o r  o r  l o s s  o f  t h r u s t  f a i l u r e s ,  t h e  veh ic l e  
develops asymmetric r o t a t i o n a l  moments. I n  t h i s  case,  t h e  p i l o t  a c t s  as an 
in t eg ra t ion - type  element i n  t h a t  he i n j e c t s  trimming o r  b i a s  commands t o  n u l l  
t he  unbalanced o r  asymmetric r o t a t i o n a l  moments. The unsymmetrical loading 
caused by a l o s s  of t h r u s t  can be  f u r t h e r  reduced by a small b i a s  of t h e  
nominal a t t i t u d e  toward t h e  f a i l e d  engine.  This  induces an a l l e v i a t i n g  
aerodynamic load on t h e  veh ic l e .  

When a s i n g l e  d i sp l ay  f a i l e d ,  t h e  information d isp layed  was s u f f i c i e n t l y  
redundant t h a t  t h e  p i l o t  was ab le  t o  d e t e c t  which instrument  had f a i l e d  and 
continue t o  f l y  t h e  veh ic l e  us ing  t h e  remaining d isp layed  information.  The 
p i l o t  used t h e  ground r u l e  t h a t  two i n d i c a t i o n s  of a f a i l u r e  were necessary 
before  he assumed con t ro l  of  t h e  veh ic l e  us ing  t h e  backup con t ro l  system. 

S tep  5: Conduct Simulat ion With Random Fa i lu re s  

The fol lowing items had t o  be  considered f o r  t h e  a c t u a l  conduct o f  t h e  
s imula t ion  with random f a i l u r e s  : t h e  b a s i s  f o r  performance comparison, 
s imula t ion  v a r i a b l e s ,  p i l o t  t r a i n i n g ,  and b r i e f i n g .  

~Basis f o r  performance comparison. - The p r i n c i p a l  cons idera t ion  was "Is 
the  automatic f l i g h t - c o n t r o l  system p lus  a p i l o t e d  backup system more o r  less 
r e l i a b l e  than t h e  automatic f l i g h t - c o n t r o l  system taken alone?" The r e l i 
a b i l i t y  l e v e l  o f  t h e  automatic f l i g h t - c o n t r o l  system forms t h e  r e fe rence  con
d i t i o n ,  thus making i t  necessary t o  measure t h e  r e l i a b i l i t y  of  t h e  automatic  
system using t h e  same f l i g h t  s imula t ion  se tup ,  t he  same f l i g h t  condi t ions ,  
e t c . ,  t h a t  were used f o r  t h e  p i l o t e d  system. 

Simulat ion v a r i a b l e s  .- Severa l  v a r i a b l e s  were considered i n  t h e  simula
t i o n :  t h e  number o f  f a i l u r e s  (19 f o r  t h e  load r e l i e f  system, 17 f o r  t h e  
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no load r e l i e f  system, and 10 f o r  t he  automatic  system),  t h e  wind magnitude 
( 2 ,  p rev ious ly  desc r ibed ) ,  t i m e  of f a i l u r e  ( 3  major t imes;  be fo re ,  a t ,  and 
a f t e r  high q ) ,  and t h e  d i r e c t i o n  of t h e  wind with r e spec t  t o  t h e  f a i l u r e  
( i . e . ,  f o r  some f a i l u r e s  the  veh ic l e  t u r n s  i n t o  o r  away from t h e  wind).  From 
these  v a r i a b l e s ,  it was determined t h a t  t h e r e  were 176 b a s i c  f a i l u r e  s i t u a 
t i o n s  f o r  the  load r e l i e f  system, 166 f o r  t h e  no load r e l i e f  system, and 116 
f o r  t he  automatic  system. To make t h e  number of f a i l u r e s  approximately pro
p o r t i o n a l  t o  t h e  u n r e l i a b i l i t y ,  79 a d d i t i o n a l  s i t u a t i o n s  were added. Each 
of t h r e e  p i l o t s  f lew 255 s.imulated f l i g h t s  us ing  t h e  load r e l i e f  system. 
Since many of t h e  no load r e l i e f  system s i t u a t i o n s  were s imi la r  t o  t h e  load 
r e l i e f  system s i t u a t i o n s  only an abbrevia ted  s tudy  w a s  conducted. One p i l o t  
was used f o r  92 s imula ted  f l i g h t s .  A s i n g l e  unknown ( t o  t h e  p i l o t )  f a i l u r e  
occurred a t  an unknown time during each f l i g h t .  Display and c o n t r o l l e r  f a i l 
ures  were de l e t ed  f o r  t h e  automatic  system r e l i a b i l i t y  s tudy ,  r e s u l t i n g  i n  
195 s imulated f l i g h t s .  

P i l o t  t r a i n i n g  and b r i e f i n g . - A p i l o t  t r a i n i n g  pe r iod  preceded t h e  simu
l a t e d  fl- ight s e r i e s  wi th  random f a i l u r e s .  The t ime r equ i r ed  v a r i e d  because 
of previous p i l o t  experience,  b u t  averaged about 30 hours p e r  p i l o t .  For 
the  s imulated f l i g h t  s e r i e s  wi th  random f a i l u r e s ,  t h e  p i l o t  was b r i e f e d  on 
the  wind d i r e c t i o n  and magnitude be fo re  each f l i g h t .  

RESULTS AND DISCUSSION 

R e l i a b i l i t y  Considerat ions 

S tep  5 ,  i n  t he  ana lys i s  procedure d iscussed  above, provided t h e  neces
s a r y  d a t a  f o r  c a l c u l a t i n g  f a i l u r e  mode e f f e c t i v i t y  ( cond i t iona l  p r o b a b i l i t y  
of mission f a i l u r e ) .  

To i l l u s t r a t e  t h e  d a t a  reduct ion  technique,  s imula t ion  d a t a  f o r  one 
system f a i l u r e  (one a c t u a t o r  hard over) and one wind magnitude (95  percent )  
u t i l i z i n g  the  load r e l i e f  con t ro l  system a r e  shown i n  f i g u r e  1 7 .  The t imes 
of f a i l u r e  a r e  ind ica t ed  along t h e  absc i s sa  i n  t h e  t h r e e  major time d i v i s i o n s .  
For the  pre-max q and max q time of f l i g h t ,  t h e  d i r e c t i o n  i n  which the  
hard-over  a c t u a t o r  t u r n s  t h e  veh ic l e  wi th  r e spec t  t o  t h e  wind i s  a l s o  shown 
along t h e  absc i s sa .  The maximum s t r u c t u r a l  bending moment, normalized t o  a 
f a c t o r  of s a f e t y  of 1, experienced dur ing  t h e  f l i g h t  i s  presented  on t h e  
o r d i n a t e .  For t h i s  example i n  f i g u r e  17,  3 f l i g h t s  (of a t o t a l  of 45) 
exceeded the  breakup va lue .  These occurred near  t h e  time f o r  t h e  maximum wind 
s h e a r .  They were considered unsuccessful  f l i g h t s  and y i e l d e d  an e f f e c t i v i t y  
(condi t iona l  p r o b a b i l i t y  of mission f a i l u r e )  of 0 .045.  This  was ca l cu la t ed  
by no t ing  t h a t  during the  40-second h igh  q t ime pe r iod  (150 seconds i s  t h e  
t o t a l  f i r s t - s t a g e  f l i g h t  t ime) 3 of t h e  18 f l i g h t s  were unsuccessfu l .  Since 
the  f a i l u r e  mode u n r e l i a b i l i t y  numbers a r e  assumed p ropor t iona l  t o  time and 
t h e r e  were no f a i l u r e s  during t h e  p re - and post-max , q time pe r iods ,  t h i s  
gives  an e f f e c t i v i t y  of  (3/18) (40/150) = 0.045. 

Simulat ion d a t a  f o r  t h e  example f a i l u r e  f o r  t h e  no load r e l i e f  and t h e  
automatic  con t ro l  systems have been added t o  t h e  d a t a  of f i g u r e  17 and a r e  
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shown i n  f i g u r e  18. The e f f e c t i v i t y  f o r  t he  no load r e l i e f  system was com
puted as 0.322, which allows f o r  t h e  f a c t  t h a t  t h e r e  was not  an equal number 
of f a i l u r e  samples t h a t  tu rned  t h e  veh ic l e  away from t h e  wind as i n t o  t h e  
wind, t h e  e f f e c t i v i t y  f o r  t h e  automatic  system was computed as 0.488.  For 
t h i s  example, both p i l o t e d  systems improve system r e l i a b i l i t y .  Also ,  f o r  t h i s  
example, t he  load r e l i e f  system s i g n i f i c a n t l y  improves performance over  t h e  
no load r e l i e f  system ( e f f e c t i v i t y  was reduced from 0.322 t o  0 .045) .  Fig
ure 19 summarizes t h e  s t r u c t u r a l '  load d a t a  f o r  t h e  19 f a i l u r e  modes, ( I t  
should be  noted t h a t  t h e  maximum computer s c a l i n g  f o r  t h e  o rd ina te  was 1.5;  
t h e r e f o r e ,  i f  t h i s  va lue  was exceeded, 1 . 5  was used i n  computing t h e  average 
values  .) The e f f e c t i v i t y  numbers ca l cu la t ed  us ing  t h i s  d a t a  a r e  summarized 
i n  f i g u r e  20. 

S tep  6 i n  t h e  ana lys i s  method ( c a l c u l a t e  t h e  p r o b a b i l i t y  of mission 
f a i l u r e )  i s  presented  i n  t a b u l a r  form i n  f i g u r e  20. The 19 f a i l u r e  modes of 
f i g u r e  8 a r e  i n  t h e  f irst  column with t h e  u n r e l i a b i l i t y  numbers ( p r o b a b i l i t y  
of occurrence) i n  the  second column. The e f f e c t i v i t y  numbers (condi t iona l  
p r o b a b i l i t y  o f  mission f a i l u r e ,  given occurrence of  t he  f a i l u r e  mode) f o r  t he  
f a i l u r e s  occurr ing  with a 95- o r  a 50-percent wind a r e  given i n  the  fou r th  
and s i x t h  columns, r e s p e c t i v e l y .  The f a i l u r e  mode c r i t i c a l i t i e s  ( t h e  probabi l 
i t i e s  of mission f a i l u r e )  a r e  t h e  products  of t h e  u n r e l i a b i l i t y  and e f f e c t i v 
i t y  numbers and a r e  ind ica t ed  f o r  t he  two wind condi t ions  i n  columns f i v e  and 
seven.  The e f f e c t i v i t y  and c r i t i c a l i t y  numbers a r e  given f o r  t h e  t h r e e  sys
tems inves t iga t ed .  The systems a r e  noted i n  column t h r e e .  As an example, 
cons ider  the  t y p i c a l  f a i l u r e  s i t u a t i o n  previous ly  d iscussed:  one a c t u a t o r  
hard  over ,  load r e l i e f  system, and a 95-percent  wind. The f a i l u r e  mode 
c r i t i c a l i t y  i s  equal  t o  t h e  u n r e l i a b i l i t y  m u l t i p l i e d  by t h e  e f f e c t i v i t y ,  o r  

(0.045) = 2 4 5 ~ 1 0 - ~ ,( 5 4 5 0 ~ 1 0 - ~ )  as ind ica t ed  by t h e  f i r s t  ba r  of  column f i v e .  
The o v e r a l l  f i r s t - s t a g e  mission c r i t i c a l i t y ,  ob ta ined  by summing t h e  ind iv id 
ua l  f a i l u r e  c r i t i c a l i t i e s ,  i s  shown a t  t h e  bottom of t h e  f i g u r e .  Adding t h e  
ind iv idua l  f a i  l u r e  c r i  t iC a l i  t i e s  t o  ob ta in  mission c r i  t i  C a l i  t y  numbers assumes 
t h a t  t h e  p r o b a b i l i t y  of more than one f a i l u r e  mode occurr ing  during t h e  f i r s t -
s t a g e  f l i g h t  i s  sma l l .  The r e s u l t s  show ( f o r  t h e  f a i l u r e  modes considered) 
t h a t  adding a p i l o t e d  load r e l i e f  backup con t ro l  system reduces mission c r i t 
i c a l i t y  by a f a c t o r  o f  b e t t e r  than 2 .  For t he  50-percent wind case,  t h e  no 
load r e l i e f  system performs near ly  as wel l  as t h e  load r e l i e f .  For t h e  
95-percent wind, adding t h e  body-mounted accelerometers  whereby t h e  p i l o t  
could provide load r e l i e f ,  s i g n i f i c a n t l y  improves t h e  performance. 

S tep  7 of t h e  ana lys i s  technique would feed  back t h e  r e s u l t s  of f i g u r e  20 
i n t o  changes i n  t h e  system o r  p i l o t  procedures .  While t h i s  was not  c a r r i e d  
out f o r  t he  p re sen t  i n v e s t i g a t i o n ,  s e v e r a l  i n t e r e s t i n g  r e s u l t s  a r e  shown i n  
f i g u r e  2 0 .  

The p i l o t  can e f f e c t i v e l y  compensate f o r  c e r t a i n  engine a c t u a t o r  f a i l u r e s  
(nos.  1, 3 ,  and 7 i n  f i g ,  20) and f o r  t he  l o s s  of t h e  a t t i t u d e  re ference  p l a t 
form i n  the  launch veh ic l e  (no. 4 ) .  For t h e  o t h e r  veh ic l e  f a i l u r e  modes 
with s i g n i f i c a n t l y  high u n r e l i a b i l i t y  numbers, t h e  p i l o t  con t r ibu ted  l i t t l e  
t o  improving the  mission r e l i a b i l i t y .  
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Loss of r o l l - a t t i t u d e  r a t e  (no. 6 ) ,  a t t i t u d e - s i g n a l  s a t u r a t e  (no .  9 ) ,  
and a t t i t u d e - r a t e  s i g n a l  s a t u r a t e  (no. 7) r e q u i r e  opening t h e  automatic 
control-system loops with one o f  t h e  s i x  switches i n  t h e  lower l e f t  o f  t h e  
d i s p l a y  panel  ( f i g .  9 ) .  S ince  t h e  u n r e l i a b i l i t y  numbers f o r  t h e s e  f a i l u r e s  
a r e  n e g l i g i b l e ,  t h e  c r i t i c a l i t y  payoff i s  small  cons ider ing  t h e  a d d i t i o n a l  
system complexity. 

The p i l o t  could d e t e c t  t h e  l o s s  of t h e  launch-vehicle a t t i t u d e  p la t form 
(no. 4)  o r  l o s s  o f  t h e  launch-vehicle  a t t i t u d e  s i g n a l  (no. 8) by monitoring 
t h e  d isp layed  a t t i t u d e - e r r o r  s i g n a l  from t h e  launch v e h i c l e .  He compared 
t h i s  s i g n a l  with t h e  d i f f e r e n c e  between v e h i c l e  a t t i t u d e  d isp layed  on t h e  
a t t i t u d e  i n d i c a t o r  (generated i n  t h e  s p a c e c r a f t )  and t h e  nominal a t t i t u d e  
p r o f i l e  on t h e  c lock .  S ince  t h e  u n r e l i a b i l i t y  number a s s o c i a t e d  with f a i l u r e  
8 i s  small, and f a i l u r e  4 has a warning l i g h t ,  t h e  c r i t i c a l i t y  payoff asso
c i a t e d  with t h e  d i s p l a y  o f  launch-vehicle  a t t i t u d e - e r r o r  s i g n a l  aga in  seems 
small. 

Based on t h e s e  c o n s i d e r a t i o n s ,  i t  appears t h a t  t h e  manual backup system 
of t h i s  s tudy could be  s i m p l i f i e d  without  s i g n i f i c a n t  performance loss. The 
s impler  system would inc lude  only t h e  fol lowing elements i n  a d d i t i o n  t o  those  
p r e s e n t l y  i n  t h e  s p a c e c r a f t .  

(1) Three-axis propor t iona l  manual i npu t s  summed with t h e  output  o f  t h e  
launch-vehicle automatic  system c o n t r o l  computer. These manual s i g n a l s  
should be  p a s s i v e l y  f i l t e r e d  t o  a t t e n u a t e  s i g n a l  amplitudes a t  v e h i c l e  
f l e x i b l e  body f requencies .  

( 2 )  Display of load r e l i e f  information t o  t h e  p i l o t .  This could be  
from body-mounted accelerometers ,  angle-of -a t tack  i n d i c a t o r s ,  o r  perhaps t h e  
s p a c e c r a f t  d i g i t a l  computer. 

Three a d d i t i o n a l  r e s u l t s  t h a t  may have a p p l i c a t i o n  t o  o t h e r  backup manual 
con t ro l  systems a r e :  

(1) The e f f e c t  of p i l o t  d i s p l a y  f a i l u r e s  had no e f f e c t  on mission 
c r i t i c a l i t y  ( f a i l u r e s  11 through 17 of f i g .  20 have zero e f f e c t i v i t y )  because 
s u f f i c i e n t l y  redundant information was presented  and because t h e  ground r u l e  
used by t h e  p i l o t  was t h a t  "two s e p a r a t e  i n d i c a t i o n s  are necessary b e f o r e  a 
f a i l u r e  i s  assumed." 

( 2 )  With s u f f i c i e n t  p r a c t i c e ,  t h e  p i l o t  could adapt t o  t h e  f a i l u r e  
dynamics from a s t r i c t l y  monitor mode as  f a s t  as from a more a c t i v e  mode o f  
c o n t r o l .  This i s  i n d i c a t e d  by t h e  f a c t  t h a t  t h e  mission c r i t i c a l i t y  numbers 
i n  f i g u r e  20 f o r  t h e  50-percent wind f o r  t h e  load r e l i e f  and no load r e l i e f  
systems a r e  almost t h e  same. For t h e  no load r e l i e f  system, t h e  p i l o t  i s  
s t r i c t l y  a monitor and t akes  no c o n t r o l  a c t i o n  u n t i l  he  d e t e c t s  a f a i l u r e ;  
whereas f o r  t h e  load r e l i e f  system, he a c t i v e l y  reduces s t r u c t u r a l  bending 
moments due t o  aerodynamic loading by c o n t r o l l i n g  t h e  outputs  o f  t h e  body-
mounted accelerometers .  (The small  d i f f e r e n c e  i n  e f f e c t i v i t y  a l s o  i n d i c a t e s  
t h a t  t h e  payoff f o r  accelerometer  c o n t r o l  f o r  t h i s  wind magnitude i s  s m a l l . )  
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(3) An i m p l i c i t  r e s u l t  of t h i s  s tudy ,  as well as ea r l i e r  f e a s i b i l i t y  
s t u d i e s ,  i s  t h e  ease  wi th  which t h e  p i l o t  can f i l t e r  t h e  f l e x i b l e  body 
e f f e c t s  from disp layed  s i g n a l s .  In  t h e  backup mode of ope ra t ion  considered,  
t h e  p i l o t  was r equ i r ed  t o  a c t  as an adapt ive  p a r a l l e l  loop t o  t h e  automatic 
system. Depending on t h e  f a i l u r e  mode, he was r equ i r ed  t o  c l o s e  a t t i t u d e ,  
a t t i t u d e  rate,  and/or accelerometer  l o a d - r e l i e f  loops.  By observing h i s  d i s 
p l ay  panel ,  t h e  p i l o t  q u i t e  e a s i l y  d i s t ingu i shed  and d is regarded  t h e  f l e x i b l e  
body content  of t h e s e  sensor  s i g n a l s .  

T ra j ec to ry  Dispersions 

The d i scuss ion  s o  far has centered around t h e  maximum s t r u c t u r a l  bending 
moment as a measure of  mission success .  An a d d i t i o n a l  performance index t h a t  
can be considered i s  t h e  t r a j e c t o r y  d i s p e r s i o n s .  While d i spe r s ions  do not  
a f f e c t  mission success  d i r e c t l y  i n  f i r s t - s t a g e  f l i g h t ,  they must be  kept  
w i th in  l i m i t s  t o  allow t h e  upper-s tage guidance system t o  perform adequately.  
The t r a j e c t o r y  d i spe r s ions  obtained during t h e  s tudy a r e  summarized i n  f i g 
u re  21 .  Data f o r  automatic system f l i g h t s  t h a t  were success fu l ,  p i l o t e d  load 
relief f l i g h t s  with t h e  same f a i l u r e  s i t u a t i o n s  as t h e  au to  p i l o t  runs ,  a l l  
successfu l  p i l o t e d  f l i g h t s  f o r  t h e  load r e l i e f  system, and a l l  success fu l  
p i l o t e d  f l i g h t s  f o r  t h e  no load r e l i e f  system a r e  shown f o r  each f a i l u r e .  
The p i l o t  con t r ibu ted  t h e  most when l a rge  a t t i t u d e  e r r o r s  ( i . e . ,  t h r u s t  l o s s  
and engine a c t u a t o r  f a i l u r e s )  were in t roduced .  Acting as an i n t e g r a t i o n  e l e 
ment i n  the  p a r a l l e l  p i l o t e d  loop,  he minimized t h e s e  a t t i t u d e  e r r o r s .  The 
f i r s t  two columns f o r  each f a i l u r e  mode i n  f i g u r e  2 1 ,  automatic f l i g h t s  and 
comparable load r e l i e f  system f l i g h t s ,  i n d i c a t e  t h a t  t h e  average d i spe r s ions  
were reduced from 5000 t o  2570 m and from 91 t o  47 m/sec. This r e s u l t  could 
be s i g n i f i c a n t  t o  t h e  upper-s tage guidance problem. The t h i r d  and fou r th  
columns compare t h e  performance f o r  a l l  success fu l  load r e l i e f  and no load 
r e l i e f  system f l i g h t s .  The no load r e l i e f  system has sma l l e r  t r a j e c t o r y  d i s 
pe r s ions  as  t h e  a t t i t u d e  of the  veh ic l e  i s  he ld  c l o s e r  t o  nominal va lues .  

Pressure S u i t  and Hand C o n t r o l l e r  Evaluat ion 

Since t h e  s tudy had used a s h i r t - s l e e v e  environment f o r  t h e  s imula t ion  
p i l o t s ,  a s h o r t  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  a p re s su re  s u i t  on p i l o t  per 
formance was made. A Gemini-type p res su re  s u i t  was obtained from t h e  Manned 
Spacecraf t  Center f o r  t h i s  s tudy .  In a d d i t i o n ,  an Apollo Block I hand con t ro l 
l e r  was obtained from MSC and used with t h e  p re s su re  s u i t .  

Pressure s u i t . - The e f f e c t  o f  p i l o t  s u i t  was i n v e s t i g a t e d  f o r  a number of 
f a i l u r e  s i t u a t i o n s .  Three modes of p i l o t  garb were s tud ied :  (1) s h i r t  s l e e v e ,  
( 2 )  Gemini-type p res su re  s u i t  on but  not  i n f l a t e d ,  and ( 3 )  pres su re  s u i t  on 
and i n f l a t e d  t o  3 .7  p s i g .  Data f o r  one s u b j e c t  were obtained as only one 
p i l o t  could wear t h e  semicustom-fi t ted p re s su re  s u i t .  Typical d a t a  a r e  shown 
f o r  t h e  a c t u a t o r  hard-over f a i l u r e  s i t u a t i o n  i n  f i g u r e  2 2 .  The d a t a  show t h a t  
t h e  r e l i a b i l i t y  con t r ibu t ion ,  as measured by t h e  bending moment r a t i o ,  i s  not  
decreased s i g n i f i c a n t l y  when t h e  p i l o t  i s  c lo thed  i n  a p res su re  s u i t ,  even 
when t h e  s u i t  i s  i n f l a t e d .  These d a t a  a long  with t h e  r e s u l t s  f o r  o the r  types 
of  f a i l u r e s  a r e  summarized i n  f i g u r e  23. The average of t h e  bending moment 
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r a t i o  i s  p l o t t e d  f o r  t h e  var ious  system f a i l u r e s  f o r  t h e  t h r e e  s u i t  modes. 
An o v e r a l l  average f o r  a l l  f a i l u r e  cases  i s  p l o t t e d  on t h e  r i g h t .  A small 
decrease i n  average bending moment was obtained with t h e  d e f l a t e d  s u i t .  This  
is  be l ieved  t o  be due t o  p i l o t  t r a i n i n g .  I n f l a t i n g  t h e  p re s su re  s u i t  t ends  t o  
degrade t h e  a b i l i t y  of  t h e  p i l o t  t o  f l y  smoothly and, consequently,  it 
degraded performance s l i g h t l y .  The p i l o t  commented t h a t  it was d i f f i c u l t  t o  
apply smooth p r e c i s e  inpu t s  with t h e  p re s su r i zed  glove,  p a r t i c u l a r l y  i n  p i t c h .  

Hand c o n t r o l l e r . - Several  o f  t h e  f a i l u r e  s i t u a t i o n s  flown us ing  t h e  Ames 
c o n t r o l l e r  were dup l i ca t ed  by two of  t h e  s u b j e c t s ,  u s ing  t h e  Apollo Block I 
hand c o n t r o l l e r .  Typical  d a t a  are shown f o r  t h e  same a c t u a t o r  f a i l u r e  cases  
i n  f i g u r e  2 4 .  No d i s t i n c t  advantage i s  apparent  f o r  e i t h e r  c o n t r o l l e r .  The 
d a t a  show t h e  Ames c o n t r o l l e r  b e t t e r  f o r  f a i l u r e s  dur ing  pre-max q r eg ion  
and v i ce  versa f o r  max q r eg ion .  A summary of  t h e  c o n t r o l l e r  r e s u l t s  f o r  
s eve ra l  f a i l u r e s  i s  shown i n  f i g u r e  2 5 .  Average values  of maximum-bending 
moment t o  breakup-bending moment r a t i o s  are p l o t t e d  versus  f a i l u r e  types f o r  
t h e  two c o n t r o l l e r s .  The o v e r a l l  average f o r  a l l  f a i l u r e s  i s  shown on t h e  
r i g h t .  The d a t a  i n d i c a t e  t h a t  e i t h e r  c o n t r o l l e r  could be used s a t i s f a c t o r i l y  
with no s i g n i f i c a n t  performance d i f f e r e n c e .  P i l o t  comments, however, t end  
t o  favor  t h e  Ames c o n t r o l l e r  over  t h e  Apollo Block I c o n t r o l l e r .  The high 
breakout fo rce  of  t h e  Apollo Block I c o n t r o l l e r  made it  d i f f i c u l t  t o  make 
small p r e c i s e  i n p u t s .  

CONCLUSIONS 

A d e t a i l e d  s tudy  has been made of manual backup c o n t r o l  systems f o r  t h e  
f irst  s t a g e  of Saturn V .  I t  was concluded t h a t :  

1. The handl ing q u a l i t i e s  of  t h e  boos te r  with t h e  nominal automatic  
system a r e  s a t i s f a c t o r y  f o r  manual c o n t r o l .  

2 .  A comprehensive s e t  o f  p i l o t  procedures was developed t h a t  allowed 
t h e  p i l o t  t o  s a t i s f a c t o r i l y  con t ro l  most f a i l u r e  s i t u a t i o n s .  

3 .  An a n a l y s i s  method was developed t h a t  allowed t h e  sys temat ic  determi
na t ion  of t h e  r e l i a b i l i t y  con t r ibu t ion  of a p i l o t  t o  a complex con t ro l  system. 
The r e s u l t s  i n d i c a t e  t h a t  f o r  t h e  f a i l u r e  modes and automatic system con
s ide red ,  t h e  p i l o t e d  manual backup sys t em can reduce t h e  p r o b a b i l i t y  of  
mission f a i l u r e  by a f a c t o r  of  2 .  

4 .  S ingle  f a i l u r e s  of t h e  p i l o t ' s  d i sp l ay  instruments  do not  a f f e c t  
mission success .  

5 .  The p i l o t  w a s  a b l e  t o  con t ro l  a f a i l u r e  s i t u a t i o n  from a monitor mode 
as wel l  as from a more a c t i v e  con t ro l  mode. 

6 .  For t h e  Saturn V v e h i c l e ,  t h e  p i l o t  can a c t  as a h ighly  e f f e c t i v e ,  
frequency s e l e c t i v e  f i l t e r .  

15 




7.  T ra j ec to ry  d i spe r s ions  were s i g n i f i c a n t l y  reduced f o r  t h e  manual 
con t ro l  case ,  p a r t i c u l a r l y  f o r  those  f a i l u r e  modes causing l a r g e  a t t i t u d e  
e r r o r s  t o  b e  developed by t h e  automatic  system. 

8 .  P re s su re - su i t  and hand-con t ro l l e r  conf igu ra t ions  had l i t t l e  e f f e c t  
on p i l o t  performance. 

Ames Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffett  F i e l d ,  Ca l i f . ,  94035, Feb. 13 ,  1969 
125- 19-0 1-39-00- 2 1 
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APPENDIX A 

CONTROL SYSTEM FILTER CONFIGURATION 

command 	 of t h e  s tudy and used f o r  t h e  d a t a  
presented  i n  t h e  r e p o r t .  A t  t h e  con
c l u s i o n  of t h e  s tudy ,  a l a t e r  s e t  of 

Rote - Rate f i1t e r  conf igura t ions  were obtained 
f i l te r  gyro  JAt:tfu,deand t h e  e f f e c t  on performance measured. 

At! i tude The pre l iminary  f i l t e r  configura
-

gyro t i o n s  used f o r  t h e  p i t c h  and yaw axes 

A t  t i tude ao(5.  8 )2  

s2-+ 2 ( 0 . 5 ) ( 5 . 8 ) s  + (5 .8 )2  

Kate: a1 (5  . 8 )2  

s2 + 2 ( 0 . 5 ) ( 5 . 8 ) s  + (5 .8 )2  

where 
t Y a0 9 a l  3 

s ec deg/deg deg/deg/s e c  

0 - 120 0 . 5  0 . 5  

120 - 150 . 2  . 3  

Ihe l a t e r  conf igura t ion  of f i l t e r s  used f o r  t h e  p i t c h  and yaw axes were 

A t t i t u d e  : a,(12.6) ( s  + 0.0951) 

( s  + 0.0379) ( s  + 31.7) 

Rate: a l (93 .1 )  [s2 + 2(0.14)(11.15)s  + (11.15)2] 
~~. .  - - .  

( s  + 2 . 1 0 ) ( s  + 6 . 2 5 ) ( s  + 15 .38) ( s  + 57.4) 
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where 

t ,  a09 a1 9 

sec deg/deg deg/deg/sec 
~~ 

0 - 100 0.82 0.657 

100 - 120 .45 .438 

120 - 150 .15 . 2  

There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  performance f o r  t h e  two s e t s  of  
f i l ters ,  although a small i nc rease  i n  performance was noted f o r  f a i l u r e  5 
( f i g .  8 ) ,  one a c t u a t o r  o s c i l l a t o r y .  

No con t ro l  system f i l t e r s  were used i n  t h e  r o l l  a x i s  as no f l e x i b l e  body 
dynamics were s imula ted  i n  t h i s  a x i s .  The pre l iminary  loop ga ins  used i n  t h e  
r o l l  ax i s  f o r  t h e  s tudy  were 

a. = 0.173 deg/deg 

a1 = 0.106 deg/deg/sec 

While t h e  l a t e r  f i l t e r s  had s l i g h t l y  d i f f e r e n t  values  f o r  loop ga ins  i n  t h e  
r o l l  a x i s ,  t h e  effect  w a s  no t  i n v e s t i g a t e d .  



APPENDIX B 


P I  LOT PROCEDURES 


The fol lowing pre l iminary  emergency procedures were developed and used by 
t h e  s imula t ion  p i l o t s  dur ing  t h i s  s tudy .  The d i scuss ion  covers each type  of 
system f a i l u r e  considered,  t h e  i n d i c a t i o n s  of  f a i l u r e  a v a i l a b l e  t o  t h e  p i l o t ,  
and t h e  p i l o t  procedure subsequent t o  f a i l u r e  i d e n t i f i c a t i o n .  The d i scuss ion  
re la tes  t o  t h e  c o n t r o l  system shown i n  f i g u r e  3 .  

SATURN V EMERGENCY PROCEDURES 

(S-IC STAGE) 

A .  RATE SIGNAL TO CONTROL COMPUTER 

The primary cause of t r o u b l e  i n  t h e  rate s i g n a l  t o  t h e  c o n t r o l  computer 
is  the  r a t e  gyro i t s e l f ,  b u t  o the r s  a r e  p o s s i b l e  (wir ing ,  e t c . ) .  Two types 
of f a i l u r e  s i g n a l s  a r e  considered probable:  s i g n a l  t o  n u l l  o r  s i g n a l  t o  
s a t u r a t e .  

. .  -Pi tch  o r  Yaw S igna l  t o  Null 

I n  t h i s  f a i l u r e  mode, t h e  p i t c h  o r  yaw r a t e  s i g n a l  t o  t h e  con t ro l  com
p u t e r  changes ins tan taneous ly  from i t s  normal value t o  zero .  This changes t h e  
r igid-body dynamics from a well-damped o s c i l l a t o r y  system t o  a d ivergent  
o s c i l l a t o r y  system (per iod  = i 5 - 2 0  s e c  f o r  f l i g h t  up t o  t = 120 s e c ) .  In  
a d d i t i o n ,  t h e  lower modes of e l a s t i c  dynamics a r e  no longer  phase s t a b i l i z e d  
and now ope ra t e  e s s e n t i a l l y  open loop (they a r e  s t i l l  coupled t o  a small 
ex ten t  by t h e  a t t i t u d e  s i g n a l )  with l e s s  damping. 

Ind ica t ions :  1. Rate,  a t t i t u d e ,  and accelerometer  (during high q)  d i sp lays  
s t a r t  a d ivergent  o s c i l l a t i o n  wi th  a pe r iod  of 
15-20 seconds.  

2 .  	 Elastic dynamics (apparent  mostly on accelerometer  s i g n a l )  
becomes more l i g h t l y  damped. 

Procedure: 1. Provide ra te  damping by us ing  d isp layed  a t t i t u d e  r a t e  s i g n a l .  

Rol l  S igna l  t o  Null  

In  t h i s  f a i l u r e  mode, t h e  r o l l  r a t e  s i g n a l  t o  t h e  con t ro l  computer goes 
t o  n u l l .  Since t h e  a t t i t u d e  loop i s  s t i l l  c losed ,  a high-frequency undamped 
o s c i l l a t i o n  b u i l d s  up i n  t h e  r o l l  channel.  
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Ind ica t ions :  Rol l  ra te  and a t t i t u d e  d i s p l a y s  s t a r t  a high-frequency d ivergent  
o s c i l l a t i o n  d i f f i c u l t  f o r  t h e  p i l o t  t o  c o n t r o l .  

Procedure: 1) Disconnect r o l l  a t t i t u d e  augmentation. 

2 )  	Continue f l i g h t  and provide  manual r a t e  and a t t i t u d e  
augmentation i n  r o l l  channel .  

P i t c h ,  Y a w ,  o r  Rol l  S igna l  S a t u r a t e-

In t h i s  f a i l u r e  mode, t h e  ra te  gyro s i g n a l  t o  t h e  c o n t r o l  computer i n  
one a x i s  changes ins tan taneous ly  from i t s  normal value t o  a s a t u r a t e d  ( l imi t ed )  
va lue  of lO"/sec.  The r a t e  loop s i g n a l  t o  t h e  engine w i l l  then be 5" of engine 
angle  f o r  a p i t c h  o r  yaw s i g n a l  sa tura te  (ao = 0 . 5  before  120 s e c ) ,  and 0 . 5 "  
f o r  r o l l .  I f  t h e  o t h e r  s i g n a l s  t o  t h e  engine a r e  small, t h e  engines  w i l l  
a t tempt  t o  go hard over.  A s  t h e  v e h i c l e  d ive rges ,  t h e  a t t i t u d e  loop and p i l o t  
w i l l  be making c o r r e c t i v e  inpu t s  t o  decrease  t h e  engine angle .  

A t  high q ( t  = 70 sec )  and under t h e  in f luence  o f  a maximum design wind, 
t h e  veh ic l e  reaches i t s  design load i n  about 0 . 3  second. This i nc reases  t o  
almost a f u l l  second f 0 r . a  f a i l u r e  a t  t = 40 seconds with t h e  maximum design 
wind; while  a t  t = 130 seconds,  where q i s  n e g l i g i b l e ,  t h e  v e h i c l e  never 
reaches  i t s  design load, bu t  d iverges  i n i t i a l l y  i n  a t t i t u d e  a t  about 6 o r  
7 deg/sec.  

This  f a i l u r e  mode i s  uncon t ro l l ab le  un le s s  t h e  augmentation system f o r  
t h e  a f f e c t e d  ax i s  can be disconnected.  In most cases ,  t h e  Emergency Detect ion 
System (EDS) w i l l  cause an automatic  abor t  be fo re  any p i l o t  a c t i o n  i s  
p o s s i b l e .  

Ind ica t ions :  1. Ind ica t ions  of  r a t e ,  a t t i t u d e ,  and accelerometer  r a p i d l y  
d iverge .  

2 .  P i l o t  c o n t r o l l e r  has no apparent e f f e c t .  

3. There i s  l a rge  normal a c c e l e r a t i o n  a t  t h e  p i l o t ' s  s t a t i o n .  

Procedure : 1. Disengage the  augment.ation system from t h e  a f f e c t e d  channel 
as soon as p o s s i b l e .  

2 .  	 Regain con t ro l  and cont inue t h e  f l i g h t ,  f l y i n g  t h e  a f f ec t ed  
channel manually . 

3.  	 Standby f o r  automatic abor t  dur ing  high q region o f  
f l i g h t .  

B .  ATTITUDE SIGNAL TO CONTROL COMPUTER 

Three types of f a i l u r e s  a r e  considered p o s s i b l e  i n  t h e  a t t i t u d e  s igna l  
t o  the  con t ro l  computer: s i g n a l  t o  n u l l  ( s i n g l e  a x i s ) ,  s i g n a l  t o  s a t u r a t e  
( s i n g l e  a x i s ) ,  and s i g n a l  locks ( a l l  axes ) .  

20 



P i t c h ,  Y a w ,  o r  Rol l  S igna l  t o  Null 
.~ 

An open c i r c u i t  i n  t h e  a t t i t u d e  con t ro l  loop i s  a c o n t r o l l a b l e  s i t u a t i o n .  
However, a l a rge  t r a n s i e n t  w i l l  occur a t  t h e  t ime of  f a i l u r e  i f  an a t t i t u d e  
e r r o r  e x i s t s  (engine command w i l l  change by a0 A $ )  * 

Ind ica t ions  : Loss of a t t i t u d e  s t a b i l i z a t i o n  i s  evidenced by a d ivergent  
motion of a t t i t u d e  and accelerometer  d i s p l a y s .  

Procedure: Provide a t t i t u d e  s t a b i l i z a t i o n  manually. 

P i t ch  o r  Y a w  S igna l  t o  S a t u r a t e  
-~ 

I f  f o r  some reason,  t he  a t t i t u d e  loop s i g n a l  s t e p s  abrupt ly  t o  a s a t u r a t e  
l e v e l  of 11 -1 /2 '  co inc ident  wi th  a seve re  wind s p i k e ,  t h e  p i l o t  has about a 
h a l f  second t o  abor t .  For Emergency Detect ion System (EDS) veh ic l e  r a t e  
l i m i t s  of  ?4 deg/sec,  t he  abor t  w i l l  be  automatic  s i n c e  t h i s  r a t e  i s  exceeded 
under t h e  above cond i t ions .  I f  t h e  f a i l u r e  occurs  a f t e r  t = 120 s e c  (ao 
changes from 0 . 5  t o  0 . 2 ) ,  it  i s  poss ib l e  t o  con t ro l  t he  veh ic l e ;  however, t h e  
r a t e  l i m i t  i s  again exceeded. 

Ind ica t ions  

Procedure : 

Roll S igna l  

I f  the  
s t e a d y - s t a t e  

Ind ica t ions :  

Procedure: 

1. Rapid divergence of a t t i t u d e  s i g n a l .  

2 .  S tep  change i n  a t t i t u d e  r a t e .  

3 .  Abrupt normal a c c e l e r a t i o n  a t  p i l o t  s t a t i o n  (kO.8 g ) .  

1. 	 Disengage t h e  a t t i t u d e  augmentation from the  a f f e c t e d  
ch anne 1. 

2 .  Continue f l i g h t  with manual c o n t r o l .  

3 .  	 Standby f o r  automatic  abor t  during high q region of 
f l i g h t .  

t o  S a t u r a t e  

r o l l  a t t i t u d e  e r r o r  s i g n a l  s a t u r a t e s ,  t h e  veh ic l e  w i l l  go i n t o  a 
r o l l  r a t e .  

S t eady- s t a t e  r o l l  r a t e .  

Override a t t i t u d e  s i g n a l  with c o n t r o l l e r  and cont inue f l i g h t .  

S igna l  Freeze 

Cer t a in  f a i l u r e s  i n  the  L / V  i n e r t i a l  p la t form can cause t h e  a t t i t u d e  
e r r o r  s i g n a l  t o  t h e  con t ro l  computer t o  f r e e z e  a t  t h e  value p re sen t  a t  time 
of f a i l u r e .  
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Ind ica t ions :  Loss o f  a t t i t u d e  s t a b i l i z a t i o n  i n  a l l  axes .  


Procedure: Continue f l i g h t  wi th  manual a t t i t u d e  s t a b i l i z a t i o n  i n  a l l  axes .  


C .  E N G I N E  ACTUATOR FAILURES 

Four types o f  engine a c t u a t o r  f a i l u r e s  are considered poss ib l e :  one 
a c t u a t o r  t o  n u l l ,  two ac tua to r s  d r i f t i n g  (same engine) ,  one a c t u a t o r  ha rd  over ,  
and one a c t u a t o r  o s c i l l a t o r y .  

One Actuator  t o  Null 
- ._= 

With l o s s  of engine angle  command s i g n a l ,  t h e  a c t u a t o r  w i l l  ab rup t ly  go 
t o  the  n u l l  p o s i t i o n .  This  s i t u a t i o n  i s  e a s i l y  c o n t r o l l e d ,  b u t  t h e  l o s s  of 
t h e  a c t u a t o r  reduces t h e  a v a i l a b l e  t h r u s t  con t ro l  component and causes an 
unbalanced r o l l  torque when only t h r e e  engines respond t o  a p i t c h  o r  yaw com
mand. A compensating r o l l  input  s i g n a l  must, t h e r e f o r e ,  accompany a p i t c h  
command i f  one p i t c h  a c t u a t o r  con t ro l  i s  l o s t .  Likewise, i f  one yaw a c t u a t o r  
con t ro l  i s  l o s t ,  a compensating r o l l  i npu t  must accompany a yaw command. The 
r o l l  a t t i t u d e  i n d i c a t o r  i s  used t o  determine t h e  sense  and amount of  r o l l  
input  under these  cond i t ions .  There w i l l  be  s imi la r ,  b u t  s m a l l e r  i n  magnitude, 
cross-coupl ing e f f e c t s  f o r  pure r o l l  i n p u t s .  

Ind ica t ions :  1. Cross-coupling of r o l l  with p i t c h  o r  yaw command i n p u t .  

2 .  Reduction of con t ro l  power. 

Procedure: 1. Fly a t t i t u d e  b a l l  t o  ob ta in  nominal condi t ions  (c ross 
coupled inpu t s  a r e  r e q u i r e d ) .  

Two Actuators  D r i f t i n g- -(Same Engine)__ -

Loss of a l l  hydrau l i c  p re s su re  on one engine (due t o  a hydrau l i c  pump 
f a i l u r e )  w i l l  allow both ac tua to r s  t o  d r i f t  under t h e  in f luence  of aerodynamic 
fo rces ,  t h r u s t  b i a s ,  and i n e r t i a l  e f f e c t s  due t o  cg o f f s e t .  Depending on 
the  magnitude and d i r e c t i o n  of these  f o r c e s ,  t h e  engine can d r i f t  t o  a v a r i 
e t y  of p o s i t i o n s .  I t  i s  q p i t e  probable  t h a t  i t  w i l l  d r i f t  up t o  t h e  l i m i t  
gimbal d e f l e c t i o n  of 5' i n  both axes.  

While the  f a i l u r e  i s  c o n t r o l l a b l e ,  i f  i t  occurs during high q ,  t h e  
t r a n s i e n t  while  rega in ing  con t ro l  of t he  v e h i c l e  may overload t h e  v e h i c l e .  

I n d i c a t i o n s :  1. Cross-coupling of r o l l  wi th  p i t c h  and yaw i n p u t s .  

2 .  Reduction of con t ro l  power on a l l  axes .  

Procedure: 1. Regain con t ro l  and cont inue f l i g h t .  

2 .  	 For f a i l u r e s  be fo re  high q ,  save  some con t ro l  a u t h o r i t y  
f o r  load reduct ion  a t  wind s p i k e .  
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Actuator  Hard Over 

A hydrau l i c  system f a i l u r e  could cause t h e  a c t u a t o r  t o  abrupt ly  move t o  
t h e  l i m i t  of  i t s  t r a v e l ,  t h a t  i s ,  s a t u r a t e  a t  an engine angle  of  ?So (p i t ch  
o r  yaw). I n  add i t ion  t o  i n c u r r i n g  a l a rge  p i t c h i n g  o r  yawing moment, a r o l l  
r a t e  of about 8 deg/sec is induced. This  cond i t ion  can be  s a t i s f a c t o r i l y  
c o n t r o l l e d  by a continuous compensating s t i c k  command i n p u t .  

Ind ica t ions :  1. Abrupt r o l l  ra te .  

2 .  Abrupt p i t c h  o r  yaw r a t e .  

3 .  Cross-coupling of r o l l  wi th  p i t c h  o r  yaw command i n p u t .  

4. Reduction i n  con t ro l  power. 

Procedure: 1. Fly a t t i t u d e  b a l l  t o  o b t a i n  nominal condi t ions  (c ross 
coupled inpu t s  a r e  r equ i r ed ) .  

2 .  Steady r o l l  b i a s  command inpu t  necessary .  

Actuator  O s c i l l a t o r y  

Under c e r t a i n  condi t ions  ( l o s s  of a c t u a t o r  feedback) ,  t h e  hydrau l i c  
a c t u a t o r  veh ic l e  system could abrupt ly  go i n t o  an o s c i l l a t o r y  mode a t  approxi
mately 1 / 2  cps with k 5 O  engine angle  amplitude.  This  induces l a rge  o s c i l l a 
t o r y  loads i n  the  boos te r  s t r u c t u r e ,  along with n o t i c e a b l e  o s c i l l a t o r y  normal 
g loading a t  t h e  command module s t a t i o n .  I f  t h i s  f a i l u r e  occurs during t h e  
high q region of f l i g h t ,  t h e  e x t r a  loading can cause t h e  veh ic l e  t o  exceed 
s t r u c t u r a l  l i m i t s .  

I n d i c a t i o n s :  1. Rapid bui ldup  of l a t e r a l  o r  v e r t i c a l  o s c i l l a t o r y  loads a t  
t he  p i l o t  s t a t i o n  up t o  about k0.6 g .  

2 .  	 Abrupt bu i ldup  of p i t c h  o r  yaw o s c i l l a t i o n  r a t e ,  coupled 
with an o s c i l l a t o r y  r o l l  r a t e .  

3 .  O s c i l l a t o r y  p i t c h  o r  yaw and r o l l  a t t i t u d e s .  

Procedure: - 1. Disconnect a t t i t u d e  and a t t i t u d e  r a t e  augmentation i n  
channel with bad a c t u a t o r  ( p i t c h  o r  yaw). Leave r o l l  
augmentation i n .  

2.  	 Continue f l i g h t  provid ing  s t a b i l i z a t i o n  i n  t h e  a f f e c t e d  
channel .  
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D .  LOSS OF THRUST ON ONE CONTROL ENGINE 

The mechanics involved i n  a t h r u s t  f a i l u r e  can b e s t  be explained by an 
example : I 

I 

I 
. I engine oul 

Pitch oxis- - _  

Aft  	view 
I 

I 

The s t r u c t u r a l  loading i n  t h e  veh ic l e  i s  r a d i c a l l y  changed when t h e  example 
engine t h r u s t  f a i l s .  F i r s t ,  wi th  t h e  compressive load i n  t h e  veh ic l e  now 
reduced by about 1/5,  t h e  load-carrying c a p a b i l i t y  of t h e  veh ic l e  i s  changed. 
Since the  veh ic l e  i s  c r i t i c a l  i n  tens ion  (mostly due t o  i n t e r s t a g e  s t r u c t u r e ) ,  
t h e  load-carrying c a p a b i l i t y  w i l l  be l e s s .  In  a d d i t i o n ,  with t h e  engine pos i 
t i o n s  nu l l ed ,  t h e r e  i s  a r e l a t i v e  compression on one s i d e  of  t h e  veh ic l e  due 
t o  no. 3 engine t h r u s t .  

I f  i t  i s  des i r ed  t o  ba lance  t h i s  load,  t h e  remaining engines must be  swive l l ed  
about 4' (52 < time < 89 s e c ,  d a t a  f o r  o t h e r  t imes were not  a v a i l a b l e ) .  

4' engine angle 
null vehicle 

Loterol componenl of loading 
thrust vector acting 

on vehicle base 
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The con t ro l  problem a l s o  changes considerably when t h e  example engine t h r u s t  
f a i l s .  The unbalanced t h r u s t  of no. 3 engine causes an a t t i t u d e  a c c e l e r a t i o n  
on t h e  o rde r  of  2"/sec2.  To n u l l  t h i s  a t t i t u d e  a c c e l e r a t i o n  r equ i r e s  about 2 O  
of engine angle .  

About 2" englne angle 
la null vehicle attitude 

acc e leralion 

With t h i s  condi t ion ,  i t  can be seen  t h a t  t h e r e  w i l l  s t i l l  be a r e l a t i v e  com
pres s ion  load on t h e  v e h i c l e .  The p i l o t  notes  t h e  lo s s  of engine t h r u s t  i n  
s e v e r a l  ways : 

1. At t i t ude  a c c e l e r a t i o n  causes bui ldup  of a t t i t u d e  r a t e  and ang le .  

2 .  I n i t i a l  a t t i t u d e  a c c e l e r a t i o n  causes a s t e p  jump i n  t h e  
accelerometer  d i sp l ay .  

3 .  Engine out causes warning l i g h t  on d i sp lay  pane l .  

4 .  Longi tudinal  a c c e l e r a t i o n  i s  decreased by 1 /5 .  

The f i r s t  cue usua l ly  de t ec t ed  by t h e  p i l o t  i s  t h e  accelerometer  needle  jump. 

No. I out, 

FDA1 

This i n i t i a l  needle  jump a t  t h r u s t  f a i l u r e  v a r i e s  from about 0 . 7  t o  0 . 4  inch ,  
depending on time of  f a i l u r e .  

Because of  t h e  engine angle  ( 2 O )  r equ i r ed  t o  n u l l  a t t i t u d e  a c c e l e r a t i o n ,  
t h e  accelerometer  needles  w i l l  have a b i a s  even a f t e r  con t ro l  has  been 
regained.  
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No.1 out, 

The magnitude of  t h i s  b i a s  as shown by t h e  accelerometer  needles  i s  about 1 /3  
inch f o r  a l l  t imes of  f l i g h t .  

I f  t h e  veh ic l e  i s  i n  a reg ion  where t h e  aerodynamic p res su re  i s  high 
enough t o  develop s i g n i f i c a n t  l a t e r a l  aerodynamic f o r c e s ,  another  p o s s i b i l i t y  
e x i s t s  t o  modify t h e  loading i n  t h e  v e h i c l e .  With t h e  a t t i t u d e  a c c e l e r a t i o n  
nu l l ed  ou t  as above, a r e s i d u a l  r e l a t i v e  compression load s t i l l  e x i s t s  on t h e  
no. 3 engine s i d e  of t h e  veh ic l e .  

Since the  predominant aerodynamic fo rces  on t h e  veh ic l e  a r e  developed a t  t h e  
nose and t a i l  f i n s ,  a wind from no. 3 engine s i d e  w i l l  cause a ba lanc ing  load. 
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This w i l l  cause an a d d i t i o n a l  accelerometer  i n d i c a t i o n  (about 1/3 inch a t  
max q)  i n  t h e  same d i r e c t i o n  as t h a t  t o  n u l l  t h e  a t t i t u d e  a c c e l e r a t i o n .  

Zero load condition 

I t  can b e  seen  t h a t  i f  t h e  p i l o t  a t tempts  t o  n u l l  t h e  accelerometer  d i sp l ay  
i n  a high dynamic p res su re  reg ion ,  he  w i l l  i nc rease  t h e  loading on t h e  
v e h i c l e .  

Ind ica t ions :  A s  noted above. 

Procedure: 1. Maintain con t ro l  of  t h e  v e h i c l e .  

2 .  	 I d e n t i f y  which engine has  f a i l e d  as soon as p o s s i b l e  
(engine out  l i g h t ) .  

3 .  Regain a t t i t u d e  con t ro l  of  v e h i c l e .  

4. 	 Bias t h e  accelerometer  d i sp l ay  needles  up t o  2 /3  inch away 
from t h e  f a i l e d  engine f o r  high q f l i g h t  r eg ions .  

5 .  	 I f  f a i l u r e  occurs  p r i o r  t o  high q save some c o n t r o l l e r  
a u t h o r i t y  f o r  load r e l i e f  a t  wind s p i k e .  

6. 	 Because of  marginal veh ic l e  s t r e n g t h  with a f a i l e d  engine,  
be  prepared f o r  a b o r t .  

7. 	 I f  necessary ,  switch a t t i t u d e  program t o  secondary mission 
p ro f  i l e .  

E .  DISPLAY AND CONTROLLER FAILURES 

A t t i t u d e  Rate Display 

Since t h e  p i l o t ' s  a t t i t u d e  r a t e  d i sp l ay  i s  used only f o r  monitor ing o r  
i n  t h e  event  of  o t h e r  subsystem f a i l u r e s ,  f a i l u r e  of  t h e  ra te  d i sp lay  i t s e l f  
should have small e f f e c t .  By comparing i t s  output  wi th  t h e  a t t i t u d e  and 
o t h e r  d i s p l a y s ,  f a i l u r e  of t h e  a t t i t u d e  ra te  d i sp lay  can b e  v e r i f i e d .  
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At t i tude  Error  Display
. 

Since t h e  a t t i t u d e  e r r o r  s i g n a l  i s  genera ted  i n  t h e  L/V, i t  can be  
monitored by us ing  t h e  s p a c e c r a f t ,  s /c ,  dr iven  d i s p l a y s .  By us ing  t h e  nominal 
a t t i t u d e  program disp layed  on t h e  clock and v e h i c l e  a t t i t u d e  d isp layed  on t h e  
F D A I ,  t h e  p i l o t  can genera te  a va lue  of  a t t i t u d e  e r r o r  f o r  monitoring 
purposes . 
A t t i t u d e  Display 

A s  d i scussed  i n  t h e  s e c t i o n  on a t t i t u d e  e r r o r  d i s p l a y  f a i l u r e  , t h e  
purpose of  t h e  a t t i t u d e  d i sp lay  i s  t o  monitor t h e  a t t i t u d e  e r r o r  d i s p l a y .  If 
t h e  a t t i t u d e  d i sp lay  f a i l u r e  i s  obvious ( l o s s  of e l e c t r i c a l  power, gyro 
tumbles,  e t c . )  , then  no problem e x i s t s .  If  a slow d r i f t  o r  precess ion  prob
lem e x i s t s ,  then  it is  d i f f i c u l t  f o r  t h e  p i l o t  t o  know what d i sp l ay  i s  i n  
e r r o r ,  t h e  a t t i t u d e  e r r o r  o r  a t t i t u d e .  If a discrepancy e x i s t s  between t h e  
a t t i t u d e  e r r o r  reading  and t h e  FDAI a t t i t u d e  reading  minus t h e  nominal a t t i 
tude  and it i s  not  obvious which d i sp lay  has  f a i l e d ,  t h e  t r a j e c t o r y  ( a l t i t u d e ,  
a l t i t u d e  r a t e ,  e t c . ) ,  parameters and accelerometer  d i s p l a y  should be monitored 
c l o s e l y .  

Accelerometer Disp 1ay 
. ~ I-

The most probable  f a i l u r e  modes f o r  t h e  accelerometer  d i sp l ay  a r e  
s a t u r a t e  o r  n u l l .  These should b e  obvious t o  t h e  p i l o t  and, i n  add i t ion  t o  
h i s  knowledge of  t h e  e x i s t i n g  wind condi t ions  and use o f  t h e  a t t i t u d e  e r r o r  
d i sp l ay ,  t h e  p i l o t  can c ross  check t h e  d i s p l a y .  

P i l o t ' s  Con t ro l l e r  

The two most probable  f a i l u r e  modes are s a t u r a t e  o r  n u l l .  I n  t h e  event  
one ax i s  o f  t h e  p i l o t ' s  c o n t r o l l e r  s a t u r a t e s ,  t h e  c o n t r o l  engines w i l l  swing 
hard  over  and cause an automatic  abor t  dur ing  high q r eg ions .  During 
n o n c r i t i c a l  t imes of  f l i g h t  (with au to  abor t  de-armed), l a r g e  a t t i t u d e  and 
r a t e  e r r o r s  w i l l  b u i l d .  

Ind ica t ions :  1. Divergent a t t i t u d e  and r a t e  e r r o r s .  

2 .  Divergent accelerometer  i n d i c a t i o n s  dur ing  high q .  

3 .  Normal a c c e l e r a t i o n  a t  p i l o t ' s  s t a t i o n .  

Procedure: 1. Disconnect c o n t r o l l e r .  

I n  the  event  of t h e  p i l o t ' s  c o n t r o l l e r  going t o  n u l l  i n  one a x i s ,  no a c t i o n  
i s  r equ i r ed  of t h e  p i l o t .  
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Figure 1.-Saturn V vehicle configuration. 
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Figure 2 . - Typica l  trajectory. 
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Figure 3 . - Saturn V backup guidance and c o n t r o l  system. 
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Pilot task: Fly load relief with 95% wind, no failures 

Gain values are for O< time < 120 sec 

Nominal automatic values 

.5 I.o 
Rate gain, deg /deg/sec 

Figure 4. - P i l o t  op in ion  r a t i n g .  
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Pilot task: Fly load relief with 95% wind, no failures 

Gain values are for O< time < 120 sec 

/ 
Maximum value of 
normalized bending 

0.50 

L I 
0 .5 1.0 1.5 

Rate gain, deg /deg/sec 

Figure 5.  - S t r u c t u r a l  load performance. 

/ moment 
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Figure 6 .  - Wind profiles. 
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Figure 7.-Technique for measuring probability of mission success. 
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Figure 8.- L i s t  of f a i l u r e s  studied and probab i l i t y  
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Figure 11.-Ames' hand controller characteristics. 
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Figure 12. - Non l inea r i ty  used wi th  Ames' hand c o n t r o l l e r .  
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Figure 14.- Apollo Block I hand controller characteristics. 
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Figure 15 .- Gemini type pressure sui t . 
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Figure 17 .- Typical  system f a i l u r e  da ta  using the  load r e l i e f  
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Accelerometer - .o .o -display saturate N. A. N . A .  
Hand controller .o .o 

5 0  .o .o 
null N. A. 

50 t .o .o
19 ~ soturate N.A. N.A. 

Hand controller , , 4 4 0  . I 7 8  

* 	 Less than 20 T o t a l  No lood relief 5 7  2 0  3320 
Automatic 7 9 4 0  6 3 2 0  

Figure 20.- Saturn I C  c r i t i c a l i t y  study; summary of  r e s u l t s .  
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Both 95% ond 50% wind data 

Figure 21.- S m a r y  of trajectory dispersion data. 
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Figure 22.-Effect of pressure s u i t  on performance. 
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Figure 23. - Summary o f  effect  of  pressure s u i t .  
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Figure 24.-Comparison of the Ames and A p o l l o  Block I hand controllers.  
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