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SIMULATION STUDIES FOR PLANNING AN IN-FLIGHT EXPERIMENT 

TO DEFINE MANUAL GUIDANCE AND CONTROL TECHNIQUES 

FOR LARGE LAUNCH VEHICLES 

By DeLamar M .  Watson, Gordon H .  Hardy, 
and Glenn W .  S t i n n e t t  

Ames Research Center 

SUMMARY 


The s imula tor  program descr ibed  i n  t h i s  r e p o r t  was undertaken t o  d e f i n e  
an i n - f l i g h t  experiment t o  eva lua te  manual con t ro l  system concepts f o r  Saturn 
c l a s s  launch v e h i c l e s .  The techniques and manual c o n t r o l  system configura
t i o n s  developed i n  ea r l i e r  s t u d i e s  were adapted t o  t h e  uprated Saturn I ,  
which was t h e  v e h i c l e  chosen f o r  t he  experiment. This  r e p o r t  d i scusses  t h e  
v e h i c l e  and manual c o n t r o l  system conf igura t ion ,  t h e  handl ing q u a l i t i e s ,  and 
two manual guidance d i s p l a y  schemes. An assessment i s  made of t h e  impact of  
t h e  proposed experiment on mission r e l i a b i l i t y .  

INTRODUCTION 

The a s t ronau t s  have demonstrated t h e i r  a b i l i t y  t o  c o n t r i b u t e  t o  mission 
success  by p a r t i c i p a t i n g  i n  t h e  guidance and con t ro l  of t h e i r  s p a c e c r a f t .  
During t h e  Mercury and Gemini programs, they have shown a c a p a b i l i t y  t o  manu
a l l y  con t ro l  v e h i c l e  a t t i t u d e ,  t o  conduct rendezvous maneuvers, t o  make o r b i t  
changes, and t o  i n i t i a t e  and con t ro l  r e e n t r y .  However, dur ing  t h e  launch 
segment of  f l i g h t ,  the  crews have not  had an a c t i v e  manual r o l e ,  r a t h e r ,  they 
have been p r imar i ly  systems monitors .  

In a j o i n t  e f f o r t  by Marshall  Space F l igh t  Center (MSFC) and Ames 
Research Center (ARC), p i l o t e d  f l i g h t  s imula tors  have been used t o  eva lua te  
manual con t ro l  systems f o r  Saturn c l a s s  v e h i c l e s .  The f e a s i b i l i t y  of a r a t e -
augmented manual con t ro l  system f o r  t h e  s-IC s t a g e  of  t h e  Saturn V was demon
s t r a t e d  ( r e f .  1 ) .  A follow-on s tudy showed t h a t  manual guidance t o  a nominal 
t r a j e c t o r y  is  f e a s i b l e  f o r  t h e  S-I1 and S - I V B  s t a g e s  ( r e f .  2 ) .  A n  extens ive  
s tudy was made o f  t h e  mission r e l i a b i l i t y  con t r ibu t ion  a p i l o t  could make by 
t ak ing  over con t ro l  of t h e  v e h i c l e  i n  t h e  event of a f a i l u r e  i n  t h e  automatic  
system ( r e f .  3 ) .  The r e s u l t s  of t h i s  research  ind ica t ed  t h a t  a p i l o t ,  u s ing  
a simple p a r a l l e l  loop, could cope with a v a r i e t y  of launch v e h i c l e  subsystem 
f a i l u r e s  and t h a t  mission r e l i a b i l i t y  was s u b s t a n t i a l l y  increased .  A t  t h e  
r eques t  o f  t h e  Manned Spacecraf t  Center ,  a manual backup scheme based on e x i s t 
ing  Apollo hardware was evaluated as a p o t e n t i a l  a l t e r n a t e  t o  t h e  Saturn V 
i t e r a t i v e  guidance system ( r e f .  4). A l l  of t h e s e  s t u d i e s  poin ted  t o  t h e  
f e a s i b i l i t y  of manual guidance and con t ro l  of l a rge  launch v e h i c l e s .  



A s  t h e  f e a s i b i l i t y  of  a manual mode i n  t h e  con t ro l  s y s t e m  of Saturn 
class veh ic l e s  became more f i rmly  e s t a b l i s h e d ,  i t  seemed d e s i r a b l e  t o  c a r r y  
t h e  program i n t o  an i n - f l i g h t  experiment phase.  Accordingly, an experiment 
d e f i n i t i o n  program was i n i t i a t e d  f o r  a s p e c i f i c  v e h i c l e .  The upra ted  Saturn 
I was chosen f o r  t h e  s tudy s i n c e  t h i s  was thought t o  be t h e  f irst  launch 
v e h i c l e  t h a t  would be a v a i l a b l e  f o r  an experiment.  The experiment d e f i n i t i o n  
program was centered  on t h e  s imula t ion  s tudy  descr ibed  i n  t h i s  r e p o r t .  

The f irst  o f  f o u r  o b j e c t i v e s  of  t h e  s imula t ion  s tudy  was t o  adapt t o  t h e  
Saturn I t h e  feedback conf igura t ion  and f i l t e r s ,  t h e  d i sp lays ,  and t h e  p i l o t  
procedures developed i n  t h e  s t u d i e s  r epor t ed  i n  r e fe rences  1 t o  3 .  The second 
ob jec t ive  was t o  d e f i n e  maneuvers t h a t  would provide maximum information 
r e t u r n  from t h e  l imi t ed  launch v e h i c l e  f l i g h t  t ime.  The t h i r d  ob jec t ive  was 
t o  e s t a b l i s h  b a s e l i n e  d a t a  f o r  comparison wi th  f l i g h t  d a t a .  A f i n a l  ob jec t ive  
was t o  e s t a b l i s h  t h a t  t h e  add i t ion  of  a manual con t ro l  system t o  t h e  Sa turn  I 
v e h i c l e  would not  lower t h e  p r o b a b i l i t y  of mission success .  

This r e p o r t  conta ins  a l l  t h e  phases of  mission planning t h a t  were con
ducted as p a r t  of t h e  s imula t ion  s tudy .  The f i r s t  s e c t i o n  of t h i s  r e p o r t  pro
v ides  a framework f o r  experiment modi f ica t ions  by desc r ib ing  t h e  upra ted  
Saturn I and i t s  f l i g h t  environment. Sec t ion  two i s  devoted t o  a d e s c r i p t i o n  
of  t h e  s imula t ion .  Sect ion t h r e e  conta ins  a d i scuss ion  of t h e  s t u d i e s  c a r r i e d  
out  t o  determine t h e  handl ing q u a l i t i e s  f o r  each of  t h e  s t a g e s .  Guidance 
s t u d i e s  dur ing  t h e  f i r s t - s t a g e  f l i g h t  are t r e a t e d  i n  t h e  fou r th  s e c t i o n .  The 
r e l i a b i l i t y  of  t h e  manually con t ro l l ed  Sa turn  I i s  assessed  i n  t h e  concluding 
s e c t i o n .  

SYSTEM DESCRIPTION 

Vehicle Descr ip t ion  

The uprated Sa turn  I i s  a two-stage launch v e h i c l e  used t o  p l ace  t h e  
Apollo command and s e r v i c e  modules i n t o  an e a r t h  o r b i t .  The major p a r t s  of 
t h e  v e h i c l e  are ind ica t ed  i n  f i g u r e  1,  from bottom t o  top :  S-IB f i r s t  s t a g e ,  

TOTAL 
LENGTH 

68M (224ft) 

i 

Figure 1.- Saturn I vehicle configuration. 


S-IVB second s t a g e ,  Instrument Unit (IU),  
and t h e  Apollo payload. 

The e s s e n t i a l  f e a t u r e s  of  t h e  S-IB s t a g e  
a r e  n ine  s l i m  p rope l l an t  tanks  and e i g h t  
engines t h a t  each produce 200,000 pounds of 
t h r u s t .  The f o u r  inboard engines a r e  f i x e d .  
Each of t h e  fou r  outboard engines  a r e  swiveled 
i n  p i t c h  and yaw by hydraul ic  a c t u a t o r s  t o  
provide con t ro l  t o rques .  P i tch  and yaw 
motions a r e  imparted t o  t h e  v e h i c l e  by appro
p r i a t e l y  swivel ing a l l  fou r  engines .  Rol l  
motions a r e  produced by swivel ing t h e  engines 
d i f f e r e n t i a l l y .  Each p rope l l an t  tank is 
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b a f f l e d  t o  prevent  s lo sh ing .  Because t h e  complete Sa turn  I i s  long and s l i m ,  
s t r u c t u r a l  bending i s  a s i g n i f i c a n t  cons idera t ion  f o r  f i r s t - s t a g e  f l i g h t .  

The S-IVB s t a g e  has  a s i n g l e  engine.  Propel lan t  i s  contained i n  two 
tanks  - l i q u i d  hydrogen i n  t h e  forward tank ,  l i q u i d  oxygen i n  t h e  a f t  tank .  
Because of t h e  shape of t h e  l i q u i d  oxygen tank (two hemispherical  segments 
jo ined  t o g e t h e r ) ,  s lo sh ing  i s  a s i g n i f i c a n t  cons ide ra t ion  dur ing  second-stage 
f l i g h t .  Sloshing i n  t h e  second-stage oxygen tank i s  not  s i g n i f i c a n t  during 
t h e  f i rs t  s t a g e  of f l i g h t  because of  b a f f l e  r i n g s  loca t ed  around t h e  t o p  of 
t h e  tank .  S t r u c t u r a l  bending i s  not  a s e r i o u s  cons ide ra t ion  i n  designing a 
c o n t r o l  system f o r  second-stage f l i g h t  because t h e  S - I V B  i s  s h o r t e r  and s t i f 
f e r  than t h e  Saturn I and opera tes  above t h e  atmosphere. Hydraulic a c t u a t o r s  
swivel  t h e  engine t o  produce p i t c h  and yaw c o n t r o l  to rques .  Rol l  con t ro l  i s  
maintained with t h e  a u x i l i a r y  propuls ion  system r e a c t i o n  j e t s .  

An Instrument Unit  ( I U )  i s  loca ted  j u s t  ahead of t h e  S-IVB s t a g e .  The 
IU conta ins  a guidance computer, a d a t a  adap te r ,  ra te  and l a t e r a l  a c c e l e r a t i o n  
sensors ,  and a con t ro l  computer t h a t  produces engine a c t u a t o r  command s i g n a l s .  

The Apollo payload i s  a modular s t ack  c o n s i s t i n g  of  a Lunar Excursion 
Module adapter ,  a s e r v i c e  module, a command module, and a launch escape 
system. The Apollo command module houses a three-man crew. Although t h e  
guidance and con t ro l  system i n  t h e  Apollo i s  p r imar i ly  intended f o r  post launch 
t a s k s ,  i t  can be used t o  monitor t h e  launch v e h i c l e  f l i g h t .  

Wind Environment 

The wind environment i s  t h e  primary e x t e r n a l  d i s turbance  dur ing  t h e  boost  
f l i g h t  and i s  a major problem f o r  t h e  design o f  t h e  Sa turn  f i r s t - s t a g e  v e h i c l e  
con t ro l  system. 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 .  These p r o f i l e s  ( f i g .  2)  are based on s t a t i s t i c a l  ana lys i s  of wind 
measurements taken a t  t h e  A i r  Force Eastern T e s t  Range, Cape Kennedy Launch 
Area. The two p r o f i l e s ,  as i n d i c a t e d ,  have s t e a d y - s t a t e  va lues  t h a t  w i l l  no t  
be exceeded 95 and 50 percent  of  t h e  t ime,  r e s p e c t i v e l y ,  during t h e  most windy 

month of t h e  y e a r  a t  Kennedy Spacef l igh t  
Center .  The accompanying v e r t i c a l  wind 

95% STEADY STATE, shea r  i s  no t  exceeded 99 pe rcen t  of t h e  
same t i m e  pe r iod  f o r  both p r o f i l e s .  The 

MAX q 	 peak value of wind shea r  occurs  near  t h e  
a l t i t u d e  corresponding t o  v e h i c l e  maximum 
dynamic p r e s s u r e .  A pre l iminary  i n v e s t i 
ga t ion  showed t h a t  t h e  s m a l l  amplitude 

0 IO 20 30 40 50 60 70 80 gus t s  d i scussed  i n  r e fe rence  1 had l i t t l e  
WIND VELOCITY, m/sec e f f e c t  on t h e  manual c o n t r o l  problem. Two 

wind d i r e c t i o n s  were found t o  have t h e  
g r e a t e s t  e f f e c t  ( r e f .  1)  : 135O and 225' 

I I I I I I I I 

Figure  2 . - Wind prof i l e s .  r e l a t i v e  t o  t h e  v e h i c l e  launch heading. 
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Saturn I Guidance and Control  System 

The guidance and c o n t r o l  system t h a t  provides  t r a j e c t o r y  and a t t i t u d e  
con t ro l  from l i f t - o f f  t o  payload s e p a r a t i o n  i s  loca ted  i n  t h e  Instrument Uni t .  
Guidance command s i g n a l s  are provided by t h e  Launch Vehicle D i g i t a l  Computer 
shown i n  f i g u r e  3 .  During f i r s t - s t a g e  burn,  t h e  v e h i c l e  fo l lows  a p re 
programmed open-loop tilt  program t o  minimize aerodynamic loads dur ing  t h e  
high dynamic p res su re  po r t ion  of f l i g h t .  During second-stage burn,  t h e  com
p u t e r  i t e r a t i v e l y  c a l c u l a t e s  command s i g n a l s  f o r  a "minimum prope l l an t "  
t r a j e c t o r y  t o  prev ious ly  s t o r e d  a i m  cond i t ions .  

I 
A T T I T U D E  

ERROR 
F I L T E R  

A T T I T U D E  

PRIMARY A T T I T U D E  
ERROR S I G N A L~- ~ 

____  DYNAMICS 
- HARD W I R E  CONNECTORS 

F i g u r e  3 . -

S - I B  
ACTUATORS --l 

I 

A C C E L E R O M E T E R S  

s- IVB 
AUXILIARY 

P R O P U L S I O N  
SYSTEM 

I 

A J T I T U D L R A T E  - -

N O R N A L  A C C E L E R A T I O N  -_ ~.- J 

L A U N C H  V E H I C L E  
DATA A D A P T E R  

L A U N C H  V E H I C L E  
D I G I T A L  COMPUTER 

Block d iagram of Sa tu rn  c o n t r o l  system. 

During t h e  Sa turn  I f l i g h t ,  t h e  c o n t r o l  l a w  f o r  t h e  engine d e f l e c t i o n  
angle ,  Bc,  i s :  

Bc = aoNoA$ + alN1$ + g2N2t' 

where 

a t t i t u d e  e r r o r  feedback ga in ,  deg/deg 

a t t i t u d e  rate feedback ga in ,  deg/deg/sec 

normal a c c e l e r a t i o n  feedback ga in ,  deg/m/sec2 

a t t i t u d e  e r r o r  f i l t e r  

a t t i t u d e  rate f i l t e r  

normal a c c e l e r a t i o n  f i1te r  



y normal a c c e l e r a t i o n ,  m/sec' 

A$ a t t i t u d e  e r r o r  angle ,  deg 

4 a t t i t u d e  angle  ra te ,  deg/sec 

Figure 3 i n d i c a t e s  how t h i s  con t ro l  l a w  i s  implemented i n  t h e  Sa turn  
launch v e h i c l e s .  An i n e r t i a l  p la t form loca ted  i n  t h e  Instrument Unit provides  
a t t i t u d e  angles  and a c c e l e r a t i o n  measurements t h a t  are used by t h e  launch 
veh ic l e  d i g i t a l  computer t o  c a l c u l a t e  an analog a t t i t u d e  e r r o r  s i g n a l .  This  
e r r o r  s i g n a l  and s i g n a l s  from ra te  gyros and normal accelerometers  a r e  f ed  
i n t o  an analog F l i g h t  Control  Computer. Each o f  t h e  signals passes  through 
t h e  f i l t e rs  and gains  shown i n  t h e  f i g u r e  and are then  summed according t o  
equat ion ( 1 ) .  The feedback ga in  v a r i a b l e s ,  a,, a l ,  and g2, are not  cons tan t  
throughout t h e  f l i g h t .  They are ad jus ted  t o  compensate f o r  changing veh ic l e  
c h a r a c t e r i s t i c s .  During t h e  Sa turn  I f l i g h t ,  a, and a1 a r e  reduced i n  t h r e e  
s t e p s  a t  10-second in te rva ls  s t a r t i n g  a t  100 seconds a f t e r  l i f t - o f f .  The 
normal a c c e l e r a t i o n  ga in ,  g2, v a r i e s  as i nd ica t ed  i n  f i g u r e  4 .  The normal 
acce le ra t ion  i s  used only dur ing  t h e  po r t ion  of t h e  f l i g h t  where high dynamic 
p res su re  i s  encountered. 

"0 I O -
VI 

w I v e h i c l e  conta ins  t h e  pas s ive  networks 
\-L 

0)  2 mentioned e a r l i e r .  The a t t i t u d e  e r r o r  
aJ I

5 - s i g n a l  i s  f i l t e r e d  by a f i r s t - o r d e r  
n 
m t i m e  l ag .  "he a t t i t u d e  r a t e  s i g n a l  
V 
A,2 passes  through a second-order over 

N 

F l i g h t  Event Sequence 

An event  sequence f o r  t h e  r e fe rence  v e h i c l e  used f o r  t h e  s imula t ion  i s  
shown i n  t a b l e  I .  This  t a b l e  in t roduces  t h e  t h r e e  p o r t i o n s  of  f l i g h t  t h a t  
a r e  s i g n i f i c a n t  f o r  t h e  f l i g h t - t e s t  program. The f irst  p a r t  is t h e  high 
dynamic p res su re  reg ion  of f l i g h t  (high q) t h a t  s tar ts  n e a r  60 seconds,  
reaches a peak near 70 seconds,  and is  e s s e n t i a l l y  over  by 100 seconds.  A s  
i nd ica t ed  dur ing  t h e  wind p r o f i l e  d e s c r i p t i o n ,  t h e  major c o n t r o l  problem 
occurs  dur ing  t h e  high q p a r t  o f  t h e  f l i g h t .  The second por t ion  o f  t h e  
f l i g h t  is from 100 t o  140 seconds and is  s u i t a b l e  f o r  doing a l t i t u d e  con t ro l  
and guidance d i s p l a y  eva lua t ion  maneuvers. The feedback gain changes i n d i 
ca ted  i n  t h e  t a b l e  do no t  i n t e r f e r e  wi th  t h e  maneuvers. The t h i r d  p a r t  o f  
f l i g h t  occurs  from 185 seconds,  when t h e  launch escape tower i s  j e t t i s o n e d ,  
t o  350 seconds,  when t h e  a t t i t u d e  r a t e  feedback ga in  r educ t ion  t akes  p l a c e .  
Pe r tu rba t ions  which might b e  introduced by maneuvers done e a r l y  i n  t h e  second-
s t a g e  f l i g h t  can b e  e l imina ted  by t h e  i t e r a t i v e  guidance system w e l l  i n  
advance of o r b i t  i n j e c t i o n .  
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SIMULATION DESCRIPTION 

To s u b j e c t  t h e  p i l o t  t o  a l l  t h e  problem areas he may encounter dur ing  t h e  
a c t u a l  f l i g h t ,  it was necessary t o  cons t ruc t  a f l i g h t  s imula t ion  o f  t h e  Saturn 
I-Apollo v e h i c l e  t h a t  could d u p l i c a t e  both  normal and emergency s i t u a t i o n s .  
The elements s imulated were t h e  Saturn I v e h i c l e  dynamics and c o n t r o l  system 
as well as t h e  Apollo p i l o t ' s  d i s p l a y  and hand-ro ta t iona l  c o n t r o l l e r .  The 
d e t a i l s  o f  t h e  Sa turn  I s imula t ion  given below a r e  followed by a d e s c r i p t i o n  
of  t h e  f ixed-base  cab used t o  r ep resen t  t h e  Apollo command module. 

Saturn I Vehicle Simulat ion Model 

Separate  s imula t ions  were used t o  model each o f  t h e  two s t a g e s  of  t h e  
uprated Saturn I launch veh ic l e .  The s e p a r a t e  s imula t ions  e l imina ted  t h e  
complexity t h a t  would be  a s soc ia t ed  with t h e  mechanization of s t a g i n g  opera
t i o n s .  The two sets  o f  l i n e a r i z e d  equat ions  used f o r  t h e  s tudy r ep resen t  t h e  
r o t a t i o n a l  and t r a n s l a t i o n a l  p e r t u r b a t i o n s  of t h e  v e h i c l e  r e l a t i v e  t o  a nom
i n a l  t r a j e c t o r y .  The d e t a i l s  p e r t a i n i n g  t o  t h e  weight ,  t h r u s t  l e v e l s ,  f l i g h t -
pa th  programming, e t c . ,  were obtained from MSFC. 

The equat ions used f o r  t h e  f irst  s imula t ion  included terms corresponding 
t o  both normal and emergency f l i g h t  of  t h e  S-IB s t a g e  v e h i c l e .  The equat ions 
model t h e  six-degree-of-freedom r igid-body dynamics, t h e  gimbaled engines ,  
t h e  aerodynamic and t r a j e c t o r y  environment, t h e  first two f l e x i b l e  body bend
ing  modes, and t h e  c o n t r o l  system feedback networks.  An assessment of r e l i 
a b i l i t y  c o n s t i t u t e s  a s i g n i f i c a n t  p a r t  o f  t h e  s tudy .  Therefore ,  terms were 
added t o  model t h e  v e h i c l e  behavior  fol lowing system f a i l u r e s  ( ac tua to r s  
d r i f t i n g  hardover ,  l o s s  of  engine t h r u s t ,  nonfunct ioning sensors ,  instruments  
providing i n c o r r e c t  i n d i c a t i o n s ,  e t c . ) .  

The second-stage s imula t ion  was not  as complex as t h e  one used f o r  t h e  
first -stage s tudy .  S t r u c t u r a l  bending problems a r e  not  s i g n i f i c a n t  dur ing  t h e  
S-IVB f l i g h t ,  and aerodynamic terms are n e g l i g i b l e  f o r  a con t ro l  system evalu
a t i o n ;  t he re fo re ,  both sets of terms were omit ted from t h e  s imula t ion .  On t h e  
o t h e r  hand, t h e  f irst  l i q u i d  oxygen tank s l o s h  mode i s  important and was 
included.  A r e l i a b i l i t y  a n a l y s i s  was not  conducted f o r  t h e  second s t a g e .  The 
p i l o t  can do noth ing  t o  compensate f o r  f a i l u r e s  involv ing  t h e  engine s i n c e  
t h e  S-IVB s t a g e  has only one engine.  Other f a i l u r e s ,  t hose  a s soc ia t ed  with 
t h e  control-system components o r  instruments ,  were e a s i l y  recognized and over
come by t h e  p i l o t  du r ing  t h e  f i r s t - s t a g e  s t u d i e s .  Therefore ,  it was assumed 
t h a t  t h e r e  was no need t o  r epea t  t h i s  c l a s s  of f a i l u r e s  during t h e  second-
s t a g e  eva lua t ion .  A more d e t a i l e d  d i scuss ion  of  r e l i a b i l i t y  cons idera t ions  
i s  given i n  a la te r  s e c t i o n .  

Manual Control System Simulator 

The command p i l o t ' s  s t a t i o n  i n  t h e  Apollo command module was modeled 
us ing  a general  purpose s imula tor  cab. The cab contained an instrument  pane l ,  
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a pilot's seat, and a three-axis rotational hand-controller, and the instru
ments and controller could be connected to the analog computer where the 
Saturn I simulation equations were solved. The cab arrangement is similar to 
the one described in reference 3. 

Figure 5 is a photograph of the flight simulator instrument panel display 
used for planning the flight experiment. Centered in the panel is a Flight 
Director Attitude Indicator incorporating a three-axis ball, cross needles, 

Figure 5.- Simulator display panel. 

and side pointers. The total attitude angles (pitch, roll, and yaw) were dis
played on the ball. Pitch and yaw attitude error angles were presented on the 
left side and top pointers, respectively. The cross needles were used to dis
play various quantities. Pitch and yaw normal accelerations were displayed 
from lift-off through the high dynamic pressure region of flight. For the 
remainder of the first-stage flight, altitude error and altitude rate error 
were displayed. During the second-stage flight, the attitude error angles 
were displayed on the cross needles as well as on the side pointers. The 
altitude guidance presentation used after high q in the first-stage burn was 
also evaluated for the second-stage flight. 

Three attitude angle rate meters and a clock were grouped around the FOAl: 
pitch rate on the right, yaw rate below, roll rate on the lower left, and the 
clock on the left. A set of warning lights was placed in the lower right 
corner of the panel. These lights indicated which of the Saturn I engines 
were not thrusting. The light on the right of the horizontal row of lights 
indicated a launch vehicle inertial platform failure. The remaining lights 
were not used. 

Stability augmentation switches were mounted on the lower left side of 
the instrument panel. During the simulation studies, the pilot could open a 
feedback path, that is, do the equivalent of setting ao ' aI, or g2 to zero 
on any axis by moving the appropriate switch to the up position. 

A rotational hand-controller, representative of the ones used in the 
Apollo command module, was mounted on the right arm of the pilot's seat. The 
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Fi gure 6 . - Three-axis rotat iona l controll e r. 

hand-controller used for the study 
is shown in figure 6. The handle 
is pivoted about an axis which 
permits forward and aft motion in 
the presence of longitudinal 
accelerat ~on without introducing 
inadvertent attitude commands to 
the simulated vehicle . A roll 
command is generated when the con
troller handle is rolled right or 
left. A pitch command results 
when the handle is raised up or 
pushed down. A yaw command is 
generated when the handle is yawed 
right or left. Signals to the 
analog computer are generated by 
strain gages contained in flexure 
mounts. 

HANDLING QUALITIES STUDIES 

The handling qualities studies were undertaken to select a manual control 
system suitable for the in-flight experiment aboard the Saturn I launch vehi
cle. The control law adopted for these studies was chosen on the basis of the 
studies reported in references I to 3. This control law is similar to 
equation (1) and has the following form: 

where 

~ pilot's rotational controller gain, degjdeg 

Np rotational controller filter 

Op output signal from pilot's rotational controller, deg 

(2) 

The pilot's rotational controller input is essentially a trim signal intro
duced only to compensate for unusual flight conditions. So long as the flight 
proceeds normally, the pilot takes no control action. But in the event of 
excessive wind shears or a failure in the Saturn I flight control system, the 
pilot can supply a corrective command signal. 

The parameters varied during the handling qualities studies were: 
pilot's rotational controller gain, ~, cutoff frequency of the filter on the 
output of the rotational controller, the attitude error feedback gain, ao ' 
and the attitude rate feedback gain, al. The attitude error and attitude rate 
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f i l t e r  parameters were not  va r i ed .  The handl ing  q u a l i t i e s  s t u d i e s  were 
c a r r i e d  out  f o r  both s t a g e s  and w i l l  be d iscussed  s e p a r a t e l y .  

The Cooper r a t i n g  s c a l e  was t h e  performance measure used f o r  t h e  s t u d i e s .  
The Cooper r a t i n g  scale was proposed i n  1957 ( r e f .  5) and i s  shown here  i n  
f i g u r e  7 .  Th i s  r a t i n g  i s  t h e  p i l o t ' s  s u b j e c t i v e  opinion of  how wel l  he was 
ab le  t o  c o n t r o l  t h e  v e h i c l e  wi th  r e spec t  t o  some ass igned  t a s k .  

The fo l lowing  eva lua t ion  proce-
dure was used f o r  t h e  handl ing qua l -

res yes i t i e s  s t u d i e s  by t h e  two Ames 
research  p i l o t s  who p a r t i c i p a t e d .  
Each p i l o t  f lew a new s i t u a t i o n  

unsot,sfoclory 5 Unacceptoble far narmol 
res res as many times as he  deemed necessary 

Doubtful Yes t o  acqui re  f a m i l i a r i t y .  When satis-
f i e d  t h a t  he had developed t h e  
appropr i a t e  technique,  t h r e e  d a t a  

condl t lonf  No Doubtful runs were taken .  A t  t h e  conclusion 
8 Unacceptoble - dangerous No No 

of t h e  l a s t  run ,  t h e  p i l o t  gave h i s  
10 Seriws doubt of escape opinion as a number from f i g u r e  7 .  

ougmenler) 
In add i t ion ,  he o f t en  added spe

'(Failure of .a %t(lb~l~ly 
c i f i c  comments about unusual f e a t u r e s  

f:igure 7 . - P i l o t  r a t i n g  scale .  of  t h e  run .  

Handling Q u a l i t i e s  Study f o r  S-IB Stage 

Two problems must be considered i n  de f in ing  t h e  S-IB s t a g e  manual con
t r o l  experiment.  The f i r s t  problem i s  high s t r u c t u r a l  loading caused by wind 
shears  and v e l o c i t i e s  t h a t  produce an angle  of a t t a c k  and a corresponding 
inc rease  i n  l a t e r a l  aerodynamic loads on t h e  nose o f  t h e  v e h i c l e .  These 
loads produce s i z a b l e  bending moments and a l s o  r o t a t e  t h e  nose of t h e  launch 
veh ic l e  away from t h e  r e l a t i v e  wind. The con t ro l  system senses  t h i s  r o t a t i o n  
and sends a command t o  t h e  engine a c t u a t o r s  t o  reduce angle  of  a t tack by 
r o t a t i n g  t h e  a f t  end of t h e  veh ic l e  away from t h e  wind. Unfortunately,  t h e  
t h r u s t  component t h a t  reduces angle  of a t t a c k  a l s o  inc reases  t h e  bending 
moment. A well-designed c o n t r o l  system w i l l  u se  only small a c t u a t o r  d e f l e c 
t i o n s  t o  t u r n  t h e  v e h i c l e ,  with t h e  r e s u l t  t h a t  t h e  bending caused by t h e  com
b ina t ion  of aerodynamic and con t ro l  ac t ion  moments i s  minimized. Another 
complication i s  t h a t  t h e  con t ro l  ac t ion  t h a t  reduces bending moments by head
ing  t h e  nose of  t h e  v e h i c l e  i n t o  t h e  r e l a t i v e  wind a l s o  causes  t h e  v e h i c l e  t o  
d e v i a t e  from t h e  planned f l i g h t  pa th .  In  t h e  Saturn I con t ro l  system 
descr ibed ear l ie r  (eq.  ( l ) ) ,  t h e  normal a c c e l e r a t i o n  term i n  t h e  con t ro l  l a w ,  
gzNzY, i s  introduced t o  suppress  s t r u c t u r a l  loads and a t  t h e  same time t o  keep
t h e  veh ic l e  nea r  t h e  planned f l i g h t  pa th .  For t h e  handl ing q u a l i t i e s  s tudy ,  
t h e  p i l o t  was assumed t o  be capable  of  i n i t i a t i n g  con t ro l  ac t ion  t o  a l l e v i a t e  
s t r u c t u r a l  loads .  Therefore ,  t h e  normal a c c e l e r a t i o n  term was e l imina ted  from 
t h e  con t ro l  l a w .  

F a i l u r e  s i t u a t i o n s  c o n s t i t u t e  t h e  second major problem as soc ia t ed  with 
t h e  f i r s t - s t a g e  f l i g h t .  Among t h e  f a i l u r e s  t h a t  can occur ,  one o f  t h e  most 
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cr i t ical  t o  con t ro l  system opera t ion  is  a double a c t u a t o r  f a i l u r e  which i s  
introduced i n  such a way t h a t  t h e  nose of  t h e  launch v e h i c l e  i s  turned  i n t o  a 
r e l a t i v e  wind. 

A hypo the t i ca l  combination o f  events  was used as t h e  r e p r e s e n t a t i v e  prob
l e m  f o r  t h e  f i r s t - s t a g e  handl ing q u a l i t i e s  s tudy .  A double a c t u a t o r  f a i l u r e  
a t  75 seconds a f te r  launch was combined wi th  a maximum wind p r o f i l e  t h a t  peaks 
at  70 seconds.  The a c t u a t o r s  were f a i l e d  i n  a d i r e c t i o n  t h a t  made t h e  com
bined aerodynamic and con t ro l  moments a maximum. This  combination o f  events  
c o n s t i t u t e s  one of  t h e  most severe  s i t u a t i o n s  t h a t  can occur dur ing  f irst-
s t a g e  f l i g h t .  

S p e c i f i c  t a s k s  were assigned t o  t h e  p i l o t .  H e  was t o  maintain a t t i t u d e  
and minimize bending moments. In add i t ion ,  con t ro l  a c t i o n s  were t o  be smooth 
s o  t h e  bending modes would not  be  exc i t ed .  

The p i l o t  used v a r i a b l e s  d isp layed  t o  him on t h e  F l i g h t  D i rec to r  A t t i t u d e  
Ind ica to r  t o  decide on con t ro l  a c t i o n s  needed t o  f l y  t h e  Sa turn  I .  The p r i 
mary d i s p l a y  v a r i a b l e s  were t h e  a t t i t u d e  e r r o r  angle  and normal a c c e l e r a t i o n .  
The p i l o t  i n t e r p r e t e d  t h e  normal a c c e l e r a t i o n  i n d i c a t i o n  as a measure o f  angle  
of  a t tack.  H i s  response t o  a gradual  bui ldup of normal a c c e l e r a t i o n  was a 
r o t a t i o n a l  c o n t r o l l e r  command t o  t u r n  t h e  launch v e h i c l e  i n t o  t h e  r e l a t i v e  
wind without a l lowing l a r g e  a t t i t u d e  e r r o r s  t o  develop.  A r a p i d  inc rease  i n  
normal a c c e l e r a t i o n  and a t t i t u d e  e r r o r  was a cue t h a t  a double a c t u a t o r  f a i l 
u r e  had occurred.  To compensate, t h e  p i l o t  generated c o n t r o l l e r  s i g n a l s  t h a t  
r o t a t e d  t h e  t h r e e  good engines t o  b i a s  p o s i t i o n s  t o  counter  t h e  torque pro
duced by t h e  f a i l e d  a c t u a t o r s .  The succeeding r o t a t i o n a l  c o n t r o l l e r  commands 
used t o  cont inue t h e  f l i g h t  were pe r tu rba t ions  about t h e  b i a s  command. 

A pre l iminary  p a r t  o f  t h e  s imula tor  s tudy  involved s e l e c t i n g  t h e  p i l o t ' s  
c o n t r o l l e r  gain c a l l e d  ' l cont ro l  au tho r i ty . "  Control a u t h o r i t y  i s  t h e  magni
tude (expressed i n  rad ians)  of  t h e  command s i g n a l  t o  t h e  engine a c t u a t o r s  when 
t h e  p i l o t ' s  r o t a t i o n a l  c o n t r o l l e r  i s  f u l l y  d e f l e c t e d .  Figure 8 shows how t h e  
p i l o t  r a t i n g  va r i ed  wi th  con t ro l  a u t h o r i t y  f o r  t h e  Ditch and yaw axes.  The 
lowest  cont ro  1 a u t h o r i t y  acceptable  

- PILOT A 
o - - 4  PILOT B 

t 
1-1 1 I 

0 .I .2 .3 
CONTROL AUTHORITY, rad 

Figure 8 . - P i l o t  r a t i n g  a s  a func t ion  of cont ro l  
a u t h o r i t y  for the  p i t c h  and yaw axes, S-IB 
s t a g e .  

( i . e . ;  wi th  a p i l o t  r a t i n g  o f  3)  t o  both 
p i l o t s  was 0 . 2  r ad ian .  Control  a u t h o r i t y  
f o r  t h e  r o l l  a x i s  was s e l e c t e d  from a 
similar s tudy  and was set  a t  0.125 r a d i a n ,  

The output  of  t h e  p i l o t ' s  r o t a t i o n a l  
c o n t r o l l e r  was f i l t e r e d  t o  prevent  exc i 
t a t i o n  of  t h e  bending modes caused by 
t h e  high frequency conten t  o f  p i l o t  com
mands. The f i r s t  bending mode of  t h e  
Sa turn  I has  a n a t u r a l  frequency of 
approximately 9 r ad / sec ,  which is  above 
t h e  f requencies  t h e  p i l o t  genera tes  
i n t e n t i o n a l l y  i n  c o n t r o l l i n g  t h e  veh ic l e .  
Therefore ,  a simple f i r s t - o r d e r  low-pass 
f i l t e r  was s tud ied  f o r  p o s s i b l e  use  on 
t h e  output  of  t h e  p i l o t ' s  r o t a t i o n a l  con
t r o l l e r .  Several  f i l t e r  c u t o f f  
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f requencies  ranging from 4 t o  8 rad /sec  were considered.  Addit ional  runs were 
made with t h e  f i l t e r  omit ted.  A t  f i l t e r  cu to f f  f requencies  below 5 rad /sec ,  
t h e  f i l t e r  caused a minor degradat ion i n  t h e  p i l o t ' s  a b i l i t y  t o  con t ro l  t h e  
v e h i c l e .  A t  f i l t e r  cu tof f  f requencies  above 5 r ad / sec  as we l l  as with t h e  
f i l t e r  e n t i r e l y  omit ted,  no s i g n i f i c a n t  change i n  p i l o t  opinion w a s  recorded. 
The e lec t r ica l  no i se  from t h e  c o n t r o l l e r  caused some e x c i t a t i o n  of t h e  second 
bending mode when t h e  f i l t e r  was omit ted.  Since t h e r e  may be  no i se  a s soc ia t ed  
with t h e  Apollo system, a f i l t e r  of a t  l e a s t  f i r s t  o rde r  should b e  used on t h e  
output  of  t he  c o n t r o l l e r .  An adequate f i l t e r  a l ready  a v a i l a b l e  i n  t h e  Sa tu rn  
I F l i g h t  Control Computer i s  t h e  a t t i t u d e  e r r o r  f i l t e r ,  which has  a cu to f f  
frequency of from 5 .6  t o  5 .8  rad /sec .  Therefore ,  f o r  a f l i g h t  experiment, t h e  
a t t i t u d e  e r r o r  and p i l o t ' s  c o n t r o l l e r  output  s i g n a l s  would be summed ahead o f  
t h e  a t t i t u d e  e r r o r  f i l t e r  i n  t h e  F l i g h t  Control  Computer. This conf igura t ion  
was used f o r  t h e  remainder of t h e  s imula t ion  s tudy .  

An a n a l y t i c a l  i n v e s t i g a t i o n  of t he  launch v e h i c l e  dynamics was conducted 
us ing  a Laplace t ransform a n a l y s i s .  This  s tudy  r e s u l t e d  i n  p l o t s  i n  terms of 
t h e  complex frequency ope ra to r  s = o + jw of t h e  c h a r a c t e r i s t i c  equat ion 
roo t  l oca t ions  f o r  t h e  S-IB s t a g e .  The roo t  l oca t ions  shown i n  f i g u r e  9 a r e  
f o r  a r e p r e s e n t a t i v e  time of f l i g h t ,  60 seconds a f t e r  l i f t - o f f ,  and f o r  t h e  
a t t i t u d e  e r r o r  and a t t i t u d e  r a t e  feedback gain s e t t i n g s  planned f o r  a t y p i c a l  
Sa turn  I f l i g h t .  The r o o t s  most s t r o n g l y  a f f e c t e d  by changing feedback gains  
a r e  those  assoc ia ted  with t h e  r i g i d  body motion. So long as 0 < a, < 2 and 
0 .5  < a1 < 1 .8  the  o t h e r  r o o t s  remain c lose  t o  t h e  loca t ions  shown i n  t h e  
f i g u r e .  When 2 < a, < 3 and 1 . 8  < a1 < 3 ,  t he  low frequency roo t s  a s soc ia t ed  
with t h e  a t t i t u d e  e r r o r  and a t t i t u d e  r a t e  networks and t h e  r i g i d  body vary i n  
loca t ion  with v a r i a t i o n s  of feedback gain s e t t i n g s .  The h ighe r  frequency 
roo t s  a s soc ia t ed  with the  a t t i t u d e  r a t e  network and a l l  of t h e  r o o t s  assoc i 
a t ed  with the  engine,  t h e  bending modes, and t h e  t r a j e c t o r y  a r e  i n s e n s i t i v e  
t o  gain s e t t i n g s ,  a. and a l ,  of l e s s  than 3 .  

Handling q u a l i t i e s  curves f o r  t h e  S-IB s t a g e  are shown i n  f i g u r e  10. The 
heavy l i n e s  a r e  p r o f i l e s  of cons tan t  p i l o t  opinion us ing  t h e  s c a l e  of f i g u r e  7.  
The o t h e r  l i n e s  a r e  p r o f i l e s  of r igid-body n a t u r a l  frequency and damping 
obta ined  from t h e  c h a r a c t e r i s t i c  equat ion eva lua ted  a t  d i f f e r e n c e  values  of 
a, and a l .  The p i l o t  opinion r a t i n g s  were r e l a t e d  t o  t h e  dynamics of t h e  
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r i g i d  body, which may b e  considered a second-order dynamical p l a n t .  The 
region i n s i d e  t h e  3-1/2 and 4 r a t i n g  contours  i n d i c a t e s  t h a t  a wide range o f  
values  f o r  a, and al a r e  acceptab le  t o  t h e  p i l o t s .  The ga in  s e t t i n g s  used 
f o r  t h e  Saturn I v e h i c l e  f i r s t - s t a g e  f l i g h t  are i n  t h e  most acceptab le  region 
of  t h e  f i g u r e  as ind ica t ed  by t h e  square  d a t a  symbol. S i g n i f i c a n t l y ,  t h e  
p i l o t s  do not  regard  low va lues  o f  a, unacceptable  so long as adequate a t t i 
tude r a t e  feedback augmentation i s  provided.  When a, < 2 and a1 i s  above 
1.5,  t h e  r igid-body r o o t s  are r e a l  and t h e  v e h i c l e  behaves p r imar i ly  as a time 
cons tan t .  With l a r g e  va lues  of  a l ,  t h e  response i s  s lugg i sh  and more con t ro l  
a u t h o r i t y  i s  d e s i r e d .  The low r i g i d  body damping a s soc ia t ed  wi th  a. < 1 and 
a1 < 0.8  i s  r e f l e c t e d  by inc reas ing  va lues  of  p i l o t  r a t i n g .  In t h e  upper 
r i g h t  reg ion  of  t h e  f i g u r e ,  t h e  p i l o t  opinion i s  inf luenced by t h e  dynamics 
a s soc ia t ed  with both t h e  r igid-body and t h e  low-frequency r o o t s  of t he  a t t i 
tude r a t e  and a t t i t u d e  e r r o r  feedback networks.  The p i l o t s  were e s s e n t i a l l y  
a t tempting t o  con t ro l  a system wi th  fou r th -o rde r  dynamics. Thei r  main comment 
was t h a t  con t ro l  a u t h o r i t y  was inadequate .  

Handling Q u a l i t i e s  Study f o r  S-IVB Stage 

The con t ro l  problem f o r  t h e  second s t a g e  i s  t o  maintain t h e  launch vehi
c l e  a t  the  a t t i t u d e  angle  commanded by t h e  i t e r a t i v e  guidance system. Since 
t h e  S-IVB burn t akes  p l a c e  above t h e  atmosphere, aerodynamic fo rces  and 
moments a r e  n e g l i g i b l e .  The absence of  e x t e r n a l  d i s t u r b i n g  fo rces  makes t h e  
second-stage burn time i d e a l  f o r  performing t h e  f l i g h t  experiment maneuvers. 

Two maneuvers were used f o r  determining t h e  handl ing q u a l i t i e s  of  t h e  
S-IVB s t a g e  f o r  var ious  a, and a1 ga in  s e t t i n g s .  In  t h e  sense of t h e  maxi
mum a t t i t u d e  r a t e  produced, t h e  two maneuvers s imula t e  t h e  load r e l i e f  and 
double a c t u a t o r  f a i l u r e  problems of t h e  f i rs t  s t a g e ,  

The first maneuver is diagrammed i n  f i g u r e  11 and i s  c a l l e d  a "s tep."  
I t  r e s u l t s  i n  an average maximum a t t i t u d e  r a t e  near  0 .04  r ad / sec ,  which i s  
t y p i c a l  of a double a c t u a t o r  f a i l u r e .  The p i l o t  changes a t t i t u d e  e r r o r  from 
0" t o  3" as smoothly and quick ly  as p o s s i b l e  without  excess ive  overshoot .  The 
e r r o r  i s  he ld  f o r  15 seconds,  then  t h e  v e h i c l e  i s  r o t a t e d  i n  the  oppos i te  
d i r e c t i o n .  

The o t h e r  maneuver i s  t h e  "rampff shown i n  f i g u r e  1 2  which r e s u l t s  i n  a 
maximum ra te  o f  0.01 rad /sec  and s imula tes  a load r e l i e f  problem. The 

I b ? ? ?30" a, , , , , , -30 5 I O  15 20 25 
0 5 IO 15 20 25 30 t 
TIME FROM START OF MANEUVER. sec TIME FROM START OF MANEUVER, sec 

Figure 11.- Maneuver t h a t  s i m u l a t e s  double  a c t u a t o r  Figure 1 2 . - Maneuver t h a t  s i m u l a t e s  load r e l i e f .  
f a i l u r e .  

1 2  
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maneuver i s  s t a r t e d  with a 5-second bui ldup  t o  1 . 5 O  o f  a t t i t u d e  e r r o r .  The 
e r r o r  i s  he ld  f o r  5 seconds, t hen  t h e  ramp d i r e c t i o n  i s  reversed u n t i l  1.5O 
of a t t i t u d e  e r r o r  of t h e  oppos i te  s i g n  i s  achieved. Five-second i n t e r v a l s  
were chosen because t h e s e  are increments t h a t  t h e  p i l o t  can e a s i l y  monitor on 
a round c lock .  

The p i l o t  used t h e  a t t i t u d e  e r r o r  s i g n a l s  d i sp layed  on t h e  F l i g h t  
Di rec tor  A t t i t ude  Ind ica to r  c ros s  needles  t o  perform coordinated p i t c h  and yaw 
maneuvers. The maneuvers were i n i t i a t e d  wi th  c o n t r o l l e r  commands which caused 
t h e  veh ic l e  t o  p i t c h  down and t o  yaw t o  t h e  r i g h t .  The p i l o t  views t h i s  
motion as p i t c h  needle  motion upward and yaw needle  motion t o  t h e  l e f t .  In  
terms of  instrument i n d i c a t i o n s ,  t h e  i n t e r s e c t i o n  of t h e  needles  moved along 
a 45' l i n e  marked on t h e  face of  t h e  F l i g h t  D i r e c t o r  A t t i t ude  I n d i c a t o r  as t h e  
maneuvers were performed. 

The two maneuvers were run i n  sequence; t h e  s t e p  was i n i t i a t e d  a t  
3 minutes a f t e r  l i f t - o f f  (approximately 30 sec i n t o  second-stage f l i g h t )  and 
t h e  ramp was i n i t i a t e d  a t  4 minutes i n t o  t h e  f l i g h t .  The p i l o t s  r a t e d  t h e  
maneuvers s e p a r a t e l y .  

Control a u t h o r i t y  f o r  t h e  p i t c h  and yaw axes was evaluated f o r  two s e t s  
of feedback ga ins :  nominal (ao = 0.56,  al = 0 . 9 )  and reduced (ao = 0,  
a1 = 0 . 3 ) .  The d a t a  from t h e  eva lua t ion  are shown i n  f i g u r e  13.  Control  
a u t h o r i t y  i s  p re fe rab ly  a cons tan t  t h a t  does not  in f luence  p i l o t  r a t i n g  as 
a t t i t u d e  and a t t i t u d e  r a t e  feedback ga ins  a r e  va r i ed .  But, it i s  c l e a r  from 
f i g u r e  13 t h a t  no s i n g l e  cons tan t  w i l l  be  e n t i r e l y  adequate f o r  a l l  o f  t h e  
range o f  con t ro l  a u t h o r i t y  i n v e s t i g a t e d .  The choice of  a con t ro l  a u t h o r i t y  
of 0 .07  radian was acceptab le  f o r  most of t h e  feedback ga in  s e t t i n g s  and was 
the re fo re  used f o r  t h e  handl ing q u a l i t i e s  s tudy .  

Rol l  con t ro l  f o r  t h e  S-IVB s t a g e  i s  maintained with on-off r e a c t i o n  j e t s  
t h a t  a r e  a c t i v a t e d  whenever t h e  input  command exceeds a p r e s e t  va lue .  A s  long 
as t h e  p i l o t  can genera te  a r o t a t i o n a l  c o n t r o l l e r  s i g n a l  exceeding t h e  p r e s e t  
value,  i t  does not  ma t t e r  what con t ro l  a u t h o r i t y  i s  used .  To avoid switching 
con t ro l  a u t h o r i t y  a t  f i r s t - s t a g e  sepa ra t ion ,  a s i n g l e  s e t t i n g  (0.125 r ad ian )  
was s e l e c t e d  f o r  both s t a g e s .  

The c h a r a c t e r i s t i c  equat ion roo t s  
and con t ro l  system are shown i n  f i g u r e  
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Figure 13.- Pilot rating of control authority 
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f o r  t h e  S - I V B  s t a g e  veh ic l e  dynamics 
14. The t h r e e  sets  of r o o t s  a r e  f o r  
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t h e  r i g i d  body dynamics, t h e  l i q u i d  oxygen s l o s h  mode, and t h e  a t t i t u d e  e r r o r  
compensation f i l t e r .  Other r o o t s  such as ra te  networks, a c t u a t o r  dynamics and 
body bending modes a r e  a l l  a t  s u f f i c i e n t l y  high f requencies  t h a t  they  are not  
s i g n i f i c a n t  f o r  t h e  eva lua t ion  of  v e h i c l e  handl ing q u a l i t i e s .  The two sets 
of roo t  l oca t ions  shown i n  f i g u r e  14 i n d i c a t e  t h e  dynamics 50 and 220 seconds 
after i n i t i a t i o n  o f  second-stage t h r u s t .  During a pre l iminary  assessment,  t h e  
p i l o t s  performed r e p r e s e n t a t i v e  maneuvers dur ing  two time segments of f l i g h t .  
The p i l o t s  could e a s i l y  accomplish t h e  maneuvers when they  were performed 
e a r l y  i n  t h e  second-stage f l i g h t .  The dynamics i n  t h i s  t ime segment of f l i g h t  
are represented  by t h e  r o o t s  l abe led  S O  seconds i n  f i g u r e  14. The p i l o t ' s  
performance f o r  t h e  maneuvers done dur ing  t h e  t i m e  segment beyond 200 seconds 
was poor. This  poor performance is  r e l a t e d  t o  t h e  g a i n  reduct ion  t h a t  t a k e s  
p l a c e  a t  200 seconds and can be  a t t r i b u t e d  t o  two f a c t o r s .  As shown by t h e  
roo t s  l abe led  220 seconds i n  f i g u r e  14, t h e  damping of t h e  r i g i d  body i s  low. 
Simulator  runs c a r r i e d  out  f o r  t h i s  reg ion  of  f l i g h t  i n d i c a t e  t h a t ,  i n  addi
t i o n  t o  t h e  low r i g i d  body damping, t h e  s l o s h  mode was ev ident  and 
objec t ionable  t o  t h e  p i l o t .  

Representat ive maneuvers should be made e a r l y  i n  t h e  second-stage f l i g h t  
because of  t h r e e  f a c t o r s .  F i r s t ,  t h e  v e h i c l e  c o n t r o l  system dynamics a r e  such 
t h a t  t h e  maneuvers are most e a s i l y  accomplished p r i o r  t o  t h e  gain reduct ion  
which occurs a t  200 seconds.  Second, t h e  i t e r a t i v e  guidance system used dur
i n g  t h e  S-IVB s t a g e  burn has  ample t ime t o  e l i m i n a t e  t r a j e c t o r y  e r r o r s  t h a t  
might have been introduced by t h e  maneuvers. Thi rd ,  t h e  dynamics of  t h e  vehi
cle can be a l t e r e d  over wide ranges by vary ing  a. and a1 from t h e  values  
p r e s e n t l y  designed i n t o  t h e  S-IVB c o n t r o l  system. Thus, i t  i s  p o s s i b l e  t o  
s imula te  t h e  dynamics a t  t imes i n  excess  of  200 seconds by reducing t h e  feed
back gains  and doing maneuvers e a r l i e r  i n  f l i g h t .  

The upper s t a g e  handl ing q u a l i t i e s  p l o t s  a r e  shown i n  figure 15. Equal 
r a t i n g s  were usua l ly  recorded f o r  s t e p  and ramp maneuvers; t h e r e f o r e ,  only 
one s e t  of curves  i s  presented .  Superimposed on t h e  handl ing q u a l i t i e s  curves 
are p r o f i l e s  of r i g i d  body frequency and damping. These p r o f i l e s  were d e t e r 
mined from t h e  c h a r a c t e r i s t i c  equat ion eva lua ted  a t  50 seconds i n t o  t h e  S-IVB 
s t a g e  f l i g h t .  The Sa turn  I c o n t r o l  system feedback ga ins  a r e  ind ica t ed  f o r  
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50 and 220 seconds i n t o  t h e  second-
s t a g e  burn by t h e  square and c i r c l e  
d a t a  symbols, r e s p e c t i v e l y .  

The a, - a1 p lane  conta ins  
t h r e e  reg ions  of i n t e r e s t .  The f irst  
reg ion  i s  bounded on t h e  l e f t  by t h e  
PR = 4 curve,  on t h e  r i g h t  by t h e  
PR = 3 curve,  and on t h e  bottom by t h e  
a1 a x i s .  Here t h e  p i l o t  had no d i f 
f i c u l t y  i n  f l y i n g  t h e  maneuvers. 
Damping and c o n t r o l  a u t h o r i t y  were 
acceptab le ;  t h e  s l o s h  mode was 
unobservable on t h e  cockpi t  d i sp l ays .  
The second reg ion  of i n t e r e s t  l i e s  t o  
t h e  l e f t  o f  t h e  PR = 4 l i n e  where t h e  
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damping i s  poor.  The p i l o t  no t iced  t h e  s l o s h  mode and considered it objec
t i o n a b l e  i n  t h i s  reg ion .  The last  region l i e s  below t h e  a l  a x i s .  The 
dynamics i n  t h i s  p a r t  of t h e  p lane  are dominated by a s i n g l e  d ivergent  root  
and are r e p r e s e n t a t i v e  of a s t a t i c a l l y  uns t ab le  v e h i c l e .  Small nega t ive  
values of  a, pose no problem t o  t h e  p i l o t .  

GUIDANCE STUDIES 

Techniques f o r  manually guid ing  t h e  upper s t ages  o f  Sa turn  V i n t o  an 
e a r t h  o r b i t  were developed dur ing  t h e  s t u d i e s  conducted e a r l i e r  ( r e f .  2 ) .
Some of t h e s e  techniques were adopted f o r  t h e  Saturn I f l i g h t  experiment 
s tudy .  The purpose of  t h e  p re sen t  s tudy was t h e r e f o r e  more t o  s e l e c t  s u i t a b l e  
guidance d i s p l a y  type  and s c a l i n g  r a t h e r  than t o  develop guidance techniques .  

The d i s p l a y s  chosen f o r  t h e  guidance s t u d i e s  u t i l i z e  t h e  c ros s  needles  
which are p a r t  of t h e  F l i g h t  D i rec to r  A t t i t ude  Ind ica to r s  i n  t h e  Apollo com
mand module. The v a r i a b l e s  used for t h e  s tudy were t h e  a l t i t u d e  e r r o r  and t h e  
a l t i t u d e  rate e r r o r ,  which r ep resen t  t h e  d i f f e r e n c e  between t h e  a c t u a l  f l i g h t  
path and t h e  nominal p i t c h  program. Two d i s p l a y  formats were i n v e s t i g a t e d .
For t h e  f irst  of t h e s e ,  a s i g n a l  which was a l i n e a r  combination of  a l t i t u d e  
e r r o r  and a l t i t u d e  ra te  e r r o r  (a2Ah + asah) was used t o  d r i v e  t h e  ho r i zon ta l  
needle  of t h e  F l i g h t  D i rec to r  A t t i t ude  I n d i c a t o r .  The v e r t i c a l  needle  was 
i n a c t i v e .  The p i l o t ' s  ob jec t ive  was t o  n u l l  t h e  e r r o r  s i g n a l .  The second 
d i sp lay ,  c a l l e d  a vec to r  d i sp l ay ,  cons i s t ed  of a l t i t u d e  e r r o r  (Ah) r e g i s t e r e d  
on t h e  v e r t i c a l  needle  and t h e  a l t i t u d e  r a t e  e r r o r  (Ah) r e g i s t e r e d  on t h e  h o r i 
zontal  needle .  To n u l l  an e r r o r  u s ing  t h e  second format ,  t h e  p i l o t  f i r s t  con
t r o l l e d  t h e  v e h i c l e  s o  t h a t  t h e  needles  i n t e r s e c t e d  under a diagonal  l i n e  
marked on t h e  face o f  t h e  F l i g h t  D i rec to r  A t t i t ude  I n d i c a t o r .  Pos i t i on ing  t h e  
needles  on t h e  diagonal  was tantamount t o  s e l e c t i n g  a r a t i o  between Ah and 
Ah, t h a t  is ,  e s t a b l i s h i n g  a con t ro l  l a w  c o n s i s t i n g  of  a l i n e a r  combination of 
a l t i t u d e  e r r o r  and a l t i t u d e  e r r o r  r a t e  feedback. Succeeding con t ro l  a c t i o n  
caused t h e  v e h i c l e  r e fe rence  t o  move t o  t h e  needle  i n t e r s e c t i o n  along t h e  
diagonal  l i n e  t o  n u l l  t h e  t r a j e c t o r y  e r r o r .  

During a f l i g h t  experiment,  t h e  primary guidance would be  provided by 
a nominal g rav i ty - tu rn  p i t c h  program dur ing  t h e  f i r s t - s t a g e  burn and by t h e  
i t e r a t i v e  guidance system dur ing  t h e  second-stage burn.  Three c o n s t r a i n t s  
inf luenced t h e  s tudy .  F i r s t ,  a f l i g h t  experiment must no t  i n t e r f e r e  with t h e  
second-stage i t e r a t i v e  guidance system. Second, dur ing  t h e  high q po r t ion  
of t h e  f i r s t - s t a g e  f l i g h t ,  t h e  veh ic l e  must no t  f l y  a t  angles  of  a t tack  t h a t  
would compromise t h e  s t r u c t u r e .  Third,  t h e  a t t i t u d e  rates about a l l  t h r e e  
axes must be nu l l ed  p r i o r  t o  s t a g i n g  which occurs  a t  145 seconds.  These t h r e e  
c o n s t r a i n t s  r e s u l t e d  i n  a dec i s ion  t o  s t a r t  a guidance experiment a t  100 
seconds i n t o  t h e  f l i g h t  and te rmina te  it a t  140 seconds.  

A s tandard  procedure was used f o r  t he  s t u d i e s .  The manual con t ro l  system 
used f o r  t h e  s tudy was desc r ibed  e a r l i e r  by equat ion ( 2 ) .  I t  w i l l  be  r e c a l l e d  
t h a t  t h e  a t t i t u d e  e r r o r  and a t t i t u d e  r a t e  feedback pa ths  were r e t a i n e d  bu t  t h e  
accelerometer  feedback was omit ted.  For t h e  guidance s t u d i e s ,  a maximum wind 
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p r o f i l e  was in t roduced  as a d is turbance  func t ion .  During t h e  s imulated 
f l i g h t s ,  t h e  p i l o t  took no c o r r e c t i v e  a c t i o n  u n t i l  100 seconds.  This  caused 
t h e  veh ic l e  t o  d e v i a t e  from t h e  nominal t r a j e c t o r y  so t h a t  at  90 seconds t h e  
a l t i t u d e  e r r o r  was 500 m and t h e  a l t i t u d e  ra te  e r r o r  was 20 m/sec. For t h e  
first 90 seconds o f  t h e  f l i g h t ,  t h e  F l i g h t  D i rec to r  A t t i t ude  I n d i c a t o r  c ros s  
needles  ind ica t ed  normal a c c e l e r a t i o n  t o  provide t h e  p i l o t  with a measure o f  
s t r u c t u r a l  loading.  A t  90 seconds,  t h e  i n p u t s  t o  t h e  needles  were changed 
from normal a c c e l e r a t i o n  t o  guidance e r r o r s .  The 10 seconds from 90 t o  100 
seconds were used by t h e  p i l o t  t o  assimilate t h e  guidance d i sp lay  information 
p r i o r  t o  t ak ing  over  t h e  guidance func t ion .  A t  100 seconds,  t h e  p i l o t  i n i 
t i a t e d  c o n t r o l l e r  commands t o  reduce f i r s t - s t a g e  burnout e r r o r s  s u b j e c t  t o  
t h e  c o n s t r a i n t  t h a t  a t t i t u d e  r a t e s  about a l l  t h r e e  axes were t o  be nu l l ed  a t  
inboard engine c u t o f f .  

The eva lua t ion  procedure used by t h e  p i l o t s  was t h e  same as t h a t  used f o r  
t h e  handl ing q u a l i t i e s  s t u d i e s ;  t h a t  is, t h e  p i l o t  p r a c t i c e d  runs u n t i l  s a t i s 
f i e d  with h i s  p ro f i c i ency .  Then, he flew t h r e e  s imulated runs f o r  t h e  record .  
Data recorded cons i s t ed  of a l t i t u d e  and a l t i t u d e  r a t e  e r r o r s  measured a t  
140 seconds and t h e  p i l o t  r a t i n g .  

Data from t h e  guidance d i s p l a y  eva lua t ion  are shown i n  f i g u r e s  16 and 
17. During t h e  s t u d i e s ,  t h e  a l t i t u d e  e r r o r s  were presented  s o  t h a t  1 inch  of 
needle  d e f l e c t i o n  corresponded t o  2000 m .  A l t i t u d e  r a t e  e r r o r s  were presented  
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with t h r e e  d i f f e r e n t  l e v e l s  of s c a l i n g ;  200, 100, and 50 m/sec/in.  of needle  
d e f l e c t i o n .  In  f i g u r e s  16 and 17, t h e  t h r e e  l e v e l s  of s c a l i n g  a r e  shown i n  
terms of  r a t i o s  i d e n t i f i e d  i n  t h e  fol lowing t a b l e .  

A l t i t u d e  e r r o r ,  A l t i t ude  r a t e  e r r o r ,  
Rat io  m/in. m/sec/ in .  

10: 1 2000 200 

20: 1 2000 100 

40: 1 2000 50 

There was l i t t l e  v a r i a t i o n  i n  the  p i l o t  r a t i n g  d a t a  f o r  e i t h e r  d i sp l ay .  
Figure 16 i n d i c a t e s  t h a t ,  f o r  t h e  f irst  d i sp lay ,  t h e  l i n e a r  combination of  
a l t i t u d e  e r r o r  and a l t i t u d e  r a t e  e r r o r ,  t h e  p i l o t s  considered a l l  t h r e e  r a t i o s  
t o  be equa l ly  e f f e c t i v e .  The d a t a  f o r  t h e  second d i s p l a y  shown i n  f i g u r e  17 
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i n d i c a t e  t h a t  r a t i o s  of  20:  1 
between t h e  two systems were 
l a t e r  dur ing  t h e  r e l i a b i l i t y  

and 40:l were favored over 1 O : l .  No preferences  
noted du r ing  t h e  guidance s t u d i e s .  However, 
assessment,  which w i l l  be  d iscussed  i n  t h e  next  

s e c t i o n ,  one o f  t h e  p i l o t s  commented t h a t  t h e  v e c t o r  d i sp l ay  was sometimes 
confusing. I t  d id  no t  seem n a t u r a l  t o  him t o  have an a l t i t u d e  i n d i c a t i o n  d i s 
played on a v e r t i c a l  needle .  There was l i t t l e  v a r i a t i o n  i n  t h e  end-point d i s 
pers ion  d a t a  f o r  e i t h e r  d i s p l a y .  The average t r a j e c t o r y  e r r o r  a t  inboard 
engine cutoff was 100 m and 7 m/sec. This compares t o  800 m and 6 m/sec i f  
t h e  p i l o t  made no guidance co r rec t ion .  

R E L I A B I L I T Y  EVALUATION 
F 


The purpose of  t h e  r e l i a b i l i t y  eva lua t ion  was t o  show t h a t  mission re l i 
0 	 a b i l i t y  w i l l  no t  be impaired by t h e  f l i g h t  experiment modi f ica t ions  and pro

cedures .  Since an ex tens ive  a n a l y s i s  had a l r eady  been completed f o r  t h e  
Saturn V ( r e f .  3 ) ,  only an abbrevia ted  r e l i a b i l i t y  a n a l y s i s  of  t h e  Sa turn  I 
was necessary t o  account f o r  t h e  d i f f e r e n c e s  between t h e  two v e h i c l e s .  The 
eva lua t ion  procedure given i n  r e fe rence  3 was adopted f o r  t h e  Sa turn  I s tudy .  
Br i e f ly ,  t h i s  procedure i s :  

1. Define t h e  system. 

2 .  Define major f a i l u r e  modes. 

3 .  Simulate system and f a i l u r e  modes. 

4. Define p i l o t  procedures .  

5 .  Conduct s imula t ion  wi th  random f a i l u r e s .  

6 .  Calcu la te  p r o b a b i l i t y  of mission f a i l u r e s .  

The r e l i a b i l i t y  s tudy  i s  discussed i n  t h e  o rde r  l i s t e d  above. 

The r e l i a b i l i t y  a n a l y s i s  was conducted f o r  only t h e  f i rs t  s t a g e .  The 
reasons f o r  l i m i t i n g  t h e  s tudy  t o  t h e  f i r s t  s t a g e  are summarized below. 

c 1. S t r u c t u r a l  loading a s soc ia t ed  with f i r s t - s t a g e  f l i g h t  i s  a major 
concern i n  t h e  des ign  of t h e  Saturn I con t ro l  system. 

b 2.  The peak dynamic p res su re  and t h e  wind d is turbances  occur dur ing  t h e  
f i r s t - s t a g e  burn.  

3 .  The f o u r  gimbaled and c o n t r o l l a b l e  engines on t h e  S-IB s t a g e  make i t  
poss ib l e  t o  compensate f o r  most f a i l u r e s  a s soc ia t ed  wi th  a s i n g l e  engine.  

4. The r e s u l t s  of  t h e  f i r s t  -stage r e l i a b i l i t y  s tudy involv ing  f a i l u r e s  
such as sensors  o r  instruments  are assumed t o  be app l i cab le  t o  t h e  upper 
s t a g e .  
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For t h e  r e l i a b i l i t y  a n a l y s i s ,  t h e  con t ro l  system feedback ga ins  were 
se t  t o  a, = 0.2, al = 1.65, and g2 = 0 .  This  ga in  conf igura t ion  r ep resen t s  
t h e  minimum boos ter  augmentation t h a t  would be proposed f o r  a f l i g h t  
expe riment . 

F a i l u r e  Modes 

An assessment was made of t h e  launch veh ic l e  f a i l u r e  modes (as  opposed 
t o  component f a i l u r e s )  t h a t  could occur  t o  i n t e r f e r e  wi th  t h e  c o n t r o l l a b i l i t y  
of  t h e  Saturn I .  The most c r i t i c a l  o f  t h e  f a i l u r e s  and t h e  corresponding 
p r o b a b i l i t i e s  of occurrence are l i s t e d  i n  t a b l e  11. Four o f  t h e  f a i l u r e  modes 
l i s t e d  were excluded from t h e  s imula t ion  s t u d i e s .  Three o f  t h e s e  (i tems 
14-16) were omit ted because t h e  p r o b a b i l i t y  of  occurrence i s  n e g l i g i b l y  small. 
The remaining f a i l u r e ,  t h a t  i s ,  one a c t u a t o r  n u l l ,  was dropped because i t  
rep resen t s  a less seve re  problem t o  t h e  p i l o t  than  t h e  f u l l y  de f l ec t ed  
a c t u a t o r  considered.  

Types of f a i l u r e s  were combined with t h e  fo l lowing  f l i g h t  condi t ions  t o  
produce a t e s t  series of 82 s imulated f l i g h t s .  The f i r s t - s t a g e  f l i g h t  was 
d iv ided  i n t o  t h r e e  t i m e  segments: be fo re ,  dur ing ,  and a f t e r  high q .  Two 
wind condi t ions ,  t h e  9S- and 50-percent p r o f i l e s ,  and t h e  two wind d i r e c t i o n s ,  
northwest and southwest,  were considered.  A s i n g l e  a c t u a t o r  could f a i l  toward 
o r  away from t h e  wind. A t h r u s t  o r  double a c t u a t o r  f a i l u r e  could occur t o  
t u r n  t h e  launch v e h i c l e  i n t o ,  ou t  o f ,  o r  perpendicular  t o  t h e  wind. There was 
no d i r e c t i o n  a s soc ia t ed  with t h e  o t h e r  f a i l u r e  modes ( e .g . ,  a r a t e  gyro f a i l 
u r e ) .  An ind iv idua l  s i t u a t i o n  cons i s t ed  of a combination o f  t h e  region of  
f l i g h t  when t h e  f a i l u r e  occurred,  t h e  type  of  f a i l u r e ,  and t h e  d i r e c t i o n  o f  
f a i l u r e  r e l a t i v e  t o  t h e  wind i f  more than  one d i r e c t i o n  was p o s s i b l e .  A l l  
s i t u a t i o n s  were encountered a t  l e a s t  once dur ing  t h e  s imula t ion  s e r i e s .  Ex t r a  
s i t u a t i o n s  were included f o r  t hose  f a i l u r e s  which have a high p r o b a b i l i t y  of  
occurrence.  The number of  s imulated f l i g h t s  f o r  each type  of  f a i l u r e  i s  
l i s t e d  i n  t h e  last  column o f  t a b l e  11. 

During t h e  Sa turn  V s imula t ion  s t u d i e s  ( r e f .  3 ) ,  inst rument  d i sp l ay  
f a i l u r e s  caused no mission f a i l u r e s .  To v e r i f y  t h i s  conclusion f o r  t h e  
Saturn I ,  a l i m i t e d  number of instrument and accelerometer  f a i l u r e s  were 
introduced - i tems 8 through 13  i n  t a b l e  11. 

P i l o t  Procedures 

In  t h e  event  o f  a system f a i l u r e ,  t h e  p i l o t  f i r s t  i d e n t i f i e d  t h e  problem. 
He then used t h e  r o t a t i o n a l  hand c o n t r o l l e r  t o  main ta in  t h e  v e h i c l e  a t  o r  
near  nominal va lues .  D i f f e ren t  con t ro l  techniques were needed f o r  t h e  
var ious  ca t egor i e s  of f a i l u r e s .  For hardware malfunct ions i n  t h e  launch 
veh ic l e  con t ro l  system ( l o s s  of i n e r t i a l  a t t i t u d e ,  a t t i t u d e  r a t e ,  a t t i t u d e  
e r r o r  angle  feedback, e t c . ) ,  t h e  p i l o t  used information from sensors  loca ted  
i n  t h e  spacecraf t  t o  s t a b i l i z e  and con t ro l  t he  v e h i c l e  a t t i t u d e .  F o r  example, 
a launch veh ic l e  a t t i t u d e  r a t e  loop malfunction ( f a i l u r e  6 i n  t a b l e  11) caused 
t h e  veh ic l e  motions t o  become dynamically u n s t a b l e .  The p i l o t  compensated 
f o r  t h i s  f a i l u r e  by us ing  t h e  d isp layed  ra te  information,  which i s  sensed by 
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gyros loca ted  i n  t h e  Apollo command module, t o  s t a b i l i z e  t h e  v e h i c l e  motions.  
In t h e  case o f  an engine a c t u a t o r  f a i l u r e  o r  l o s s  of t h r u s t ,  asymmetrical 
r o t a t i o n a l  moments were developed on t h e  veh ic l e .  To c o r r e c t  t h e s e  s i t u a t i o n s ,  
t h e  p i l o t  ac t ed  as an i n t e g r a t i o n  type  element t o  i n j e c t  trimming o r  b i a s  
commands which nu l l ed  t h e  r o t a t i o n a l  moments caused by t h e  f a i l u r e .  In  t h e  
case of  a s i n g l e  d i s p l a y  f a i l u r e ,  t h e  instrument i n d i c a t i o n s  i n  t h e  command 
module were s u f f i c i e n t l y  redundant t h a t ,  by cross-checking, 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 .  He could cont inue t o  f l y  t h e  veh ic l e  
u s ing  t h e  remaining v a l i d  i n d i c a t i o n s .  

On a l l  f l i g h t s  i n  t h e  series,  t h e  p i l o t  used t h e  normal acce le ra t ion  
I ?  i n d i c a t i o n s  up t o  90 seconds t o  reduce t h e  v e h i c l e  s t r u c t u r a l  loading.  A t  

90 seconds, t h e  F l i g h t  D i r e c t o r  A t t i t ude  I n d i c a t o r  c ros s  needles  were switched 
t o  i n d i c a t e  a l t i t u d e  e r r o r  and a l t i t u d e  r a t e  e r r o r .  The p i l o t  used t h e s e  

It 
guidance e r r o r  i n d i c a t i o n s  t o  reduce m i s s  d i s t ances  a t  f i r s t - s t a g e  burnout .  

Simulation Procedure 

To compare manual and Saturn I f u l l y  automatic  con t ro l  system performance 
during f a i l u r e ,  t h r e e  s e t s  of  runs ,  each c o n s i s t i n g  of t h e  82 s i t u a t i o n s ,  were 
conducted. Two of  t h e s e  were with p i l o t s  f l y i n g  t h e  s imulated launch veh ic l e  
us ing  a manual c o n t r o l  system, t h e  t h i r d  se t  was done wi th  t h e  Saturn I 
automatic con t ro l  system. 

The p i l o t s  were exposed t o  f a i l u r e  s i t u a t i o n s  i n  a randomly ordered 
sequence. Before each s imulated f l i g h t ,  t h e  p i l o t  was b r i e f e d  on wind d i r e c 
t i o n  and magnitude. (This wind information i s  a v a i l a b l e  t o  t h e  a s t ronau t s  
p r i o r  t o  an a c t u a l  f l i g h t . )  

For a l l  s i t u a t i o n s  except  an engine ou t ,  t h e  c r i t e r i o n  f o r  a success fu l  
mission i s  t h a t  t h e  maximum normalized bending moment experienced during 
f l i g h t  must no t  exceed u n i t y .  This normalized bending moment i s  expressed as 
t h e  r a t i o  of t h e  maximum bending moment dur ing  t h e  f l i g h t  t o  t h e  breakup bend
ing  moment. So long as breakup d i d  not  occur ,  t h e  v e h i c l e  was flown as nea r  
t o  t h e  f i r s t - s t a g e  burnout a i m  po in t  as t h e  p i l o t  could manage. P i l o t  r a t i n g ,  
maximum bending moment, maximum a t t i t u d e  r a t e ,  and t h e  burnout miss d i s t a n c e  
from t h e  nominal t r a j e c t o r y  were a l l  used t o  judge how wel l  t h e  mission could 

I 	 be flown. The c r i t e r i o n  f o r  a successfu l  engine-out f l i g h t  was d i f f e r e n t .  In 
t h i s  case,  t h e  mission was considered successfu l  i f  t h e  launch veh ic l e  could 
be flown through high q without  breaking up. Unless t h e  engine f a i l u r e  

t 	 occurred very l a t e  i n  f l i g h t ,  i t  would not  be p o s s i b l e  t o  s t a y  nea r  t h e  
nominal t r a j  ec to ry  . 

Resul t s  of  t h e  R e l i a b i l i t y  Evaluat ion 

The r e s u l t s  o f  t h e  r e l i a b i l i t y  a n a l y s i s  phase of  t h e  s imula t ion  s t u d i e s  
a r e  presented  i n  t h r e e  p a r t s :  t h e  manual and Saturn I c o n t r o l  system perform
ance f o r  each f a i l u r e ;  t h e  impact of  t h i s  performance on mission r e l i a b i l i t y ;  
and t h e  eva lua t ion  o f  t r a j e c t o r y  d i spe r s ions .  
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Manual and _ _ ~ .  __- _.-~ -Saturn  .I c o n t r o l ..= system- performance.- Figure 18 shows t h e  
- ~ .  

maximum a t t i t u d e  rate,  p i l o t  r a t i n g ,  and maximum normalized bending moment 
f o r  each type of f a i l u r e  l i s t e d  i n  t a b l e  11. The maximum and average values  
o f  each parameter a r e  shown f o r  t h e  Saturn I con t ro l  system and f o r  both 
p i l o t s .  The f irst  t h r e e  columns show behavior  i n  t h e  presence of t h e  95 pe r 
cent  wind; t h e  las t  t h r e e  columns are f o r  t h e  50 percent  wind. 

LAUMCH VEHICLE BREAKUP 

WlHO 
95% sox 

Y A X l Y U Y  

PILOT B 1 
PILOT A I 

LAUNCH VEHICLE BREAKUP 

I 2 3 4 5 6 1 9 10-12 
ONE LOSS OF T W O  LOSS OF ONE LOSS OF LOSS Of ACCELER- ACCELER- INSTRUYEHI  

ACTUATOR THRUST ACTUATORS INERTIAL ACTUATOR A T T I I U O E  A T T I I U O E  OYETER O Y E I E R  FAILURE 
HARDOVER HARDOVER A T T I T U D E  OSCILLATORY R A l E  FEEDBACK SATURATE NULL 

FEEDBACK 

Figure 18.- Maximum pitch or yaw attitude rate, pilot rating, and maximum bending moment 

following various failures. 


The performance of t h e  Saturn I automatic f l i g h t  con t ro l  system i s  i n d i 
ca ted  i n  t h e  f i r s t  (95-percent wind) and fou r th  (50-percent wind) columns of 
f i g u r e  18 f o r  each f a i l u r e  type .  The maximum normalized bending moment 
exceeded u n i t y  (vehic le  breakup) dur ing  some of  t h e  l o s s  of a t t i t u d e  r a t e  
feedback and a l l  of t h e  acce lerometer -sa tura te  s i t u a t i o n s .  A t h i r d  c r i t i c a l  
f a i l u r e  was two a c t u a t o r s  hardover f o r  which t h e  bending moment reached 
0.95 f o r  one s i t u a t i o n .  

The p i l o t ’ s  performance i s  shown i n  t h e  second and t h i r d  columns 
(95-percent wind) and t h e  f i f t h  and s i x t h  columns (SO-percent wind) o f  t h e  
f i g u r e  f o r  each f a i l u r e  s i t u a t i o n .  None of t h e  manually con t ro l l ed  missions 
were terminated by launch veh ic l e  breakup. The p i l o t s  considered t h e  two 
ac tua to r s  hardover and loss  o f  a t t i t u d e  r a t e  feedback t o  be t h e  most d i f f i c u l t  
t o  f l y .  Their  maximum r a t i n g ,  6-1/2,  was given f o r  t h e  double-actuator  f a i l 
u re .  Loss-of-at t i tude-rate-feedback f a i l u r e s  were considered uniformly hard 
t o  f l y ;  maximum p i l o t  r a t i n g  was 6 and t h e  average was 5-1/2. The o t h e r  
f a i l u r e s  were not  troublesome. 
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Cer ta in  of  t h e  r e l i a b i l i t y  r e s u l t s  from f i g u r e  18 are r e l a t e d  t o  t h e  
handling q u a l i t y  s t u d i e s  descr ibed  e a r l i e r .  Recal l  t h a t  t h e  r e p r e s e n t a t i v e  
problem used f o r  t h e  e a r l i e r  eva lua t ion  included a double-ac tua tor  f a i l u r e .  
The average p i l o t  r a t i n g  f o r  t h e  double a c t u a t o r  f a i l u r e s  ( f i g .  18) i s  5 .  
This  compares t o  a p i l o t  r a t i n g  of 4-1/2 i n  t h e  f i r s t - s t a g e  handl ing q u a l i t i e s  
s tudy .  For t h e  handl ing  q u a l i t i e s  s tudy,  t h e  p i l o t s  knew what t h e  f a i l u r e  was 
and when it would occur .  But, f o r  t h e  r e l i a b i l i t y  a n a l y s i s ,  t h e r e  was an 
add i t iona l  element of  s u r p r i s e ;  t h e  p i l o t  d i d  no t  know ahead of t i m e  when t h e  
f a i l u r e  would occur  o r  what it would be.  I t  i s  ev ident  t h a t  t h e  element of  
s u r p r i s e  is not  c r i t i ca l  s i n c e  t h e  r e s u l t s  of t h e  two s tudy  phases are i n  good 
agreement. 

The n o n c r i t i c a l  ( instrument  and accelerometer)  f a i l u r e  f l i g h t s  a r e  r ep re 
s e n t a t i v e  of normal miss ions .  During t h e s e  f l i g h t s ,  t h e  only d is turbance  
appl ied t o  t h e  veh ic l e  w a s  t h e  wind p r o f i l e .  Average p i l o t  r a t i n g s  near 3 
were given f o r  t h e s e  f l i g h t s .  

Another observa t ion  r e l a t e s  t o  t h e  s t e p  maneuver used f o r  t h e  S-IVB s t a g e  
handl ing q u a l i t i e s  s t u d i e s .  In f i g u r e  18, t h e  average value o f  t h e  maximum 
a t t i t u d e  r a t e s  l i e s  j u s t  below 0 .4  rad /sec .  The s t e p  maneuver, which a l s o  
r e s u l t s  i n  rates nea r  0 .4  rad /sec ,  i s  t h e r e f o r e  considered t o  provide t h e  
p i l o t s  with a problem approximately as demanding as a double-ac tua tor  f a i l u r e .  

Mission r e l i a b i l i t y . - C r i t i c a l i t y  numbers c a l c u l a t e d  us ing  t h e  equat ions 
given--in appendix A on d a t a  reduct ion  procedures a r e  shown i n  t a b l e  111. A 
low p r o b a b i l i t y  of f a i l u r e  i s  a s soc ia t ed  with each of  t h e  types of  f a i l u r e  
f o r  which t h e  automatic  con t ro l  system could no t  complete t h e  mission.  There

f o r  af o r e ,  t h e  t o t a l  mission c r i t i c a l i t y  numbers were small - 1 4 ~ 1 0 - ~  
95-percent wind and 7 ~ 1 0 - ~f o r  a 50-percent wind. 

No f a i l u r e s  were recorded f o r  t h e  manual con t ro l  system; hence, t h e  t o t a l  
mission c r i t i c a l i t y  number i s  zero .  

The d a t a  presented  i n  f i g u r e  18 show t h a t  t h e  p i l o t s  were always a b l e  t o  
prevent aborted missions due t o  excess ive  s t r u c t u r a l  loading .  This i s  a 
b e t t e r  record of performance than was obtained f o r  t h e  Saturn V r e l i a b i l i t y  
s tudy ( r e f .  3 )  where some s i t u a t i o n s  r e s u l t e d  i n  launch veh ic l e  breakup. The 
supe r io r  Saturn I record  i s  a t t r i b u t a b l e  t o  a t  least  two f a c t o r s :  s t r u c t u r a l  
s t r e n g t h  of t h e  Sa turn  I v e h i c l e  and l e v e l  of  p i l o t  t r a i n i n g .  Because of  t h e  
sample s i z e s  of 82 cases ,  t h e r e  may be s i t u a t i o n s  o t h e r  than  those  covered 
i n  t h e  s tudy t h a t  t h e  p i l o t s  w i l l  be unable t o  f l y .  On t h e  o t h e r  hand, t h e  
Saturn I is  s h o r t e r ,  s t r o n g e r ,  and t h e r e f o r e  e a s i e r  t o  f l y  than  t h e  Sa turn  V .  
Because t h e  p i l o t s  p a r t i c i p a t e d  ex tens ive ly  i n  t h e  Sa turn  V s tudy  and the re 
f o r e  had a backlog of experience,  they  had only a s h o r t  per iod  of t r a i n i n g  on 
Saturn I f a i l u r e s  ( e igh t  hours i n  add i t ion  t o  t h e  t i m e  devoted t o  t h e  handl ing 
q u a l i t i e s  s tudy) .  With more t r a i n i n g ,  t h e i r  a b i l i t y  t o  f l y  t h e  missions would 
c e r t a i n l y  improve. I t  i s  apparent t h a t  a Saturn I manual con t ro l  system can 
provide acceptab le  r e l i a b i l i t y  f o r  t h e  i n - f l i g h t  experiment.  

T ra j ec to ry  d i s p e r s i o n s . - Af t e r  high q,  t h e  p i l o t  was mainly concerned 
with reducing f i r s t - s t a g e  burnout d i s p e r s i o n s .  Any t r a j e c t o r y  e r r o r s  i n t r o 
duced i n  t h e  f l i g h t - p a t h  (p i t ch )  p lane  due t o  wind d is turbances  were n u l l e d  
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during the  f i n a l  40 seconds of f l i g h t  wi th  t h e  a i d  o f  t h e  guidance d i s p l a y s .  
Performance of t h e  automatic  con t ro l  system and of  each of  t h e  p i l o t s  i s  
shown i n  f i g u r e  19, where t h e  averages of t h e  magnitudes of  e r r o r s  i n  a l t i 
tude,  a l t i t u d e  r a t e ,  l a t e r a l  p o s i t i o n ,  and la te ra l  v e l o c i t y  a r e  p l o t t e d .  
Representat ive d i spe r s ions  are shown i n  t h e  f i g u r e  f o r  a l l  nonabort ,  s i n g l e -
a c t u a t o r ,  double-ac tua tor ,  and a l l  instrument  o r  accelerometer  f a i l u r e s .  
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Figure  19 . - Average d i s p e r s i o n  e r r o r s  a t  f i r s t  s t a g e  burnout  f o r  v a r i o u s  f a i l u r e s .  

The p i l o t ’ s  performance i s  notably b e t t e r  than  t h a t  of t h e  Sa turn  I 
con t ro l  system. This i s  understandable  f o r  t h e  p i t c h  p lane  cases  s i n c e  t h e  
Sa turn  I con t ro l  system nu l l ed  only a t t i t u d e  and a t t i t u d e  r a t e  e r r o r s ;  no 
feedback paths  e x i s t e d  i n  t h e  con t ro l  system f o r  n u l l i n g  t r a j e c t o r y  e r r o r s .  
On the  o the r  hand, t h e  p i l o t s  had a t t i t u d e ,  a t t i t u d e  r a t e ,  a l t i t u d e ,  and 4 

a l t i t u d e  r a t e  d i sp l ays  s o  they could manually provide a guidance feedback 
pa th .  Thei r  success  i n  c o n t r o l l i n g  t h e  a l t i t u d e  d i spe r s ions  i s  demonstrated 
i n  the  f i g u r e ,  . 

The p i l o t s  a l s o  performed we l l  i n  n u l l i n g  l a t e r a l  d i spe r s ions ,  e s p e c i a l l y  
f o r  engine a c t u a t o r  f a i l u r e s  where a l a rge  a t t i t u d e  torque b i a s  e x i s t s  on t h e  
veh ic l e .  By a c t i n g  as an i n t e g r a t i o n  type element (b i a s ing  t h e  p i l o t ’ s  hand 
c o n t r o l l e r )  the  p i l o t  was ab le  t o  maintain c lose  a t t i t u d e  c o n t r o l .  Even 
though la teral  d i spe r s ion  d a t a  were not  d i sp layed  t o  t h e  p i l o t ,  t h e  l a t e r a l  
d i spers ions  f o r  t he  p i l o t e d  f l i g h t s  were considerably s m a l l e r  than  f o r  t h e  
f l i g h t s  with automatic  c o n t r o l .  
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CONCLUSIONS 

The fol lowing conclusions were drawn from t h e  s imula t ion  s tudy  o f  t h e  
Saturn I manual c o n t r o l  system. 

1. The d i s p l a y  v a r i a b l e s  r equ i r ed  by t h e  p i l o t  are r e l a t e d  t o  t h e  m i s 
s ion  t a sk .  For t h e  load r e l i e f  t a s k  t h e  p i l o t  needs i n d i c a t i o n s  of  a t t i t u d e  
e r r o r  and s t r u c t u r a l  loading.  S t r u c t u r a l  loading information can be  i n  t h e  
form of  normal a c c e l e r a t i o n  measured a t  t h e  Instrument Unit  of t h e  Sa turn  I 
or it can be angle  of  a t t a c k  sensed a t  t h e  nose of  t h e  launch veh ic l e .  Vari
a b l e s  which are important for t h e  guidance experiments a r e  a l t i t u d e  e r r o r ,  
a l t i t u d e  ra te  e r ro r ,  and a t t i t u d e  e r r o r .  A t t i t ude  e r r o r ,  a t t i t u d e  ra te  e r r o r ,  
normal a c c e l e r a t i o n  (angle  of a t t a c k ) ,  a l t i t u d e  e r r o r ,  and a l t i t u d e  r a t e  e r r o r  
d i sp l ays  are a l l  needed i f  a f a i l u r e  occurs s i n c e  they  are a i d s  f o r  cont inuing  
t h e  f l i g h t  i f  con t inua t ion  i s  p o s s i b l e .  A t t i t u d e  r a t e  e r r o r  is  p r imar i ly  an 
i n d i c a t i o n  of impending c a t a s t r o p h i c  f a i l u r e  and i s  of secondary i n t e r e s t  f o r  
f l y i n g  t h e  launch vehic1.e. 

2 .  There i s  cons iderable  l a t i t u d e  i n  t h e  choice of  feedback gains  f o r  
t h e  manual con t ro l  system. The a c c e l e r a t i o n  feedback loop of  t h e  Sa turn  I 
con t ro l  system can be omit ted when t h e  v e h i c l e  i s  under manual c o n t r o l .  A t t i 
tude e r r o r  feedback ( a  ) can be s i g n i f i c a n t l y  reduced. A t t i t ude  r a t e  feedback 
( a l )  must be  maintaine8 a t  o r  nea r  t h e  MSFC design l e v e l .  So long as a t t i t u d e  
ra te  feedback compensation i s  provided,  t h e  p i l o t s  regard  t h e  handl ing 
qual ities as adequate.  

3. A t t i t ude  maneuvers can be  conducted i n  t h e  e a r l y  po r t ion  of  t h e  S-IVB 
s t a g e  f l i g h t  without  causing s i g n i f i c a n t  t r a j e c t o r y  p e r t u r b a t i o n s .  

4 .  The type of d i s p l a y  and t h e  s c a l i n g  over  t h e  range s tud ied  do not  
in f luence  t h e  p i l o t ' s  a b i l i t y  t o  complete t h e  guidance t a s k  provided t h e  d i s 
p l ay  i n d i c a t e s  a l t i t u d e  e r r o r  and a l t i t u d e  r a t e  e r r o r  and provided guidance 
is  t h e  only t a sk  assigned t o  t h e  p i l o t .  

5 .  The s imula t ion  s t u d i e s  i n d i c a t e  t h a t  t h e  add i t ion  of a manual con t ro l  
system t o  t h e  Sa turn  I w i l l  improve t h e  r e l i a b i l i t y  o f  t h e  launch v e h i c l e .  

Ames Research Center 
National Aeronautics and Space Adminis t ra t ion 

Moffett F i e ld ,  C a l i f . ,  94035, Nov. 2 2 ,  1968 
125-19-01-39-00-21 
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APPENDIX A 

DATA REDUCTION PROCEDURE FOR THE R E L I A B I L I T Y  ANALYSIS 

The b a s i c  laws o f  p r o b a b i l i t y  needed t o  compute t h e  r e l i a b i l i t y  of thc 
Saturn I manually c o n t r o l l e d  boos te r  a r e  w r i t t e n  i n  concise  form i n  refer
ence 6 .  These laws a r e  expressed i n  terms of two events ,  A and B y  t h a t  have 
occurred dur ing  a hypo the t i ca l  experiment.  The p r o b a b i l i t y  of A occur r ing  i s  
wr i t t en  P(A) which i s  t h e  number of times t h a t  A occurred d iv ided  by t h e  
t o t a l  number o f  t r i a l s .  The p r o b a b i l i t y  a s soc ia t ed  with event  B i s  P(B). 
The event t h a t  both A and B occur  i s  w r i t t e n  AB. The a s soc ia t ed  p robab i l 
i t y  i s  P(AB). The p r o b a b i l i t y  t h a t  e i t h e r  A o r  B o r  both occur  i s  w r i t t e n  
P(A + B). The fol lowing r e l a t i o n  can be deduced: 

* 
P(A + B) = P(A) + P(B) - P(AB) (A11 

If  A and B are mutual ly  exc lus ive ,  t h a t  i s ,  A and B do not  occur  t o g e t h e r ,  
then P(AB) i n  equat ion (Al) i s  zero and P(A + B) is  t h e  sum o f  P(A) and 
P(B) -

The p r o b a b i l i t y  t h a t  A occurs ,  given t h a t  B has  occurred,  i s  ca l l ed  
a "condi t ional  p robab i l i t y"  ( a l s o  " e f f e c t i v i t y  number") and i s  w r i t t e n  as 
P(A/B) . I t  can be  shown t h a t  

P(AB) = P(B)P(A/B) (A2 1 
For t h e  s p e c i f i c  launch veh ic l e  experiment - t h e  in t roduc t ion  o f  random 

f a i l u r e s  as t h e  p i l o t  f l i e s  t h e  boos te r  s imula t ion  - t h e  fo l lowing  d e f i n i t i o n s  
and assumptions are e s t a b l i s h e d .  Denote a launch v e h i c l e  
symbol F and a s soc ia t ed  p r o b a b i l i t y  o f  f a i l u r e  by P(F) .  
one of  t hose  l i s t e d  i n  t a b l e  I1 - i s  given t h e  symbol Ci
p r o b a b i l i t y  of occurrence,  P(Ci) .  I t  i s  assumed t h a t  t h e  
d i c t e d  by a Poisson process .  That is ,  once t h e  components 
operated long enough t o  e l imina te  manufacturing f a i l u r e s ,  
ceeding p r o b a b i l i t y  of f a i l u r e  i s  p ropor t iona l  t o  t h e  time 
operated.  Since t h e  P(Ci) f o r  a l l  t h e  types  of f a i l u r e s  

f a i l u r e  event  by t h e  
A type  of  f a i l u r e  -

and a s soc ia t ed  
P(Ci) can be  pre
a r e  i n s t a l l e d ,  

and t e s t e d ,  t h e  suc
t h e  component i s  

are small numbers, 
t h e  p r o b a b i l i t y  t h a t  more than one f a i l u r e  w i l l  occur dur ing  a f l i g h t  i s  con
s ide red  n e g l i g i b l y  small. For p re sen t  purposes ,  t h e  types  of  f a i l u r e s  a r e  I 

e s s e n t i a l l y  mutually exc lus ive .  

The p r o b a b i l i t y  t h a t  t h e  mission w i l l  f a i l  i f  one o f  t h e  types o f  f a i l 
u res  occurs is c a l l e d  t h e  " c r i t i c a l i t y  number," and i s  denoted by P(FCi).
From equation (A2), 

P (FCi) = P (Ci) P (F/Ci) (A31 

The p r o b a b i l i t y  t h a t  t h e  veh ic l e  w i l l  f a i l ,  given t h a t  a type  of  f a i l u r e  has 
occurred,  P(F/Ci) , is  obtained from t h e  s imula t ion  experiment.  For example, 
i f  a p i l o t  flew t h r e e  missions with a given type  of f a i l u r e  and could complete 
only two of t h e  missions,  P(F/Ci) would be 1 /3 .  
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I 
S ince an unequal number o f  s i t u a t i o n s  were flown i n  each of t h e  t h r e e  

t i m e  segments, two p r o p e r t i e s  - independent events  and r e l i a b i l i t y  def ined  by 
t h e  Poisson process  - were appl ied  t o  a r r i v e  a t  t h e  component c r i t i c a l i t y  num
ber .  F i r s t ,  t h e  c r i t i c a l i t y  numbers f o r  each o f  t h e  t i m e  segments (0-60 sec, 
60-100 sec ,  and 100-140 sec )  are mutually exc lus ive  and can t h e r e f o r e  be 
d i r e c t l y  summed: 

The p r o b a b i l i t y  of a component f a i l u r e  f o r  a Poisson process  i s  w r i t t e n  as 

P(Ci) = @ A t  (A5 1 . where 6 i s  t h e  number o f  f a i l u r e s  p e r  m i l l i o n  f l i g h t s  p e r  u n i t  o f  t ime.  
The time i n t e r v a l ,  A t ,  i s  t h e  length  of t h e  f l i g h t ,  140 seconds f o r  t h e  S-IB 
s t a g e .  To determine t h e  p r o b a b i l i t y  of a component f a i l u r e  i n  each of  t h e  
t i m e  segments, P(Ci) i s  mul t ip l i ed  by t h e  r a t i o  of  t i m e  i n  t h e  segment 
divided by t h e  length  of  t h e  f l i g h t :  

60
P(Ci>0-60 = P(Ci) 140 

and 

Taking equat ions (A3) and (A6) i n t o  account,  equa t ion  (A4) becomes 

F ina l ly ,  s i n c e  each f a i l u r e  i s  t r e a t e d  as mutually exc lus ive ,  t h e  t o t a l  c r i t i 
c a l i t y  number i s  t h e  sum of  t h e  c r i t i c a l i t y  numbers f o r  each type  of  f a i l u r e .  

An example p e r t a i n i n g  t o  t h e  au tomat ica l ly  c o n t r o l l e d  S-IB s t a g e  fo l lows .  
With a 95-percent wind, a t o t a l  of t h r e e  loss-of-attitude-rate-feedback simu
l a t e d  f l i g h t s  were flown, one i n  each time segment. From t a b l e  11, P(c6) i s  
1 7 ~ 1 0 - ~ .When t h e  boos te r  was under automatic c o n t r o l ,  t h e  boos te r  broke up 
fol lowing f a i l u r e s  which occurred before  and dur ing  high q .  Therefore ,  
P(C6)0-60 = 1, P(F/C6)60-loo = 1, and P(F/C6)100-140 = 0.  I t  f O l l O W S  t h a t  

t h e  c r i t i c a l i t y  number f o r  i t e m  6 i s  

[$ (1) + -40 40 (0) 1 = 12x10-6P(FC6) = ( 1 7 ~ 1 0 - ~ )  140 + 140 

The c r i t i c a l i t y  numbers f o r  a l l  of t h e  f a i l u r e  types  a r e  l i s t e d  i n  t a b l e  111. 
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TABLE I . - EVENT SEQUENCE FOR SATURN I 

F l i g h t  t i m e ,  sec 
Event

S-IB S- I V B  

0 
60 
70 

100 
110.0 
120.0 

! 	 141.4 
144.40 
145.28 
146.6 -3 .3  
149.9 . o  
157.2 7 .3  
184.4 34.5 
349.9 200.0 

476.9 327.0 
600.48 440.58 

-. 

. .  

L i f t - o f f  

I n i t i a t i o n  of h igh  q 

Maximum q f o r  s imula t ion  


A t t i t u d e  and r a t e  feedback 
ga in  changes 

Inboard engine c u t o f f  
Outboard engine c u t o f f  
Phys ica l  s e p a r a t i o n  
S-IVB engine s t a r t  command 
S-IVB 90-percent t h r u s t  
U 11age j e t  t ison 
Launch escape tower j e t t i s o n  
A t t i t u d e  r a t e  feedback gain 

reduct ion  
Mixture r a t i o  change 
S-IVB engine c u t o f f  command 
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Fai lure  
number 

1 

2 

3 

4 


5 


6 


7 


8 

9 


10 


11 


1 2  


13 


14  


15 


16 


17 


TABLE I1 ' FAILURE MODES 

~ 

Type of f a i l u r e  P r o b a b i l i t y  of  
f a i l u r e  x 106  

Number of 
s imulated f l i g h t s  

~~ ~ 

One a c t u a t o r  hardover 11,161 18 
Loss of  t h r u s t  
Two a c t u a t o r s  hardover 

5,000 (Es t . )  
10,200 

13 
13 

Loss of  i n e r t i a l  
a t t i t u d e  2,035 5 

One a c t u a t o r  
o s c i l l a t o r y  156 5 

Loss of  a t t i t u d e  r a t e  
feedback 17 5 

Loss of a t t i t u d e  
feedback 17 5 

Accelerometer s a t u r a t e  6 2 
Accelerometer n u l l  95 4 
A t t i t ude  e r r o r  d i sp l ay  

f a i  l u r e  * 4 
At t i t ude  r a t e  d i sp l ay  

f a i l u r e  * 3 
Accelerometer d i sp l ay  

f a i l u r e  * 3 
I n e r t i a l  a t t i  tude  

d i s p l a y  f a i l u r e  * 2 

Sa tu ra t ion  of i n e r t i a l  
a t t i t u d e  * *  0 

Sa tu ra t ion  of i n e r t i a l  
a t t i t u d e  e r r o r  3 0 

Sa tu ra t ion  of a t t i t u d e  
r a t e  

3ne a c t u a t o r  n u l l  
<1 
28 

0 
0 

82Tota l  number of s imulated f l i g h t s  
-

*No information a v a i l a b l e .  
**The i n e r t i a l  p la t form i s  buf fered  by the  redundant Launch 

Vehicle Data Adapter. Reasonableness checks a r e  made 
and s a t u r a t e d  f a i l u r e s  a r e  not  permi t ted .  

28 
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! 

Definition of criticality: Probability that the mission will fail if one 

of the types of failure occurs. 
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