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ABSTRACT 

The servoac tua tor  was developed t o  improve the r e l i a b i l i t y  of 
t he  Sa turn  S-IVB t h r u s t  vec tor  con t ro l  system by in su r ing  continued 
system opera t ion  i f  s i n g l e  p o i n t  f a i l u r e s  occur.  

The s e l e c t i o n  of the major i ty  vot ing  technique i s  d iscussed .  
I t s  s i m p l i c i t y  i s  c i t e d  along wi th  the advantages of minimum weight ,  
s i z e ,  and power consumption, and compa t ib i l i t y  wi th  e x i s t i n g  c o n t r o l  
e l e c t r o n i c s .  

Opera t iona l  f e a t u r e s ,  design mechanization, and the  a n a l y s i s  of 
t e s t  r e s u l t s  a r e  covered. 



I. INTRODUCTION 

A redundant ,  ma jo r i t y  vo t ing  se rvoac tua tor  has  been developed 
f o r  t h e  a t t i t u d e  c o n t r o l  system of t he  Sa turn  S-IVB s tqge ,  (F igure  
1)  t h e  s t a g e  t h a t  p rovides  t he  v e l o c i t y  increment t o  p l ace  t h e  
Apollo s p a c e c r a f t  i n t o  a  t r a j e c t o r y  t o  t he  moon. During powered 
f l i g h t ,  t he  Sa turn  v e h i c l e  a t t i t u d e  c o n t r o l  i s  obtained by gimbal l ing 
t he  main propuls ion  engines  of each r e s p e c t i v e  s t age .  The engines  a r e  
gimballed by hydrau l i c  a c t u a t i o n  systems where s e rvoac tua to r s  convert  
e l e c t r i c a l  command s i g n a l s  and hydraul ic  power i n t o  mechanical out-  
pu t  which c o n t r o l s  t h e  v e h i c l e  t h r u s t  vec to r .  

The Sa turn  boos t e r  lower s t a g e s  (F igure  2) have a  c l u s t e r e d ,  
mul t iengine  arrangement which provides  a  redundancy e f f e c t  of n o t  
only t h e  propuls ion  system bu t  t he  t h r u s t  vec tor ing  system a s  w e l l .  
With t h i s  arrangement,  s a t i s f a c t o r y  veh ic l e  c o n t r o l  can be maintained 
even w i t h  a  f a i l u r e  of one engine (two a t  some times of f l i g h t ) .  Other 
methods of enhancing t h e  r e l i a b i l i t y  of t he  s i n g l e  engine S-IVB s t a g e s  
were necessary .  The complex mission requirements of t h i s  s t age  a s  a  p a r t  
of bo th  t he  uprated Sa turn  and Sa turn  V launch v e h i c l e s  d i c t a t e  maximum 
r e l i a b i l i t y  of a l l  f l i g h t  c r i t i c a l  systems t o  i n su re  mission success .  
The o r i g i n a l ,  nonredundant S-IVB t h r u s t  vec to r  c o n t r o l  s e rvoac tua to r s  
a r e  adequate  i n  a l l  ope ra t i ona l  performance a s p e c t s ,  bu t  they a r e  a l s o  
a  s i n g l e  p o i n t  f a i l u r e  source.  The need t o  e l imina t e  s i n g l e  p o i n t  
f a i l u r e  p o s s i b i l i t i e s  i n  t he  t h r u s t  vec tor ing  system r e s u l t e d  i n  a  
program t o  s tudy va r ious  r e l i a b i l i t y  improvement techniques.  The 
a l r eady  s t r i n g e n t  q u a l i t y  c o n t r o l ,  i n spec t ion ,  and acceptance t e s t  
procedures  being employed were considered adequate.  The only 
a l t e r n a t i v e  was t o  cons ider  a  redundancy concept a s  the  most l i k e l y  
r e l i a b i l i t y  improvement approach. 

Working under t he  c o n s t r a i n t s  of a  requirement t h a t  any redundant 
s e rvoac tua to r  would have t o  be mechanically and e l e c t r i c a l l y  i n t e r -  
changeable w i th  t he  e x i s t i n g  s t a g e  des ign ,  a  p re l iminary  f e a s i b i l i t y  
s tudy was begun. Various redundancy schemes were i nves t i ga t ed  and 
u l t i m a t e l y  a  ma jo r i t y  vo t ing  se rvoac tua tor  concept was chosen a s  t he  
most f e a s i b l e  method t o  employ i n  reducing s i n g l e  p o i n t  f a i l u r e s .  
Ma jo r i t y  vo t ing  provided redundancy of the  most c r i t i c a l  se rvoac tua tor  
components without  imposing weight and power consumption p e n a l t i e s  
on t h e  system. 

Two ma jo r i t y  vo t ing  se rvoac tua to r s  were designed,  f a b r i c a t e d ,  and 
subjec ted  t o  ex t ens ive  development t e s t i n g .  Actuator  ope ra t i ng  charac- 
t e r i s t i c s  w i t h  va r ious  f a i l u r e s  i n  t h e  redundancy scheme were s tud i ed .  
The p ro to type  a c t u a t o r s  were i n t e g r a t e d  i n t o  a  breadboard type s t a g e  
hyd rau l i c  system, and f u r t h e r  t e s t i n g  was performed. These i n i t i a l  
t e s t s  r e s u l t e d  i n  s e v e r a l  des ign  changes t o  the  se rvoac tua tor  and t o  
o t h e r  hyd rau l i c  system components. These changes, d i scussed  i n  d e t a i l  
i n  Sec t ion  V, a r e  being incorporated i n t o  t h e  f i n a l  f l i g h t  con f igu ra t i on  
servoac tua t o r s .  



II. FEASIBILITY STUDIES AND RELIABILITY CONSIDERATIONS 

F e a s i b i l i t y  s t u d i e s  were i n i t i a t e d  t o  i n v e s t i g a t e  the  S-IVB 
t h r u s t  vec tor ing  system requirements and t h e  e x i s t i n g  hardware design 
t o  determine i f  any system changes could be made t o  improve the  over- 
a l l  system r e l i a b i l i t y  and performance. A study program of hydraul ic  
c o n t r o l  system opt imiza t ion  techniques ind ica ted  t h a t  from an o v e r a l l  
mission requirements s tandpoin t ,  no changes i n  the  S-IVB s t age  con t ro l  
system were requi red .  R e l i a b i l i t y  cons ide ra t ions ,  however, made i t  
h ighly  d e s i r a b l e  t h a t  s i n g l e  p o i n t  f a i l u r e  sources be reduced. 

S tud ie s  which considered o v e r a l l  s t age  requirements inc luding  the  
gimball ing system ind ica t ed  t h a t  some redundancy scheme could b e s t  
s a t i s f y  the increased r e l i a b i l i t y  requirements.  The cons idera t ion  
of any redundancy concept involves cons iderable  judgment i n  dec id ing  
between the  a c t u a l  ga ins  made by going redundant a g a i n s t  the  l o s s e s  
from the  added complexity of a  redundant system. I t  i s  poss ib l e  t h a t  
i n  incorpora t ing  redundant components, f a i l u r e  de t ec t ion  devices ,  and 
switching devices ,  a  decrease i n  r e l i a b i l i t y  may r e s u l t .  Such an 
approach a l s o  l e a d s  t o  g r e a t e r  system weight and volume, and higher  
power consumption. 

Since the  S-IVB s t age  was a l ready  designed and f l i g h t  q u a l i f i e d ,  
i t  became necessary t o  cons ider  parameters o the r  than j u s t  t he  servo- 
a c t u a t o r .  Any change i n  the  a c t u a t o r  would have t o  be compatible w i th  
the  e x i s t i n g  c o n t r o l  requirements ,  mechanical envelope dimensigns, 
and c o n t r o l  e l e c t r o n i c s .  I n  order  t o  keep the  ac tua t ion  systpm a s  
simple a s  poss ib l e ,  the  s e l ec t ed  redundancy scheme should incorpora te  
only those f e a t u r e s  necessary t o  e l imina te  poss ib l e  s i n g l e  p o i n t  
f a i l u r e s .  Dual hydraul ic  cy l inde r s ,  pumps, accumulators,  e t c .  would 
n o t  i nc rease  the o v e r a l l  system r e l i a b i l i t y  enough t o  compensate f o r  
t h e  p e n a l t i e s  imposed by g r e a t e r  system weight ,  power requirements ,  and 
c o s t .  

The most c r i t i c a l  component of any hydraul ic  se rvoac tua tor  i s  
the  servovalve.  Typical  high performance servovalves r e q u i r e  
extremely c l o s e  f i t t i n g  spools  and s l eeves ,  and small o r i f i c e s  i n  
t he  nozz le- f lapper  a r ea .  T h i s  makes the  servovalve suscep t ib l e  t o  
contamination p re sen t  i n  the  opera t ing  f l u i d .  I n  add i t i on ,  the  
servovalve f i r s t  s t a g e  has an e l e c t r i c a l  torque motor which i s  
s u s c e p t i b l e  t o  open o r  s h o r t  c i r c u i t s .  A system t h a t  would provide 
redundancy of t hese  components would o f f e r  s i g n i f i c a n t  ga ins  i n  
system r e l i a b i l i t y  without  undue p e n a l t i e s  of o v e r a l l  system complexity.  

The o r i g i n a l  nonredundant S-IVB s t age  servoac tua tor  has a  
p o s i t i o n  mechanical feedback arrangement whereby the  need f o r  an 
e l e c t r i c a l  feedback t ransducer  i s  e l imina ted .  Mechanical feedback 
was a  s i g n i f i c a n t  advancement i n  hydraul ic  se rvoac tua tor  technology 
because i t  el iminated the  requirement f o r  the  e l e c t r i c a l  feedback 
t ransducer  (an  inhe ren t ly  f a i l u r e  prone component), the e l e c t r i c a l  
power supply and a s soc i a t ed  wir ing .  Mechanical feedback a l s o  
e l imina ted  the  need f o r  a  feedback ampl i f i e r  and summing network 



i n  t h e  c o n t r o l  e l e c t r o n i c s  system. Because of t he  improvements 
r e s u l t i n g  from a  mechanical feedback a c t u a t o r ,  t h i s  des ign  f e a t u r e  
was r e t a i n e d  i n  t h e  redundant major i ty  vo t ing  se rvoac tua tor  
con f igu ra t i on .  

111. SERVOACTUATOR OPERATION AND DESIGN 

The ma jo r i t y  vo t ing  a c t u a t o r  uses  t h r ee  a c t i v e  torque 
motors d r iven  by t h r e e  s epa ra t e  a m p l i f i e r s  a s  shown i n  F igure  3 .  
Voting i s  performed i n  t h e  se rvoac tua tor  only.  The torque motors 
r ece ive  feedback from t h e  va lve  spool and a c t u a t o r  p i s t o n .  The 
output  p r e s s u r e s  of t he  t h r e e  torque motor d r iven  hydraul ic  
a m p l i f i e r s  a r e  summed a t  t h e  end of t he  va lve  spool .  The a c t u a t o r  
p i s t o n  behaves a s  t h e  ma jo r i t y  of t he  hydrau l ic  a m p l i f i e r s  d i c t a t e .  
A ma jo r i t y  d e c i s i o n  e x i s t s  when two hydraul ic  a m p l i f i e r s  a r e  i n  
agreement,  

Each of t h e  t h r e e  hydrau l ic  ampl i f i e r  assemblies  i s  a s  
n e a r l y  a l i k e  a s  p o s s i b l e  (F igure  4) t o  minimize t he  ddf fe rences  of 
each assembly i n  o v e r a l l  performance c h a r a c t e r i s t i c s .  Each torque 
motor has  a  balanced T-shaped armature-f lapper  mounted f o r  p i v o t a l  
motion on a  f l e x u r e  tube.  A p o l a r i z i n g  magnetic f l u x  c i r c u i t  i s  
formed by upper and lower po l e  p i e c e s  supported by two permanent 
magnets. The motor armature i s  pos i t ioned  i n  t he  magnetic f l u x  
c i r c u i t  by t h e  f l e x u r e  tube.  The f l e x u r e  tube a l s o  a c t s  a s  a  s e a l  
between the  e l e c t r i c a l  and hydraul ic  s e c t i o n s  of t he  servovalve.  
For  increased  r e l i a b i l i t y ,  two torque motor c o i l s  a r e  wired i n  
p a r a l l e l  and pos i t i oned  about  t he  armature.  Major i ty  ope ra t i on  
i s  p o s s i b l e  because t h e  mechanical feedback torque motor armatures  
a r e  e s s e n t i a l l y  f r e e  beams s e n s i t i v e  t o  fo rce  balance.  A f a i l u r e  of 
any redundant element ( l o s s  of i npu t ,  l o s s  of feedback, hardover 
armature f l a p p e r ,  change of forward-loop ga in ,  e t c . )  would r e s u l t  
i n  a  change i n  t h e  ou tput  of t h a t  r e spec t ive  hydrau l ic  a m p l i f i e r  
and r e s u l t  i n  a  change i n  spool end p re s su re  and a  change i n  va lve  
spool  p o s i t i o n .  The change i n  spool p o s i t i o n  i s  fed back t o  t he  torque 
motor f l a p p e r s  and i n  t u rn  t he  two proper ly  func t ion ing  hydraul ic  a m p l i f i e r s  
equa l i ze  t h e  spool  end p re s su re  generated by the  f a u l t y  hydrau l ic  
a m p l i f i e r s .  By making t h e  feedback and hydraul ic  a m p l i f i e r  ga in s  
s u f f i c i e n t l y  high,  only a  very small  spool  displacement i s  requi red  
t o  c o r r e c t  t he  e f f e c t  of t he  f a i l u r e .  

Working w i t h i n  the  s p e c i f i c  des ign  and performance 
c r i t e r i a  f o r  t he  S-IVB s t a g e ,  two pro to type  s e rvoac tua to r s  (F igure  5) 
were f a b r i c a t e d  and subjec ted  t o  an ex tens ive  development t e s t  program. 
The t e s t  program included hardware eva lua t ion  a t  bo th  a  component and 
system l e v e l .  A schematic of the  redundant a c t u a t o r  i s  shown i n  
F igu re  6 .  Each servoac tua tor  incorporated t he  fol lowing f e a t u r e s ,  
whose func t ion  i s  descr ibed .  

A .  Servovalve 

The three torque motor mechanical feedback major i ty  vo t ing  
servovalve (F igure  6)  i s  t he  key element of the s e l ec t ed  redundancy 



concept .  The t h r e e  f i r s t  s t a g e  assemblies  c o n s i s t  of a  dua l  c o i l  
d . c .  to rque  motor, f l e x u r e  mounted f l a p p e r ,  f i r s t  s t a g e  nozz les ,  
f i l t e r  o r i f i c e  assembly, feedback c a n t i l e v e r  sp r ing ,  load damping 
nozz l e s ,  and load damping nozz le  f i l t e r s .  The f i r s t  s t a g e  assemblies  
c o n t r o l  f l u i d  flow t o  the  se rvovalve , the  a c t u a t o r ,  p i s t o n ,  and 
c y l i n d e r .  The load damping o r  dynamic p re s su re  feedback (DPF) i s  
a  method of damping resonant  loads  i n  o rde r  t o  minimize t h e i r  e f f e c t  
on c o n t r o l  system performance. Th i s  w i l l  be discussed i n  more 
d e t a i l  l a t e r .  

Of t h e  t h r e e  f i r s t  s t a g e  hydraul ic  a m p l i f i e r s ,  two used 
a  ba lance  armature feedback concept.  For  t he se  two assemblies ,  
sp r ings  a r e  l oca t ed  a t  each end s f  the motor armature where the  
ends p ro t rude  through the  a i r  gaps,  One sp r ing  i s  preadjus ted  t o  
a  f i xed  p o s i t i o n  between the  armature and servovalve body. The o the r  
sp r ing  i s  f i t t e d  between the  armature and the  p o s i t i o n  feedback cam 
by a c a n t i l e v e r  beam cam fol lower assembly. The t h i r d  hydrau l ic  
a m p l i f i e r  d i f f e r s  i n  t h a t  i t  uses  a  f l appe r  ex tens ion  t o  hold t he  
f l a p p e r  and armature assembly i n  a  balanced p o s i t i o n .  Th i s  des ign  
arrangement provides  a  s impler  des ign  of t he  mechanical feedback 
mechanism. The f l a p p e r  of each f i r s t  s t a g e  a m p l i f i e r  i s  r i g i d l y  
a t t ached  t o  t h e  midpoint of t he  armature.  Each f l a p p e r  extends 
through a  f l e x u r e  tube and passes  between two f i r s t  s t a g e  nozz l e s  
and two dynamic p re s su re  feedback (DPF) nozz les  t o  provide two 
s e t s  of v a r i a b l e  o r i f i c e s  between t h e  nozz le  t i p s  and the  f l a p p e r .  
The a m p l i f i e r  passages from the  f F r s t  s t a g e  nozz les  te rmina te  i n  
common chambers a t  the  ends of t he  second s t age  spool .  The DPF 
nozz le  passages a r e  joined i n  a  common bushing groove and a r e  ported 
through t h e  servovalve body by the  DPF p i s t o n s .  Each torque motor 
i s  l inked  mechanical ly  t o  t h e  feedback wire  t o  provide mechanical 
feedback f o r c e  dur ing  servovalve ope ra t i on .  

The second s t a g e  bushing and spool i s  phys i ca l l y  l a r g e r  
than a  normal e l ec t ro -hydrau l i c  servovalve.  This  l a r g e  phys i ca l  s i z e  
provides  comparat ively high spool d r i v i n g  fo rces  and t h e r e  by reduces 
t he  va lves  s u s c e p t i b i l i t y  t o  contamination. The bushing i t s e l f  i s  
a  f l ange  mounted laminar f i t  i n t o  a dead end bore.  

C .  P o s i t i o n  Feedback Mechanism 

The a c t u a t o r  p o s i t i o n  feedback mechanism c o n s i s t s  of a  
tapered c y l i n d r i c a l  cam, t h r e e  cam fol lower assemblies ,  and t h r e e  
p o s i t i o n  feedback sp r ings .  The cam i s  a t tached  t o  t he  s e rvoac tua to r  
p i s t o n  rod and any movement of t he  rod i s  t ransmi t ted  through a  
c a n t i l e v e r  beam cam fol lower assembly and p o s i t i o n  feedback wire  
back t o  t h e  f i r s t  s t a g e  hydraul ic  a m p l i f i e r  assembly. Res t r a in ing  
dev ices  a r e  used t o  minimize deadband i n  t he  moving mechanical 
j o i n t s .  T h i s  p o s i t i o n  feedback mechanism provides  t r i p l e  mechanical 
feedback redundancy of se rvoac tua tor  p i s t o n  p o s i t i o n .  



Dynamic P re s su re  Feedback (DPF) Network 

The servovalve i nco rpo ra t e s  a  DPF network using two nozz les  
and two s p r i n g s  cen te red  capac i tance  p i s t o n s  t o  provide damping of 
resonant  l oads .  A p a i r  of DPF nozz les  a r e  loca ted  d i r e c t l y  above 
each p a i r  of f i r s t  s t a g e  nozz les  and a r e  hyd rau l i ca l l y  connected t o  
oppos i t e  s i d e s  of the  sp r ing  cen te red  p i s t o n s .  These p i s t o n s  provide 
redundant ope ra t i on  and a r e  l oca t ed  i n  the  se rvoac tua tor  body. The 
p i s t o n  s t u b s  a r e  exposed t o  t he  cy l inde r  p re s su re  l i n e s  and a r e  
h y d r a u l i c a l l y  coupled t o  the  DPF nozz les  t o  form the  frequency s e n s i t i v e  
DPF network. 

The DPP arrangement i s  i d e n t i c a l  t o  t h a t  used on the  o r i g i n a l  
S-IVLP s t a g e  s e rvoac tua to r .  By balancing of spool end p re s su re s ,  
nozz le  flow, and torques  throughout the  servovalve,  load damping i s  
accomplished. Two sp r ing  cen te red  capac i tance  p i s t o n s  provide redundant 
ope ra t i on  i n  t he  event  one DPF p i s t o n  f a i l s .  The system i s  designed 
t o  dampen resonant  loads  we l l  below the  resonant  frequency. 

E, E l e c t r i c a l  P o s i t i o n  Transducer 

The S - I D  s t a g e  ma jo r i t y  vo t ing  a c t u a t o r  u t i l i z e s  a  s t r a i n  
gage p o s i t i o n  i n d i c a t i n g  t ransducer .  The s t r a i n  gages a r e  mounted on 
t h e  cam fo l lower  c a n t i l e v e r  beams of t he  mechanical feedback mechanism. 
The f r e e  end of t he  c a n t i l e v e r  beam, i n  moving, i s  s t r e s s e d  l i n e a r l y  and 
i n  t u r n  i s  read  a s  s t r a i n  by the  w i r e  type s t r a i n  gage. S igna l  condi t ion-  
i ng  equipment i s  provided t o  amplify t he  ou tput  up t o  a  l e v e l  compatible 
w i t h  e x i s t i n g  measuring a d  t e lemet ry  equipment. The use of s t r a i n  gages 
a l s o  e l i m i n a t e s  u s ing  t h e  potent iometer  s h a f t  a s  a  feedback cam d r i v i n g  
mechanism, 

I n  a d d i t i o n  t o  t h e  major subcomponents of the ma jo r i t y  vo t ing  
se rvoac tua to r ,  o t h e r  i tems a r e  provided t o  p r o t e c t  t he  assembly dur ing  
operation o r  t o  f a c i l i t a t e  a c t u a t o r  and s t a g e  checkout.  B r i e f l y ,  t he se  
i tems a re :  

1, - A non-bypass type f i l t e r  i s  
l oca t ed  i n  t h e  main a c t u a t o r  housing. It i s  r a t e d  a t  505 cm3/sec. (8 gpm) -. 
w i t h  a  17 ~ / c m 2  (25 p s i )  p r e s su re  drop.  It i s  a  5 micron nominal, 15 
micron a b s o l u t e  f i l t e r  f a b r i c a t e d  from a  s t a i n l e s s  s t e e l  wi re  c l o t h  
m a t e r i a l .  I n  a d d i t i o n ,  smal le r  w i r e  mesh type f i l t e r  o r i f i c e s  a r e  
provided f o r  t h e  servovalve f i r s t  s t a g e  hyd rau l i c  a m p l i f i e r  assemblies  
and f o r  t h e  DPP network. 

2 .  - The p r e f i l t r a t i o n  va lve  
assembly a l lows  f l u i d  c i r c u l a t i o n  through the  a c t u a t o r  i n l e t  p o r t  and 
d i r e c t l y  through t o  t he  o u t l e t  t o  f a c i l i t a t e  complete hyd rau l i c  system 
f l u s h i n g  , 



3 .  - The cy l inde r  bypass va lve ,  when 
opera ted ,  a l lows  manual movement of t he  p i s t o n  rod by in te rconnec t ing  
both  s i d e s  of  t h e  c y l i n d e r .  The bypass va lve  a l s o  connects  t h e  c y l i n d e r  
l i n e s  t o  a  t ransducer  pad provid ing  f o r  a  d i f f e r e n t i a l  p r e s su re  
t ransducer  t o  monitor a c t u a t o r  cy l inde r  l i n e  p re s su re .  

4 .  Midstroke Lock - A s imple,  removable midstroke l ock  i s  
provided t o  mechanical ly  l ock  the  a c t u a t o r  p i s t o n  rod a t  a  mechanical 
n u l l  p o s i t i o n ,  The lock  i s  designed t o  withstand f u l l  a c t u a t o r  f o r c e  
ou tput  wi thout  damage t o  e i t h e r  t he  lock  o r  a c t u a t o r .  

5 .  P i s t o n  P o s i t i o n  I n d i c a t o r  - A mechanical i n d i c a t i n g  
device  i s  incFGded t o  a i d  i n  a c t u a t o r  c a l i b r a t i o n  and checkout a t  f i e l d  
s i t e s ,  The i n d i c a t o r  i s  c a l i b r a t e d  i n  degrees  of engine displacement  
and when used w i t h  t he  v e r n i e r  provided, i s  capable  of 0 .04  degree read- 
o u t  accuracy.  

6 .  Bleed - Various bleed p o r t s ,  t e s t  p o r t s ,  and 
o i l  sample p o r t s  a r e  l oca t ed  t o  provide proper  b leed ing  of t he  a c t u a t o r  
and t o  a l low easy i n s t a l l a t i o n  of measuring t ransducer  f o r  checkout and 
f l i g h t  t e lemet ry .  

I .  TEST PROGRAM DETAILS 

A .  I n i t i a l  t e s t i n g  of t h e  S-IVB major i ty  vo t ing  a c t u a t o r  cons i s t ed  
of performing acceptance t e s t s  on each u n i t  t o  t he  c u r r e n t  S-IVB servo- 
a c t u a t o r  acceptance t e s t  c r i t e r i a .  Addi t iona l  t e s t s  were der ived t o  
p rope r ly  t e s t  t he  ma jo r i t y  vo t ing  p o r t i o n  of t he  s e rvoac tua to r s .  Both 
p ro to type  a c t u a t o r s  were operated i n  a  normal mode wi th  a l l  t h r e e  torque 
motors a c t i v e .  A l l  performance parameters  were w i th in  t he  S-IVB a c t u a t o r  
requirements  w i t h  t he  except ion of t o t a l  i n t e r n a l  leakage and mechanical 
s t r o k e .  

B .  I n  o r d e r  t o  meet t h e  e x t e r n a l  envelope dimensions of t h e  s t a g e ,  
t h e  a c t u a t o r  s t r o k e  was reduced. The higher  i n t e r n a l  leakage r e s u l t e d  
from having t h r e e  hyd rau l i c  a m p l i f i e r  assemblies  i n s t ead  of one a s  i n  
t h e  nonredundant a c t u a t o r s .  These d i f f e r e n c e s  d id  no t  r ep re sen t  des ign  
o r  performance d i s c r e p a n c i e s ,  only requi red  dev ia t i ons  i n  o rde r  t o  
f a b r i c a t e  t h e  two pro to type  a c t u a t o r s ,  The e f f e c t  of t he se  d e v i a t i o n s  w i l l  
be  d i scussed  i n  Sec t ion  V ,  

C .  Addi t iona l  t e s t i n g  was performed t o  i l l u s t r a t e  ope ra t i on  of t h e  
a c t u a t o r  w i t h  va r ious  f a i l u r e s  induced i n  the  a c t u a t o r ,  Examples of 
t h e s e  f a i l u r e s  i nc lude  plugged nozz les ,  plugged i n l e t s ,  broken f l e x u r e  
s l eeve ,  broken DPF s p r i n g s ,  e l e c t r i c a l  opens, hardovers ,  and n u l l  o f f s e t s .  
T h i s  t e s t  program was designed t o  provide meaningful da t a  on o v e r a l l  
a c t u a l  d i f f e r e n c e s  i n  a c t u a t o r  performance wi th  va r ious  f a i l u r e  modes. 
The t e s t  s e r i e s  provided da t a  on the  servovalve,  t h e  a c t u a t o r ,  and the  
two subassemblies  t oge the r  under bo th  loaded and no-load cond i t i ons .  A 
summation of t h e  t e s t i n g  performed and the  r e s u l t s  on se rvoac tua tor  
performance i s  shown i n  Table  1. 



To f u r t h e r  demonstrate the  o v e r a l l  performance and r e l i a b i l i t y  
ga ins  of t h e  ma jo r i t y  vo t e  a c t u a t o r ,  high temperature and v i b r a t i o n  
environmental t e s t s  were performed. Again, no major des ign  d i sc r epanc i e s  
were de t ec t ed .  The servovalve d id  show s e n s i t i v i t y  t o  c e r t a i n  s inuso ida l  
v i b r a t i o n  i n p u t s ,  however, t h i s  can be cor rec ted  by minor redes ign  of t he  
servovalve f i r s t  s t age .  Th i s  v i b r a t i o n  s e n s i t i v i t y  has been experienced 
on o t h e r  a c t u a t o r  des igns  and has been co r r ec t ed  w i th  very minor changes 
such a s  mechanical s t o p s  t o  l i m i t  f l a p p e r  t r a v e l  and v a r i a t i o n  of the  
suppor t  s p r i n g  r a t e s .  

One known c h a r a c t e r i s t i c  of the  major i ty  vo te  con f igu ra t i on  was 
a c c u r a t e l y  demonstrated by the  t e s t  program. The ma jo r i t y  vo t ing  a c t u a t o r  
ope ra t i ng  i n  a  normal mode e s s e n t i a l l y  d u p l i c a t e s  the  nonredundant 
a c t u a t o r  i n  performance. C e r t a i n  f a i l u r e  modes such a s  one open torque 
motor o r  one hard over torque motor w i l l  a f f e c t  performance. With one 
motor hardover t h e r e  w i l l  be  approximately a  two percent  s h i f t  i n  t h e  normal 
ou tput  p o s i t i o n  and the  normal ga in  p o s i t i o n  w i l l  be reduced by one- th i rd .  
Although o v e r a l l  a c t u a t o r  performance i s  a f f e c t e d  by a  torque motor f a i l u r e ,  
t he  system w i l l  compensate and w i l l  s t i l l  provide adequate c o n t r o l  f o r c e s  
t o  complete a  f l i g h t  mission.  A torque motor f a i l u r e  i n  a  nonredundant 
a c t u a t o r  would r e s u l t  i n  l o s s  of c o n t r o l  and compromise o r  a b o r t  t he  
f l i g h t  miss ion ,  F igu re s  7 ,  8 ,  and 9 a r e  t y p i c a l  performance curves obtained 
dur ing  t h i s  t e s t i n g .  

A f a i l u r e  i n  t he  load compensating, o r  DPF, network was a l s o  
s imulated.  The worst  c a se  f a i l u r e  i n  t he  DPF s e c t i o n  was simulated by 
removing a  p i s t o n  cap s e a l  and "Wr ing  from one of t he  DPF p i s t o n s .  A 
cons t an t  c y l i n d e r  d i f f e r e n t i a l  p r e s su re  of c400 ps id  was maintained f o r  
t h i s  t e s t .  The break  frequency of t he  DPF network increased from 0 .8  
Hz t o  2 .0  Hz which would a l t e r  t he  load damping c h a r a c t e r i s t i c s  of the  
a c t u a t o r .  However, a r educ t ion  of t h i s  magnitude i s  too samll t o  a f f e c t  t he  
c o n t r o l  system. Other f a i l u r e s  i n  t h e  DPF network have no more i n f luence  
over  o v e r a l l  performance than a  s e a l  f a i l u r e ,  t he re fo re ,  i t  can be 
concluded t h a t  adequate  DPF a c t i o n  i s  maintained wi th  one f a i l e d  DPF 
network. In a  nsnredundant csnf igura t ion ,comple te  load damping would 
have been l o s t .  

Add i t i ona l  t e s t  da t a  was obtained p r imar i l y  t o  i n su re  o v e r a l l  
hyd rau l i c  system compa t ib i l i t y  of t he  major i ty  vo te  a c t u a t o r  con f igu ra t i on  
i n  t h e  S-IVB s t a g e .  Various system p re s su re s  were t e s t e d ,  and a t tempts  
were made t o  opt imize t he  o v e r a l l  system wi th  a  minimum number of a c t u a l  
hardware changes,  System thermal c h a r a c t e r i s t i c s  were s tud ied  f o r  compati- 
b i l i t y  w i t h  t he  e x i s t i n g  s t a g e  des ign .  

The cone lus ion  reached from t h i s  ex t ens ive  t e s t  program was t h a t  
t h e  ma jo r i t y  vo t e  a c t u a t o r  could be used on the  S-IVB s t a g e  wi thout  
ex t ens ive  redes ign  of t he  f l i g h t  s t a g e  o r  e x i s t i n g  ground support  equipment. 
I n  a  normal no f a i l u r e  mode the  a c t u a t o r  was adequate f o r  t h e  c o n t r o l  
f o r c e s  r equ i r ed .  I n  a  s i n g l e  f a i l u r e  mode of any of the  c r i t i c a l  servo- 
va lve  components, a c t u a t o r  performance was compromised s l i g h t l y ,  b u t  
proper  v e h i c l e  a t t i t u d e  c o n t r o l  could be adequately maintained t o  success-  
f u l l y  complete a  f l i g h t  mission.  



V. REQUIRED DESIGN CHANGES 

Concurrent w i t h  t he  major i ty  vo t ing  se rvoac tua tor  program, t h e  
complete s t a g e  hyd rau l i c  system was analyzed t o  determine those parameters  
which might be changed t o  ga in  i n  o v e r a l l  r e l i a b i l i t y  and t o  i n t e r f a c e  
w i t h  t he  ma jo r i t y  vo t ing  a c t u a t o r .  Various minor des ign  changes i n  l i n e s ,  
b r a c k e t s ,  e t c .  were made t o  f a c i l i t a t e  incorpora t ion  of t he  new a c t u a t o r  
con f igu ra t i on .  A l l  changes made t o  t he  s t a g e  o r  t o  the  a c t u a t o r  r e s u l t e d  
i n  improvements of c o n t r o l  system performance and/or  r e l i a b i l i t y .  Table  
3 i s  a  summary comparing the  nonredundant a c t u a t o r  wi th  t he  ma jo r i t y  
vo t ing  a c t u a t o r  des ign .  The s i g n i f i c a n t  design changes a r e  d i scussed  
b r i e f l y  below. 

S ince  t he  c o n t r o l  e l e c t r o n i c s  was a l ready  t r i p l e  redundant,  
t he  only changes t o  t he  c o n t r o l  computer were t o  remove the  comparator 
and swi tch ing  c i r c u i t s ,  which sensed an ampl i f i e r  f a i l u r e  and provided 
switching t o  a  good channel .  Th i s  change was necessary  s i n c e  t h e  
s e l e c t i o n ,  o r  vo t ing ,  i s  now done by the  a c t u a t o r .  Th i s  con f igu ra t i on  
e f f e c t i v e l y  reduces t h e  complexity of t he  S-IVB c o n t r o l  e l e c t r o n i c s .  

The S-IVB s t a g e  hydraul ic  system was o r i g i n a l l y  designed f o r  an  
ope ra t i ng  p re s su re  of 2517 Bl/cm2 (3650 p s i )  and the  t h r u s t  vec to r  c o n t r o l  
a c t u a t o r  s i zed  accord ingly .  With experienced gained through f l i g h t  t e s t i n g  
i t  became ev iden t  t h a t  the  i n - f l i g h t  l oads ,  and the re fo re ,  t he  demands 
on the  a c t u a t o r  were cons iderab ly  l e s s  than the  a c t u a t o r  des ign  cap- 
a b i l i t y .  I n  cons ider ing  a l l  a spec t s  s f  t he  hydrau l ic  system, i t  was 
decided t h a t  t he  system ope ra t i ng  p re s su re  could be reduced t o  1827 N/cm2 
(2650 p s i ) .  The e f f e c t  of t h i s  system p re s su re  reduc t ion  would be a  
r educ t ion  i n  a c t u a t o r  i n t e r n a l  leakage,  a  reduc t ion  i n  t he  o v e r a l l  
s t r e s s e s  on the  va r ious  hydrau l ic  system components, and a  lower 
p r o b a b i l i t y  of e x t e r n a l  leakage of j o i n t s  and f i t t i n g s .  The a c t u a t o r  
i s  s t f l l  capable  of p rovid ing  the  requi red  c o n t r o l  f o r c e s  wi th  t h i s  
reduced system p re s su re  and wi th  no inc rease  i n  a c t u a t o r  p i s t o n  a r e a .  

C .  Servoac tua tor  S t roke  

The p ro to type  ma jo r i t y  vo t ing  a c t u a t o r  was l im i t ed  t o  a  " degree 
s t r o k e ,  i n  comparison t o  a  k7  degree s t r o k e  i n  t he  o r i g i n a l  non- 
redundant a e t u a t o r .  Th i s  s t roke  reduc t ion  i n  t he  pro to type  a c t u a t o r  was 
necessary  t o  conform t o  t he  s t a g e  mounting dimensions. I n  determfning 
t h e  f i n a l  p roduct ion  con f igu ra t i on ,  repackaging of t h e  t h r ee  torque motors 
and some i n t e r n a l  dimensional changes r e s u l t e d  i n  r e s t o r i n g  the  +7  degree 
gimbal ang le .  The +6 degree s t r o k e  would have been adequate f o r  c o n t r o l  
purposes ,  b u t ,  t he  a d d i t i o n a l  s t r o k e  i s  an added s a f e t y  margin. 



D. I n t e r n a l  Leakage 

A t h r e e  torque motor servovalve,  w i th  t h r ee  hydrau l ic  a m p l i f i e r s  
has  a  h igher  leakage r a t e  than an a c t u a t o r  wi th  a  s i n g l e  f i r s t  s t age .  
Changes were made i n  the  on-board a u x i l i a r y  hydrau l ic  system t o  provide 
t he  increased  flow c a p a b i l i t y  needed f o r  proper a u x i l i a r y  hydrau l ic  
system ope ra t i on .  

V I .  RELIABILITY IMPROVEMENT ASSESSMENT 

H i s t o r i c a l l y ,  most servovalve/servoactuator f a i l u r e s  ( s t 3 0  percent )  
r e s u l t  from a  f a i l u r e  i n  t he  f i r s t  s t a g e  of a  servovalve because of i t s  
h ighly  c r i t i c a l  requirements .  By inco rpo ra t i ng  redundancy i n  t h i s  
f i r s t  s t a g e , i t  i s  ev ident  t h a t  c e r t a i n  ga ins  i n  r e l i a b i l i t y  a r e  achieved.  
S lnce  t h e r e  is ,  a s  y e t ,  no i n - f l i g h t  d a t a  on the  major i ty  vo te  servo- 
a c t u a t o r  and no product ion  q u a n t i t i e s  on which t o  base an a n a l y s i s ,  t he  
r e l i a b i l i t y  assessments  made thus  f a r  a r e  based on experience w i t h  
s i m i l a r  a c t u a t o r  and hydrau l i c  system des igns .  The comparative numbers 
der ived  a r e  based on t h e  p r o b a b i l i t y  of known f a i l u r e s ,  t h e i r  cause,  
and t h e i r  end r e s u l t .  By cons ider ing  n o t  only t he  redesigned a c t u a t o r  
bu t  a l l  o t h e r  r e s u l t a n t  system changes a s  w e l l ,  t he  o v e r a l l  c r i t i c a l i t y  
improvement i s  approximately 20 t o  1. The major i ty  vo t ing  a c t u a t o r  i t s e l f  
i s  approximately 16 times l e s s  s u s c e p t i b l e  t o  func t iona l  f a i l u r e  than 
the  o r i g i n a l  a c t u a t o r  des ign .  

Table  3 i s  a  comparison c h a r t  showing the  improvement r e s u l t i n g  
from inco rpo ra t i on  of t he  major i ty  vo t ing  se rvoac tua tor .  Th i s  t a b l e  
i l l u s t r a t e s  t h a t  t he  most s i g n i f i c a n t  improvement was i n  t he  s e rvoac tua to r  
i t s e l f ,  and t h i s  combined wi th  the  o t h e r  system changes s i g n i f i c a n t l y  
decreased system c r i t i c a l i t y .  I n  no in s t ance  i s  a  component l e s s  
r e l i a b l e  than t h e  o r i g i n a l  des ign .  

V I I .  SUMMARY 

I n  r ecogn i t i on  of t he  need t o  i nc rease  t h e  o v e r a l l  t h r u s t  vec to r ing  
system r e l i a b i l i t y  of t he  S-IVB s t a g e ,  a  s tudy program was i n i t i a t e d  t o  
s e l e c t  t he  optimum improvement method. Working wi th in  e x i s t i n g  r equ i r e -  
ments of t he  ope ra t i ona l  f l i g h t  s t a g e  and the  need t o  implement any 
changes w i t h  minimum impact on e x i s t i n g  f l i g h t  schedules ,  a  ma jo r i t y  
vo t ing  a c t u a t o r  concept was chosen. Th i s  concept p rovides  redundancy 
i n  t he  c r i t i c a l  f i r s t  s t a g e  a r e a  of a  servovalve,  y e t  holds  t o  a 
minimum s f z e ,  weight ,  and power consumption. Major i ty  vo t ing  r e q u i r e s  
no f a i l u r e  d e t e c t i o n  dev ices  o r  switching arrangements,  t he re fo re ,  
o v e r a l l  system complexity f o r  a  redundant system i s  minimized. 

A d e t a i l e d  s tudy program was conducted t o  demonstrate t h e  f e a s i b i l i t y  
of a  ma jo r i t y  vo t e  a c t u a t o r ,  the  o v e r a l l  des ign  s u i t a b i l i t y ,  and the  r e -  
s u l t a n t  ga in s  i n  system r e l i a b i l i t y .  R e s u l t s  t o  d a t e  i n d i c a t e  t h a t  
o v e r a l l  system r e l i a b i l i t y  has  been s i g n i f i c a n t l y  improved by the  ma jo r i t y  
vo t e  a c t u a t o r .  P l ans  t o  incorpora te  t h i s  a c t u a t o r  concept on f l i g h t  s t a g e s  
have been i n i t i a t e d ,  and the  s t age  c o n t r a c t o r  now has product ion q u a n t i t i e s  
of hardware on o rde r .  

Curren t  planning f o r  space exp lo ra t i on  beyond the  l una r  landing  
program uses  t h e  S-IVB s t a g e  f o r  a  v a r i e t y  of missions.  These missions 
w i l l  a l s o  reap  the  b e n e f i t s  of t h i s  c o n t r o l  system improvement. 
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