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ABSTRACT 

A brief study of the state of the art of replacing 
small electromechanical components (relays, switches, circuit 
breakers) by solid state devices was undertaken by request of 
Dr. George Mueller. It was found that in general, solid state 
devices can not be used in one-for-one replacements with electro- 
mechanical components. However, in the design of a new system 
or in the redesign of an existing system, relays and circuit 
breakers can be replaced with available technology. A greater 
problem is replacing hand-operated switches, but several prom- 
ising technologies are under development. 

There are two good examples that demonstrate the use 
of solid state components in place of electromechanical compo- 
nents in aerospace systems. MIT has built a prototype of a 
Display and Keyboard for the Apollo Guidance Computer using 
transistor switching and incandescent lamps to replace relay 
switching and electroluminescent lamps. LTV is building a 
prototype of aii a l rcyaf t  electrical power system using contact- 
less switching. 

A course of action is recommended for resolving uncer- 
tainties about the extent and form of electromechanical compo- 
nent problems and the need f o r  improvements in future systems. 
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MEMORANDUM F O R  F I L E  

ReplacSng t h e  e l e c t r o m e c h a n i c a l  components i n  
s p a c e  v e h i c l e s  by s o l i d  s t a t e  d e v i c e s  has t h e  p o t e n t i a l  advan- 
tages  of  i n c r e a s i n g  r e l i a b i l i t y ,  r e d u c i n g  weight and  volume 
e l i m i n a t l n g  h a z a r d s  from a r c i n g  a c r o s s  c o n t a c t s ,  and, i n  t h e  
l o n g  run ,  r e d u c i n g  c o s t s .  T h i s  memorandum summarizes t h e  
f i n d i n g s  o f  a b r i e f  s t u d y  of t e c h n i q u e s  f o r  making t h a t  
r e p l a c e m e n t .  The s t u d y  was mot iva t ed  by a r e q u e s t  f rom 
D r .  George M u e l l e r  to de te rmine  how one might  u n d e r t a k e  a 
program "to r e p l a c e  s w i t c h e s  and r e l a y s  by s o l i d  s t a t e  d e v i c e s . "  

R e p l a c i n g  Re lays  i n  t h e  Apollo Guidance Computer DSKY 

The D i s p l a y  and  Keyboard ( D S K Y )  a s s o c i a t e d  w i t h  t h e  
Apo l lo  Guidance Computer has been t h e  s u b j e c t  o f  two i n v e s -  
t i g a t i o n s  t o  d e t e r m i n e  its c o n v e r t i b i l i t y  f rom e l e c t r o m e c h a n i c a l  
to s o l i d  s t a t e  components.  Each DSKY u s e s  1 3 2  r e l a y s ,  1 2 0  of 
which a re  o f  t h e  magnet ic  l a t c h i n g  t y p e  and a re  used  to d r i v e  
e l e c t r o l u m i n e s c e n t  d i s p l a y  i n d i c a t o r s .  T h u s  t h e  t h r e e  3SKY's 
i n  t h e  Apo l lo  spacecraf t - two i n  t h e  CM and one i n ' t h e  LM--use 
a b o u t  400 r e l a y s  out of a t o t a l  af about 9 0 0  i n  t h e  CM and LM. 

The h i s t o r y  o f  problems w i t h  DSKY r e l a y s  d a t e s  back t o  
the Block  I d e s i g n ,  which used r e l a y s  t h a t  were f u l l  c r y s t a l  
c a n  s i z e .  The  B l o c k  T I  DSKY u s e s  r e l a y s  which are  h a l f  c r y s t a l  
can s i z e  and were a t  t h e  l e a d i n g  edge  o f  t h e  r e l a y  a r t  a t  t h e i r  
i n t r o d u c t i o n .  The most p r e v a l e n t  r e l a y  f a i l u r e s  have been :  

1. high c o n t a c t  r e s i s t a n c e  due to c o n t a m i n a t i o n ,  

2.. i n t e r n a l  s h o r t s  due t o  f a u l t y  manufac tu re  and 
c o n t a m i n a t i o n ,  

3. f a i l u r e  to o p e r a t e  due to wear, b roken  w i r e s ,  
and b e a r i n g  con tamina t ion .  

Numerous a t t e m p t s  to c o n t r o l  p r o d u c t i o n  and t o  scraeen 
o u t  f a u l t y  u n i t s  have ach ieved  o n l y  p a r t i a l  s u c c e s s  i n  terms 
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o f  improving  y i e l d  and e l i m i n a t i n g  problems.  U n i t s  which ge t  
t h r o u g h  t h e  t o t a l i t y  of s c r e e n i n g  p r o c e s s e s  ( a t  t h e  p a r t ,  
module and  DSKY l e v e l s )  a r e  c o n s i d e r e d  f l i g h t  wor thy .  

With t h i s  background, AC E l e c t r o n i c s ,  t h e  pr ime con- 
t r a c t o r  f o r  t h e  P G N C S ,  proposed to MSC i n  m i d  1 9 6 6  t h a t  t h e  
DSKY EL d r i v i n g  r e l a y s  be r e p l a c e d  w i t h ' s o l i d  s t a t e  s w i t c h -  
i n g .  T h e i r  i n i t i a l  s t u d y  i n d i c a t e d  t h a t  a one-to-one r e p l a c e -  
ment of t h e  I n d i c a t o r  D r i v e r  Modules ( I D M ) ,  which house t h e  
l a t c h i n g  r e l a y s ,  was f e a s i b l e  u s i n g  S i l i c o n  C o n t r o l l e d  R e c t i f i e r s  
(SCR's) as t h e  s w i t c h i n g  d e v i c e .  T h i s  p r o p o s a l  was r e j e c t e d  
by MSC and no f u r t h e r  work i n  t h i s  area by AC E l e c t r o n i c s  i s  
known to t h e  a u t h o r s .  

Over t h e  p a s t  s e v e r a l  years MSC h a s ,  however, s u p p o r t e d  
a d e s i g n  f e a s i b i l i t y  s t u d y  o f  a s o l i d  s t a t e  DSKY by M I T / I L .  
T h i s  e f f o r t  has l e d  t o  a p r o t o t y p e  DSKY which u s e s  t r a n s i s t o r  
s w i t c h i n g  to d r i v e  i n c a n d e s c e n t  d i s p l a y  i n d i c a t o r s .  The EL 
lamps were r e p l a c e d  because  o f  problems which have  been 
e x p e r i e n c e d  w i t h  them i n  t h e  c o u r s e  o f  t h e  DSKY development 

more c o m p a t i b l e  w i t h  s o l i d  s t a t e  t e c h n o l o g y .  * 
been  a s s o c i a t e d  w i t h  s e a l i n g ,  l i g h t  i n t e n s i t y ,  and f a i l u r e  r a t e  
i n  Q u a l i f i c a t i o n  T e s t i n g  i n c l u d i n g  shock ,  a l t i t u d e ,  and  thermal  
vacuum.) The d i s p l a y  i n d i c a t o r s  i n  M I T ' s  p r o t o t y p e  a re  f ab -  
r i c a t e d  u s i n g  f i b e r  o p t i c s  coupled to c o n v e n t i o n a l  I L  lamps. 
A segmented I L  numeric  d i s p l a y  i n d i c a t o r  was c o n s i d e r e d  b u t  
re j ' zc te6  diiz t o  f a b r f c a t i o n  d i f f i c u l t i e s .  

arid a l so  to  o b t a i i l  a d i s p l a j i  device  - - = & I -  W l c l l l  v o l t a g e  r e q u i r e m e n t s  
(EL problems have  

T h i s  e f f o r t  i s  about  completed and an MTT/II, f r ina l  
r e p o r t  shou ld  be a v a i l a b l e  w i t h i n  a f e w  months.  T h e  p r o t o t y p e  
DSKY i s  a b o u t  t h e  same weight  as t h e  r e l a y  v e r s i o n  b u t  r e q u i r e s  
r o u g h l y  t e n  t i m e s  t h e  power ( a p p r o x i m a t e l y  1 0  watts v e r s u s  
1 w a t t ) .  It shou ld  be noted  t h a t  DSKY r e l a y s  used  f o r  gu idance  
and  n a v i g a t i o n  s y s t e m  c o n t r o l  f u n c t i o n s  were n o t  r e p l a c e d  i n  
t h i s  MIT/IL p r o t o t y p e .  Also, i t  may be n o t e d  t h a t  t h e  Data 
E n t r y  and B i s p l a y  Assembly ( D E D A )  of t h e  Abort  E l e c t r o n i c s  
A s s e m b l y  used  on t h e  LM i n c o r p o r a t e s  EL d i s p l a y  i n d i c a t o r s  
(115 V RMS) d r i v e n  b y  SCR's. 

S t a t e  of t h e  A r t  i n  Rep lac ing  E l e c t r o m e c h a n i c a l  Components 

There have been a number of  commercial ,  m i l i t a r y  and 
N A S A  p r o j 2 c t . s  ( o u t s i d e  of  Apol lo)  t ha t  have been  concerned  
w i t h  r e p l a c i n g  e l e c t r o m e c h a n i c a l  components such  as  s w i t c h e s ,  

*The r e l a y s  i n  t h e  b a s i c  DSKY s w l t c h  25OV RMS a c r o s s  t h e  
EL l i g h t s ,  t h e r e b y  e l i m i n a t i n g  a lmos t  a l l  s o l i d  s t a t e  d e v i c e s  
e x c e p t  SCRIs f o r  c o n s i d e r a t i o n  as one-to-one r e p l a c e m e n t s  f o r  
t h e  r e l a y s ,  
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r e l ays ,  and c i r c u i t  breakers .  As background to d i s c u s s i n g  
t h o s e  p r o j e c t s ,  w e  n o t e  t h a t  e a c h  e l e c t r o m e c h a n i c a l  component 
i s  s i m p l y  a s e t  of c o n t a c t s  that are o p e r a t e d  i n  r e s p o n s e  to 
a s i g n a l .  A s w i t c h ,  i . e . ,  a mechan ica l  to e l e c t r i c a l  t r a n s -  
d u c e r  such  as a t o g g l e  o r  push b u t t o n ,  r e s p o n d s  t o  a mechanica l  
s i g n a l .  A r e l a y  r e s p o n d s  to a n  e l e c t r i c a l  s i g n a l .  A c i r c u i t  
b r e a k e r  a l s o  r e s p o n d s  t o  a n  e l e c t r i c a l  s i g n a l ,  u s u a l l y  from a n  
o v e r c u r r e n t  s e n s o r .  

The p r imary  s tumbl ing  b l o c k  to u s i n g  s o l i d  s t a t e  
r e l a y s  and c i r c u i t  b reakers  i s  t h a t  t h e  s o l i d  s t a t e  d e v i c e  
h a s  a v o l t a g e  d r o p  a c r o s s  its " c o n t a c t s " .  I n  most c o n v e n t i o n a l  
sys t ems ,  l o g i c  o p e r a t i o n s  a r e  per formed by t h e  same c o n t a c t s  
t ha t  do t h e  power s w i t c h i n g  and t h e r e f o r e  t h e r e  might  be 
s e v e r a l  c o n t a c t s  i n  s e r i e s .  If t h e s e  a re  d i r e c t l y  r e p l a c e d  
by s o l i d  s t a t e  e q u i v a l e n t s ,  t h e  sum o f  v o l t a g e  d r o p s  can  be 
such  t h a t  t h e  c i r c u i t  w i l l  no t  work. I n  any p a r t i c u l a r  
s y s t e m ,  t h e r e  may be some e l e c t r o m e c h a n i c a l  d e v i c e s  t h a t  c o u l d  
be d i r e c t l y  r e p l a c e d ,  b u t  i n  g e n e r a l ,  t h i s  approach  i s  n o t  
f e a s i b l e .  

An approach  t h a t  does  seem f eas ib l e  i s  t o  r e d e s i g n  
t h e  sys tem s o  t h a t  a l l  l o g i c  i s  per formed a t  low s i g n a l  l e v e l s  
u s i n g  i n t e g r a t e d  c i r c u i t s ,  fo l lowed  by  s o l i d  s t a t e  d e v i c e s  
s u c h  as SCR's and  power t r a n s i s t o r s  f o r  power bus  s w i t c h i n g  
and l o a d  s w i t c h i n g .  These h igh  power d e v i c e s  would be con- 
s t r a i n e d  from o c c u r r i n g  i n  s e r i e s ,  to a v o i d  t h e  accumula t ion  
o f  v o l t a g e  d r o p s  t h a t  might  occur  i n  c o n v e n t i o n a l  s y s t e m s .  

T h i s  approach  i s  be ing  used by  LTV Aerospace /Da l l a s ,  
which h a s  been working on v a r i o u s  f a c e t s  of  c o n t a c t l e s s  swi t ch -  
i n g  s i n c e  1 9 6 2 .  LTV i s  p r e s e n t l y  b u i l d i n g  a s o l i d  s t a t e  s y s t e m  
f o r  power d i s t r i b u t i o n  i n  t h e  A-7B a i r c r a f t .  T h i s  p r o j e c t  
c a l l s  f o r  a comple te  c o n v e n t i o n a l  s y s t e m  and a comple te  s o l i d  
s t a t e  s y s t e m  t o  b e  b u i l t  and compared w i t h  one a n o t h e r .  They  
are u s i n g  a n  SCR w i t h  a 1.5 v fo rward  d rop  to s w i t c h  a 115 v ,  
400  c p s ,  50 amp, power b u s .  
a 28 vdc bus  and s p e c i f y  VcE(sAT) o f  l e s s  t h a n  0 .5  v a t  
1 0  amps. These d e v i c e s  are  c o n t r o l l e d  by  i n t e g r a t e d  c i r c u i t s  
which per form a l l  t h e  l o g i c  a t  a low l e v e l .  

T h e y  u s e  a t r a n s i s t o r  t o  s w i t c h  

S e v e r a l  p o s s i b i l i t i e s  f o r  r ep lacemen t  of  p a n e l  s w i t c h e s  
have  been c o n s i d e r e d  by LTV, b u t  LTV has d e c i d e d  a g a i n s t  
r e p l a c i n g  them because :  

1. Most p o t e n t i a l  r ep lacemen t s  a r e  n o t  i n  t h e  pro-  
d u c t i o n  stage and t h e r e f o r e  r e p r e s e n t  a r i s k .  

2 .  S i n c e  t hese  c o n t a c t s  w i l l  be  s w i t c h i n g  low l e v e l  
s i g n a l s ,  t h e y  can  be d e s i g n e d  to be  v e r y  r e l i a b l e .  

i 
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3 .  Pilots are accustomed to toggles and push buttons. 

However they found that it was necessary to design a buffer 
between the panel switches and the integrated circuits to 
eliminate the effect of contact bounce and chatter in applica- 
tions where the control logic involves timing, latching, 
counting or memory. 

In space applications, the importance of replacing 
panel switches will depend on whether they have been partic- 
ularly unreliable and whether further reduction of the 
possibility of arcing is necessary. 

are listed below. 
recently been studied. The list is not exhaustive. 

Some of the suggested replacements for panel switches 
These are among the more popular that have 

1. 

2. 

3 .  

Strain Sensitive Semiconductor. - When strain is 
applied, the resistance of the semiconductor 
changes by as much as 3 0 % .  Because the resistance 
is highly sensitive to temperature, compensating 
circuitry is needed. 

Variable Capacitance. - Body capacitance changes 
circuit impedance, actuating the switch. Some 
problems are that the body capacitance is too low 
to significantly change the impedance; body capaci- 
tance is too variable from person to person; and 
since only contact is required, there is the chance 
of accidentally turning it on. 

Piezoelectric Devices. - At least two designs of' 
piezoelectric signal sources have reached the 
breadboard stage. LTV and Bell Telephone 
Laboratories have both designed a laboratory 
model. LTV's circuit changes state if power 
is momentarily interrupted. BTL's study of the 
problem did not proceed to the stage where such 
problems as the bond between the piezoelectric 
crystal and the deformable substrate were con- 
sidered. BTL personnel feel that further study 
is needed on this problem. 

N A S A ' s  Electronics Research Center has a study 
contract with the University of California at 
Berkeley " t o  develop new electromechanical devices 
based on the.interaction of the piezoelectric and 
field effect in appropriate semiconductors." The 
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c h a r g e  a t  t h e  s u r f a c e  o f  t h e  material  i s  
de tec tab le  as l o n g  as  stress i s  b e i n g - a p p l i e d .  
T h i s  t e c h n i q u e  was d i s c o v e r e d  by P r o f e s s o r  R .  
M u l l e r  and h e  h a s  l i c e n s e d  G i a n n i n i  C o r p o r a t i o n  
t o  d e v e l o p  i t .  They have n o t  pu r sued  i t s  
development .  

BTL i s  a l s o  i n v e s t i g a t i n g  t h e  u s e  of  p i e z o e l e c t r i c  
c r y s t a l s  i n  c o n j u n c t i o n  w i t h  FET's .  They a re  
a t t e m p t i n g  t o  u s e  t h e  f a c t  t h a t  when t h e  p i e z o -  
e l e c t r i c  c r y s t a l  i s  s t r e s sed  i n  one d i r e c t i o n ,  
t h e  v o l t a g e  g e n e r a t e d  i s  of  o p p o s i t e  p o l a r i t y  
t h a n  when i t  i s  s t r e s s e d  i n  t h e  o t h e r  d i r e c t i o n .  
T h i s  work i s  i n  t h e  p r e l i m i n a r y  s tages  o f  research .  

4 .  P h o t o r e s p o n s i v e  Devices .  - It may be f eas ib l e  t o  
u s e  a l i g h t  e m i t t i n g  semiconductor  such  as 
g a l l i u m  phosphide  a s  a l i g h t  s o u r c e  t o  c o n t r o l  
e i t h e r  a p h o t o r e s i s t i v e  mater ia l  l i k e  CdS o r  a 
p h o t o s e n s i t i v e  t r a n s i s t o r .  The l i g h t  s o u r c e  
c o u l d  be broken  by a shade  c o n t r o l l e d  by a 
t o g g l e  s w i t c h  o r  push b u t t o n ,  r e s u l t i n g  i n  i s o l a -  
t i o n  of t h e  mechanica l  and e l e c t r i c a l  p o r t i o n s  o f  
t h e  sys tem w h i l e  r e t a i n i n g  t h e  t r a d i t i o n a l  mechan- 
i c a l  d e v i c e s .  The l i g h t  s o u r c e  would have t o  be 
c o n s t a n t l y  on .  Th i s  would r e q u i r e  approx ima te ly  
1 mw f o r  e a c h  g a l l i u m  phosphide  s o u r c e  w i t h  a 
p o s s i b i l i t y  of r e d u c i n g  t h i s  s l i g h t l y  i n  t h e  f u t u r e .  

P o t e n t i a l  f o r  R e l i a b i l i t y  Improvement 

I n c r e a s e d  r e l i a b i l i t y  has been mentioned as a prob-  
able  r e s u l t  o f  u s i n g  c o n t a c t l e s s  s w i t c h i n g ,  b u t  t h i s  h a s  n o t  
a lways  been  t h e  c a s e .  I n  May 1963 ,  L T V / D a l l a s  d i d  a con- 
c e p t u a l  d e s i g n  o f  a s o l i d  s t a t e  c o n t a c t l e s s  s w i t c h i n g  s y s t e m ,  
and i t s  c a l c u l a t e d  r e l i a b i l i t y  was found t o  be l ess  t h a n  t h a t  
of a c o n v e n t i o n a l  sys tem.  T h i s  was based  on a s i m p l e  p a r t s  
c o u n t  r e l i a b i l i t y  a n a l y s i s ,  u s i n g  f a i l u r e  r a t e  da ta  from 
MIL Handbook 2 1 7 ;  t h e y  p o i n t e d  o u t  t h a t  a n  o r d e r  of magni tude  
improvement i n  r e l i a b i l i t y  o f  m i c r o c i r c u i t s  was e x p e c t e d  b y  
1 9 6 4 ,  and t h a t  t h i s  would r e s u l t  i n  a more r e l i a b l e  s o l i d  
s t a t e  sys t em.  

t h e  A - 7 B ' s  s o l i d  si;ate power d i s t r i b u t i o n  sys tem has borne  
o u t  t h e i r  1963 e x p e c t a t i o n s .  I n  f a c t ,  u s i n g  Texas I n s t r u -  
ments ,  I n c .  f a i l u r e  r a t e s ,  t h e  p r e s e n t  c a l c u l a t e d  r e l i a b i l i -  
t y  i s  b e t t e r  t h a n  was e x p e c t e d ,  and i s  b e t t e r  t h a n  t h e  e l e c -  
t r o m e c h a n i c a l  v e r s i o n .  The a d v a n t a g e  shou ld  c o n t i n u e  s h i f t -  
i n g  t o  s o l i d  s t a t e  d e v i c e s  i n  t h e  f u t u r e ,  b u t  no d e f i n r i t i v e  
r e l i a b i l i t y  compar isons  have y e t  been made. 

A t  t h e  p r e s e n t  t ime ,  LTV' s  p r e l i m i n a r y  a n a l y s i s  of 
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Summary and Conclusion 

The state of the a r t  in solid state replacements 
f o r  electromechanical components can be summarized with 
the following statements: 

1. Relays and circuit breakers can be replaced by 
transistors and SCR's if the entire system is 
redesigned. 

feasible. 
2. In general, one-foF-one replacements are not - 

3 .  Mechanical to electrical transducers can not 
be replaced by solid state devices until more 
development work is done on several promising 
techniques. 

4 .  The relative reliability of conventional and 
solid state relays, switches and circuit breakers 
is not well defined, but the advantage should be 
with solid state implementat'ion in the long run. 

The following course of action is recommended for 
the eventual replacement of electromechanical components by 
solid state components: 

1. A detailed summary of the failure rates and failure 
modes that have been experienced in the Saturn/Apollo 
Space Vehicle should be compiled for all electro- 
mechanical components. 

2. A first cut analysis should be performed of the operat- 
ing time or number of operations that components 
may experience in some pre-1975 advanced mission such 
as the Orbital Workshop C. This expected usage data 
should be compared t o  data obtained from 1). The 
intent is to get a gross idea of whether there will 
be any severe reliability problems if electromechan- 
ical components continue to be used in various sub- 
systems. 

3 .  If 1) or 2) reveal any significant problem areas, 
N A S A  should determine whether current research in 
solid state components is adequate or needs funding 
in particular areas to eliminate the discovered 
problems. 
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4. If not already doing so, OMSF should monitor the 
LTV power system study and the MIT solid state 
DSKY study. (Representatives of OART and ERC are 
already aware of the LTV study.) Study 2) should 
yield information as to whether any other hardware 
prototypes are needed. At this time we do not think 
they are. 

5. Designers of new subsystems commissioned by OMSF 
should be explicitly directed to consider solid state 
components, and not just choose electromechanical 
parts  because they have always been used before. 

a .  0. Baechler 

1031-pSS-fcm DOB P. 8 .  Schaenman 
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