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TO SPACE ELECTRICAL POWER DISTRIBUTION COMPONENTS 
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N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C leve land,  Oh io  44135 

SUMMARY 

The r e c e n t  d i s c o v e r y  o f  a c l a s s  o f  h i g h  temperature superconduct ing  (HTS) 
ceramics which remain  superconduct ing  a t  temperatures near  125 K has s t i m u l a t e d  
t h e  t e r r e s t r i a l  e l e c t r i c  power i n d u s t r y  t o  t a k e  a new look a t  t he  impact  super- 
conductors  c o u l d  have on t h e  genera t i on ,  s to rage,  and d i s t r i b u t i o n  of e l e c t r i c  
power. I t  i s  e q u a l l y  i m p o r t a n t  t h a t  t h e  space e l e c t r i c  power community ask t h e  
same ques t ions  and examine i t s  systems and components t o  de termine what c o u l d  
be ach ieved by  t h e  i n t r o d u c t i o n  o f  HTS i n t o  i t s  techno logy .  Th is  i s  e s p e c i a l l y  
impor tan t ,  because for  a low l o s s  system i t  may be p o s s i b l e  to  ach ieve  super- 
c o n d u c t i v i t y  a t  tempera tures  near  125 K w i t h  o n l y  pass i ve  c o o l i n g ,  where i t  i s  
e s s e n t i a l l y  imposs ib le  to  ach ieve  t r a d i t i o n a l  superconduct ing  temperatures 
(-15 K )  w i t h o u t  a ma jor  mechanical r e f r i g e r a t i o n  system or t h e  use o f  l i q u i d  
he l ium.  The p o t e n t i a l  f o r  impact  d e r i v e s  from t h e  a b i l i t y  o f  superconductors  
t o  c a r r y  e l e c t r i c  c u r r e n t  w i t h o u t  loss as l o n g  as they  a re  ma in ta ined  a t  a low 
enough temperature,  magnet ic  f i e l d ,  and c u r r e n t .  The r e a l i z a t i o n  of  t h e i r  
p o t e n t i a l ,  o f  course,  depends n o t  o n l y  on t h e  va lues  o f  the  above parameters 
b u t  on  more mundane, b u t  c r u c i a l  ques t i ons  such as t h e i r  f a b r i c a b i l i t y ,  a v a i l a -  
b i l i t y ,  s t a b i l i t y ,  c o s t ,  we igh t ,  e t c .  The va lues  o f  these parameters and t h e  
answers t o  t h e  q u e s t i o n s  a re ,  as yet ,  i nadequa te l y  known and a r e  t h e  s u b j e c t  
of  i n t e n s i v e  research .  

Th is  paper w i l l  examine some i m p o r t a n t  space based e l e c t r i c a l  power d i s -  
t r i  b u t i o n  systems and components and compare t h e  pre-HTS s t a t e - o f - t h e - a r t  w i t h  
what m igh t  be ach ieved w i t h  t h e  i n t r o d u c t i o n  o f  HTS. Components t o  be compared 
w i l l  i n c l u d e  t r a n s f o r m e r s  ( p r e s e n t  we igh t  o f  h i g h  f requency  power t rans formers  
i s  about  0.2 kg/kW a t  20 KVA), c a p a c i t o r s  ( a t  40 kHZ and 0.05 kg/kVA), and 
t r a n s m i s s i o n  l i n e s  where t h e  expected c u r r e n t  d e n s i t y  c o u l d  i n c r e a s e  two o r d e r s  
o f  magnitude from perhaps 100 A/cm2 t o  20 000 A/cm2. I t  was concluded t h a t  t h e  
p r i m a r y  g a i n  from HTS i n  l a r g e r  space s y s t e m s  w i l l  be i n  HTS use as t ransmis -  
s i o n  l i n e s ,  r a t h e r  than  i n  t r a n s f o r m e r s  or c a p a c i t o r s .  

INTRODUCTION 

I n  1986, a new c l a s s  o f  superconductors  (HTS)  were d i scove red .  They a r e  
ceramic compounds, based on t h e  copper ox ides ,  which e x h i b i t  ze ro  e l e c t r i c a l  
r e s i s t a n c e  a t  tempera tures  (T,) as h i g h  as 125 K. Th is  development was a sur -  
p r i s e  t o  t h e  s c i e n t i f i c  community which,  f o r  t h e  most p a r t ,  was conv inced t h a t  
n a t u r e  would n o t  a l l o w  Tc to  exceed 30 K. The sudden jump o f  Tc from 23 K 
t o  w e l l  above l i q u i d  n i t r o g e n  temperatures (77  K >  r e q u i r e s  t h a t  a new look be 
taken a t  t h e  p r a c t i c a l  a p p l i c a t i o n  o f  t h e  phenomenon. L i q u i d  n i t r o g e n  i s  a 



c o o l a n t  which i s  u b i q u i t o u s  i n  o u r  techno 
ment to  l a r g e  s c a l e  a p p l i c a t i o n  than l i q u  
s i b i l i t y  t h a t  even h i g h e r  temperatures,  i 
around the c o r n e r .  

ogy and i s  l e s s  a p t  to  be an impedi- 
d he l i um.  More e x c i t i n g  i s  the  pos- 
e . ,  room temperatures,  may be j u s t  

Space e l e c t r i c a l  power systems a re  p a r t i c u l a r l y  a p p r o p r i a t e  f o r  e a r l y  
power a p p l i c a t i o n s  o f  HTS. I n  such s y s t e m s  we igh t /per fo rmance i s  a dominant 
f i g u r e  o f  m e r i t .  I t  i s  expensive t o  launch mass and t h e r e f o r e  conductor  sys- 
tems which, because o f  t h e i r  h i g h  cos t /per fo rmance may n o t  be a t t r a c t i v e  for 
t e r r e s t r i a l  use, may be conductors  o f  cho ice  for  space. F u r t h e r ,  f o r  many 
space a p p l i c a t i o n s  77 K i s  "room tempera ture"  ( i . e . ,  o n l y  pass i ve  c o o l i n g  may 
be r e q u i r e d ) .  

Space power systems tend t o  be unique t o  the  m i s s i o n  they  serve.  There- 
fore we w i l l  n o t  cons ide r  a "des igned from the  ground up" HTS power system. 
I n s t e a d  we w i l l  l ook  a t  the  i m p l i c a t i o n s  o f  r e p l a c i n g  t h e  normal conductor  i n  
t h r e e  impor tan t  and u b i q u i t o u s  power system components w i t h  HTS, i . e . ,  t r a n s -  
m i s s i o n  l i n e s ,  t rans fo rmers ,  and c a p a c i t o r s .  S t a t e - o f - t h e - a r t  components w i l l  
be descr ibed and e x t r a p o l a t i o n s  w i l l  be made t o  component c h a r a c t e r i s t i c s  
expected u s i n g  HTS.  Th is  e x e r c i s e  presupposes the  development o f  a p r a c t i c a l  
conductor  techno logy ,  such as f l e x i b l e  ceramic woven f i b e r  or t h i n  f i l m  sheet  
conductors  and may h e l p  gu ide  t h e  development o f  a p p r o p r i a t e  conductors .  
s i v e  c o o l i n g  by r a d i a t i o n  t o  space i s  t he  o n l y  c o o l i n g  assumed a l though  the  
p e n a l t i e s  and b e n e f i t s  o f  a c t i v e  c o o l i n g  a re  e a s i l y  seen. 

Pas- 

T R A N S M I S S I O N  LINES 

Components i n  t h i s  ca tegory  range from s t r a i g h t  f o r w a r d  p o i n t - t o - p o i n t  
w i r i n g  on a s p a c e c r a f t  t o  k i l o m e t e r  l ong  s e l f  s u p p o r t i n g  cab les  connect ing  a 
remote power source such as a n u c l e a r  r e a c t o r ,  t o  an i n h a b i t e d  space COlOiy. 
The t r a d e o f f s  can be q u i t e  d i f f e r e n t  i n  the  two cases. I n  t h i s  paper we w i l l  
cons ider  the  s imp le  case o f  p o i n t - t o - p o i n t  w i r i n g .  

The t r a n s m i s s i o n  l i n e  l o s s e s  and the  a s s o c i a t e d  we igh t  p e n a l t y  have been 
t r e a t e d  p r e v i o u s l y  i n  re fe rences  1 t o  3 where c o n s i d e r a b l e  a t t e n t i o n  has been 
g i ven  t o  the  problem o f  d i s p o s i n g  o f  the  waste h e a t .  

The we igh t  p e n a l t y  ( W  1 i s  composed o f  t h r e e  p a r t s .  F i r s t  i s  t he  we igh t  
( W t l )  o f  the  l i n e  i t s e l f  w I: i c h  i s  assumed to  be e n t i r e l y  conductor .  Second i s  
t he  we igh t  ( W p s )  o f  the  added power supp ly  t o  make up f o r  the  l o s s e s  and t h i r d  
the  mass of any added r a d i a t o r  t o  d ispose o f  the  h e a t .  
c o n t r i b u t i o n  by s t a y i n g  i n  the  regime, f o r  normal conductors  < jc = 200 A / c m 2 > ,  
where t h i s  we igh t  i s  s m a l l .  

We w i l l  n e g l e c t  t h i s  

Hence, 

and, 
WP = W t l  + W P S  

W t l  = 2ALd 

where A i s  t he  c r o s s - s e c t i o n a l  a rea  o f  the  w i r e ,  L i s  the  l e n g t h  o f  the  
l i n e ,  and d i s  the  d e n s i t y  o f  t he  conductor  m a t e r i a l .  Also, 

( 1 )  

( 2 )  
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where I i s  t h e  c u r r e n t ,  a i s  t he  i n v e r s e  s p e c i f i c  power (wt /power> ,  and p 
i s  t h e  r e s i s t i v i t y  o f  the  conductor .  

Combining t h e  above equat ions  we can w r i t e  

P 
( 4 )  

I f  we p u t  i n  va lues  o f  d and p fo r  copper (8 .9 gm/cc and 1 . 6 ~ 1 0 - 6  Q cm) 
and take  a reasonab le  va lue  ( r e f .  4) f o r  a, ! . e . ,  250 gm/W, i t  i s  c l e a r  t h a t  
f o r  jc = 100 A/cm2 the  a d d i t i o n a l  power supp ly  i s  a s i g n i f i c a n t  f r a c t i o n  o f  
t h e  we lgh t  p e n a l t y .  

We now c a l c u l a t e  A i n  terms o f  the  t o t a l  power ( P )  and the  system 
v o l t a g e  ( V ) .  

The re fo re ,  

wP 

For HTS l i n e s ,  t h e  second te rm i s  neg lec ted  ( p  = 0) and i f  j ,  = 2x104 A / c m 2  
( a  va lue  t y p i c a l  o f  the  p resen t  g e n e r a t i o n  o f  commercial superconductors )  we 
f i n d  t h a t  t h e  we igh t  p e n a l t y  i s  reduced by a f a c t o r  of 0.0034. 

(6) 

S e t t i n g  t h e  o p e r a t i n g  v o l t a g e  ( V )  t o  200 V ,  y i e l d s  

There fo re  a s i n g l e  100-m l i n e  ( p a i r )  c o n t r i b u t e s  about  13 kg/kW. However 
t h i s  n e g l e c t s  an impor tan t  p o i n t .  Power management and redundancy r e q u i r e -  
ments, such as i n  Space S t a t i o n  ( p r i v a t e  communication from J .  DePauw), can 
r a i s e  t h e  we igh t  p e n a l t y  by an o r d e r  o f  magnitude t o  130 kg/kW. 

TRANSFORMERS 

HTS, though they  a r e  l o s s l e s s  when used w i t h  dc, do e x h i b i t  l osses  when 
exposed t o  ac .  These losses  a r e  a s s o c i a t e d  w i t h  f l u x  p i n n i n g  i n  the  supercon- 
d u c t o r  and c u r r e n t s  t h a t  flow i n  the  normal m a t e r i a l  used as the rma l ,  mechani- 
c a l ,  and e l e c t r i c a l  s t a b i l i z a t i o n .  Th is  i s  a complex t e c h n i c a l  i s s u e  ( r e f .  5 )  

3 



however the losses (dQ/dt), which are proportional to the frequency (f) and the 
square of the p-p amplitude of the ac magnetic field ( B ) ,  can be summarized 
as follows: 

(s), geometry (91, resistivity ( p ) ,  critical current (jc), and frequency (f). 
These losses have been maintained well below those of normal conductors in var- 
ious ac applications up to around 100 Hz however significantly higher frequen- 
cies will be a technical challenge. Table I describes the weight breakdown for 
a 25 kVA, 20 KHz transformer designed for space (ref. 6). The conductor is 
about 28 percent of the total weight of the device and is assumed to work at a 
current density of 200 A/cm2. Since we have seen that HTS current densities 
are at least lOOx higher it is clear that most of the conductor weight could be 
eliminated. It might be possible, in addition, to reduce, as a result, some of 
the structure. Therefore, nearly 28 percent of the weight of a space power 
transformer could be eliminated by the introduction of HTS, a reduction in 

I weight t o  about 0.1 kg/kW. The biggest impact, however, might be the elimina- 

dt a B2fD(s,p,g,j,,f) (8) 

HIGH POWER CAPACITORS 

Capacitor applications fall into two categories. 
high power o r  for high energy density. 

They may be chosen for 
The two are related by the frequency. 

power/weight = f x energylweight (9) 

State-of-the-art in power capacitors is about 0.05 t o  0.1 kg/kVA at 20 to 
40 kVA (ref. 7 and 8). For example; a 75 kVA, 600 V, 125 A, 40 kHz polypropy- 
lene capacitor weighs 3.2 kg and exhibits a loss of 22 W, or 0.03 percent. 
Some o f  this was dielectric losses and the rest could be attributed t o  a series 
resistance of about 0.001 a.  HTS would reduce this still further but it is 
clear that direct replacement of the conductor in a capacitor with HTS will 
have little impact on the weight (table 11). 
the major impact of HTS on the weight of  a space electric power system is apt 
to come from the elimination of capacitors by a redesign o f  the power system. 

As i n  the case of the transformer, 

CONCLUSIONS/SUMMARY 

, From the preceding rather cursory look the following conclusions can be 
drawn. 

1 .  HTS has its greatest effect o n  the weight associated with transmission 
lines. Their large jc allows a reduction of about 300x in the weight of the 
wiring. This could amount to as much as 130 kg/kW for a kilometer of cable or 
1300 kg/kW if system redundancies are included. 

I 
i 

2. Transformers, because only 28 percent of their mass is i n  the conduc- 
tor, are reduced in weight by the same factor. 

4 



3. Capac i to rs  a r e  he lped  t h e  l e a s t  and o n l y  n e g l i g i b l e  sav ings a r e  p o s s i -  
b l e  i n  t h e i r  i n d i v i d u a l  we igh ts .  

4. A major d r i v e r  for  t h e  use of  ac i n  high-power r e s i s t i v e  systems i n  
space i s  t h e  need to  reduce conductor  mass. 
can r e l a x  t h e  requi rement  t o  go to  ac and the reby  can generate s i g n i f i c a n t  sav- 
i n g s  by e l i m i n a t i n g  m o s t  t r a n s f o r m e r s  and c a p a c i t o r s .  

Because of  t h e i r  l a r g e  jc, HTS 
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Magnet ic  core  
Coi 1 s and buss b a r  
S t r u c t u r e  
I n s u l a t o r s  
F a s t e n e r s  
T o t a l  

TABLE 11. - POWER CAPACITOR WEIGHT BREAKDOWN 

Weight ,  kg P e r c e n t  
t o t a l  w e i g h t  

0 . 7 0  2 2 . 0  
.07  2 7 . 6  

1 .14  36 .0  
.21 6 . 8  
.24  7 . 6  

3 . 1 6  100 

Conductor 
D i e l e c t r i c  18.75 
Structure /Case 2 . 4 0  7 5 . 0  
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16. Abstract 

The recent  d iscovery  o f  a c l a s s  o f  h igh- temperature superconduct ing (HTS) cerami cs whi ch remai n 
superconduct ing a t  temperatures near  125 K has s t i m u l a t e d  t h e  t e r r e s t r i a l  e l e c t r i c  power i n d u s t r y  t o  
take  a new l o o k  a t  t h e  impact  superconductors  cou ld  have on t h e  genera t ion ,  s to rage,  and d i s t r i b u t i o n  
o f  e l e c t r i c  power. 
ques t ions  and examine i t s  systems and components t o  determine what cou ld  be achieved by the  i n t r o d u c -  
t i o n  o f  HTS i n t o  i t s  technology.  T h i s  i s  e s p e c i a l l y  impor tan t ,  because f o r  a l o w  l o s s  system i t  may 
be p o s s i b l e  t o  achieve s u p e r c o n d u c t i v i t y  a t  125 K w i t h  o n l y  pass ive  c o o l i n g ,  where i t  i s  e s s e n t i a l l y  
imposs ib le  t o  achieve t r a d i t i o n a l  superconduct ing temperatures (“15 K )  w i t h o u t  a ma jor  mechanical 
r e f r i g e r a t i o n  system o r  t h e  use o f  l i q u i d  he l ium.  The p o t e n t i a l  f o r  impact d e r i v e s  f rom the  a b i l i t y  
o f  superconductors t o  c a r r y  e l e c t r i c  c u r r e n t  w i t h o u t  l o s s  as l o n g  as they a r e  main ta ined a t  a low 
enough temperature,  magnetic f i e l d  and c u r r e n t .  The r e a l i z a t i o n  o f  t h e i r  p o t e n t i a l ,  o f  course, 
depends n o t  o n l y  on the  va lues  o f  t h e  above parameters b u t  on more mundane, b u t  c r u c i a l  ques t ions  
such as t h e i r  f a b r i c a b i l i t y ,  a v a i l a b i l i t y ,  s t a b i l i t y ,  c o s t  weight ,  e t c .  The va lues  o f  these parame- 
t e r s  and t h e  answers t o  t h e  ques t ions  are,  as y e t ,  inadequate ly  known and a r e  t h e  s u b j e c t  o f  i n t e n -  
s i v e  research. Th is  paper w i l l  examine some impor tan t  space based e l e c t r i c a l  power d i s t r i b u t i o n  
systems and components and compare t h e  pre-HTS s ta te -o f - the-ar t  w i t h  what migh t  be achieved w i t h  t h e  
i n t r o d u c t i o n  o f  HTS. 
frequency power t rans formers  i s  about  0.2 kg/kW a t  20 kVA), c a p a c i t o r s  ( a t  40 kHz and 0.05 kg/kVA), 
and t ransmiss ion  l i n e s  where t h e  expected c u r r e n t  d e n s i t y  c o u l d  inc rease two orders  o f  magnitude 
f rom perhaps 100 A/cm2 t o  20 000 A/cm2. 

I t  i s  e q u a l l y  i m p o r t a n t  t h a t  t h e  space e l e c t r i c  power community ask the  same 

Components t o  be compared w i  11 i n c l u d e  t rans formers  ( p r e s e n t  we igh t  o f  h igh-  

S u p e r c o n d u c t i v i t y  
E l e c t r i c  power 
Space 
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