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FOREWORD 

The r e s e a r c h  descr ibed h e r e i n ,  which w a s  conducted by The Boeing Company, 

Aerospace Systems D iv is ion ,  w a s  performed under NASA Contract  NAS3-8995. 

The work w a s  done under the  management of t h e  NASA P r o j e c t  Manager, 

M r .  B. L. S a t e r ,  Spacecraf t  Technology D iv is ion  NASA L e w i s  Research Center. 
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ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
This s tudy  w a s  d i r e c t e d  t o  i nc reas ing  r e l i a b i l i t y  and reducing t h e  weight 

of h igh  vo l tage  s o l a r - c e l l  power systems f o r  spacec ra f t .  

of electr ical con f igu ra t i ons  f o r  a 15-kW, 2 t o  16 kV, i n t e g r a l l y  regu la ted  

s o l a r  a r r a y  were developed and evaluated f o r  Earth o r b i t  opera t ion .  

an a r r a y  could,  f o r  example, power i on  t h r u s t o r s  on a satel l i te cl imbing 

t o  synchronous o r b i t ,  then  power rad io  t ransmi t t i ng  tubes. Concepts 

developed f o r  i n t e g r a l  power cond i t ion ing  on t h e  a r r a y  are app l i cab le  t o  

low vo l tage  as w e l l  as h igh  vo l tage  s o l a r  a r rays .  

oping t h e s e  con f igu ra t i ons ,  and t h e  d i r e c t i o n  of work f o r  so lv ing  these  

problems are def ined. 

Conceptual designs 

Such 

The problems i n  devel- 

Providing f o r  r a d i a t i o n  degradat ion of s o l a r  cel ls r e s u l t s  i n  an i n i t i a l  

so la r -a r ray  power c a p a b i l i t y  which i s  near l y  twice the  f i n a l  15 kW. 

swi tch ing  approach invo lv ing  a s l i g h t  a d d i t i o n a l  weight i n  the  proposed 

a r r a y  permi ts  t h i s  extra i n i t i a l  power t o  be  used i n  secondary loads .  

Other sw i tch ing  reconf igures  t h e  a r r a y ,  from an arrangement where s i x  

d i f f e r e n t  primary l oads  are powered a t  d i f f e r i n g  vo l tages ,  t o  a f i n a l  

con f i gu ra t i on  which s u p p l i e s  a s i n g l e  16 kV load. 

regu la ted  t c  w i t h i n  0.1% by low-dissipat ion d i g i t a l  switching techniques. 

The switches are o p t i c a l l y  l i nked  t o  c o n t r o l s  t o  i s o l a t e  the  high vo l tage  

from c o n t r o l  c i r c u i t s .  Logic func t i ons  f o r  a r r a y  p ro tec t i on ,  r e g u l a t i o n  

and recon f igu ra t i on  are i n  a c e n t r a l  computer. 

r i d i n g  ground c o n t r o l  are provided. 

t h a t  an a r r a y  can b e  conf igured t o  achieve an est imated r e l i a b i l i t y  of 

0.99. 

vo l tage  a r rays .  

a p p l i c a t i o n s  where a 0.96 r e l i a b i l i t y  i s  s u f f i c i e n t .  

A 

Voltage o r  c u r r e n t  i s  

Both on-board and over- 

Mathematical r e l i a b i l i t y  models show 

Such an a r r a y  would have h igher  r e l i a b i l i t y  than convent ional  low- 

A s i m p l i f i e d  e l e c t r i c a l  con f igura t ion  was developed f o r  

V 
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SUMMARY 

The purpose of t h e  s tudy  descr ibed i n  t h i s  r e p o r t  was t o  develop an elec- 

t r i ca l  con f igu ra t i on  which provides 15  kW of condi t ioned power d i r e c t l y  

from t h e  s o l a r  a r r a y  t o  loads  opera t i ng  i n  t h e  range from 2,000 to 16,000 

v o l t s ,  i d e n t i f y  development problems, and eva lua te  t h e  e f f o r t  requ i red  t o  

s o l v e  t h e s e  problems. 

con f igu ra t i on  has been developed, 

i o n  t h r u s t o r s  and o t h e r  loads  wh i le  t h e  spacec ra f t  climbs from low Ear th  

o r b i t  (185 k i lometers )  t o  synchronous o r b i t  (35,800 k i lometers )  dur ing  

t h r e e  months, and then power high-frequency e l e c t r o n  tubes f o r  f i v e  yea rs  

of b roadcas t ing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A h igh ly  versati le i n t e g r a l l y  regu la ted  s o l a r  a r ray  

For example, t h e  s o l a r  a r r a y  could power 

Problems i n  r e l i a b i l i t y ,  vo l tage  c o n t r o l ,  and ion iz ing- rad ia t ion  damage, 

i d e n t i f i e d  e a r l y  i n  t h e  s tudy ,  showed t h a t  t h e  electr ical conf igura t ion  

needed cons iderab le  i n - f l i g h t  f l e x i b i l i t y  w i th  respec t  t o  in te rconnect ing  

s o l a r  c e l l  groups, 

assembl ies each c o n s i s t i n g  of primary bu i l d ing  blocks and trimmer b locks .  

The b lock  assembl ies are not  n e c e s s a r i l y  i d e n t i c a l  i n  cu r ren t  o r  vo l tage  

ou tpu t .  

c u r r e n t  t o  i ts primary load. Computer d i r e c t e d  switching adds trimmer 

b locks  of s o l a r  cel ls t o  t h e  primary b locks  t o  maintain vo l tage  and cu r ren t  

d e s p i t e  temperature e f f e c t s  on t h e  a r r a y ,  load v a r i a t i o n s ,  i o n i z i n g  rad ia -  

t i o n  degradat ion ,  and f a u l t s  caused by micrometeoroids o r  f a i l u r e  of a r r a y  

elements. Fine vo l tage  r e g u l a t i o n  is achieved by computer-control led 

shunt ing of va r ious  s i z e d  s o l a r - c e l l  modules. A l l  block assembl ies can be  

switched toge the r  t o  power a s i n g l e  16-kV load. 

The f i n a l  conceptual  a r r a y  is an assembly of s i x  b lock  

Each block assembly i n i t i a l l y  s u p p l i e s  regu la ted  vo l tage  and 

The f i n a l  conceptual  a r r a y  uses  a d i g i t a l  computer t o  c o n t r o l  s o l i d  state 

swi tch ing ,  and op to-e lec t ron ics  t o  i s o l a t e  c o n t r o l s  from high-voltage 

c i r c u i t s .  P r e s e n t l y  a v a i l a b l e  s o l i d - s t a t e  dev ices  could be  used. However, 

t h e  a r r a y  v e r s a t i l i t y  and performance are a s t r o n g  func t i on  of t h e  charac- 

ter is t ics  of t h e  swi tch ing  dev ices  used. Gains i n  performance can be ob- 

ta ined  by development of h ighe r  vo l tage  switching t r a n s i s t o r s .  
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A performance a n a l y s i s  shows t h a t  w i th  an es t imated  r e l i a b i l i t y  of 0.96 

t h e  h igh  v o l t a g e  a r r a y ,  complete w i th  regu la t i on  and c o n t r o l ,  w i l l  genera te  

power w i t h  a performance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALoss of only 1 . 4  w a t t s / l b  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4.5%) and 0.27 w a t t s / f t  

(3.0%) when compared w i th  low-voltage rol l-up a r r a y  which has no prov is ions  

f o r  power cond i t ion ing  o r  damage con t ro l .  

2 

V e r i f i c a t i o n  is requ i red  of t h e  conceptual des igns  f o r  regu la t i on ,  switching, 

p r o t e c t i o n ,  and i s o l a t i o n  of h igh and low vo l tage  c i r c u i t s .  

t i o n  c o n s i s t s  of s e l e c t i o n  and test of components such as photo-SCR's and 

h igh  v o l t a g e  t r a n s i s t o r s ,  i n t e g r a t i o n  of t h e s e  elements i n t o  hybr id th i ck  

and t h i n  f i l m  c i r c u i t s ,  and f a b r i c a t i o n  and test of breadboards. 

This v e r i f i c a -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 
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1.0 INTRODUCTION 

This document r e p o r t s  t h e  r e s u l t s  of a High Voltage So la r  Array Electr ical 

Conf igurat ion Study, conducted by The Boeing Company f o r  NASA L e w i s  

Research Center on Contract  NAS3-8995. 

t o  develop t h e  electr ical conf igura t ion  f o r  a 15 kW i n t e g r a l l y  regu la ted  

and c o n t r o l l e d  s o l a r  a r r a y  opera t i ng  i n  the  range from 2,000 t o  16,000 

v o l t s ,  i d e n t i f y  development problems and eva lua te  t h e  e f f o r t  requ i red  t o  

so l ve  t h e s e  problems, 

t i p l e  high-voltage loads ,  o r  a s i n g l e  high-voltage load,  w i th  vo l tage  o r  

c u r r e n t  regu la ted  t o  w i t h i n  0.1%, 

The o b j e c t i v e s  of t h i s  pzogram are 

The electr ical conf igura t ions  examined supply mul- 

So la r - ce l l  a r r a y s  can power i on  prope l led  s p a c e c r a f t  and high frequency 

e l e c t r o n  tubes  f o r  b roadcas t ing  from synchronous satell i tes. There are 

two choices f o r  supply ing such loads a t  2,000 t o  16,000 v o l t s :  (1) Con- 

ven t iona l  t rans format ion  of low-voltage power t o  h igh  vo l tage ,  b u t  a t  t h e  

c o s t  of power l o s s  and r e l i a b i l i t y  degradat ion i n  t h e  conver te rs ;  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) 

d i r e c t  genera t ion  of t h e  high vo l tage  w i th  series-connected s o l a r  cel ls .  

The ana lyses  and des igns  repor ted  he re  were based on the  d i r e c t  genera t ion  

approach. 

Our a n a l y s i s  qu ick ly  revea led  two important problems: 

degrade t o  about two-thirds of t h e i r  i n i t i a l  maximum-power ou tpu t  dur ing 

t h e  3-month climb from 185 km a l t i t u d e  t o  synchronous Earth o r b i t ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) 

t h e  goal  of 0.99 p r o b a b i l i t y  of f u l l  power at f u l l  vo l tage  a f t e r  5 years  

i s  indeed cha l leng ing .  Qur approach t o  t h e  r a d i a t i o n  degradat ion i s  t o  

provide s o l a r  ce l l s  i n  t r i m m e r  blocks t h a t  can be  added t o  the  primary 

blocks t o  rep lace  degraded capac i ty .  Power from t h e s e  trimmer blocks i s  

a v a i l a b l e  f o r  secondary loads  dur ing  t h e  e a r l y  p a r t  of t h e  mission. Our 

approach t o  achieving r e l i a b i l i t y  is t o  supply e x t r a  s o l a r  ce l l  modules 

t o  au tomat ica l l y  r e p l a c e  f a i l e d  ones, t o  by-pass f a i l e d  c e l l  groups w i th  

shunt d iodes ,  t o  provide quad redundancy i n  c r i t i ca l  t r a n s i s t o r  c i r c u i t s ,  

t o  ope ra te  t r a n s i s t o r s  i n  a switching mode wherever poss ib le ,  and t o  use  

s o l i d - s t a t e  swi tch ing ,  So l i d -s ta te  switching dev ices  r a t e d  a t  16 kV and 

d i r e c t l y  i n  the  high-voltage s o l a r  a r r a y  are n o t  y e t  a v a i l a b l e ,  

oped f u n c t i o n a l  c i r c u i t s  t h a t  can use today's dev i ces ,  and explored t h e  

t h e o r e t i c a l  vo l tage  l i m i t s  of s o l i d - s t a t e  swi tches .  

(1) The s o l a r  cel ls 

We devel- 

3 
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The work descr ibed i n  t h i s  r e p o r t  w a s  a n a l y t i c a l .  

are s e l e c t i o n  and test of components; des ign ,  cons t ruc t i on ,  and test  of 

breadboards; i n t e g r a t i o n  of elements i n t o  thin-f i l m  and thick-f i l m  hybr id 

c i r c u i t s ;  and development of opto-e lec t ron ic  i s o l a t i o n  techniques. 

The l o g i c a l  next  s t e p s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 
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2.0 ARRAY ELECTRICAL CONFIGURATIONS 

The conceptual  high-voltage so la r -a r ray  electrical conf igura t ion  developed 

i n  t h i s  program c o n s i s t s  of s i x  b lock  assembl ies,  each having a primary 

b u i l d i n g  b lock  and trimmer b locks .  Each b lock  assembly can independently 

supply regu la ted  vo l tage  and c u r r e n t  t o  a load. A computer d i r e c t s  addi- 

t i o n  of trimmer b locks  of s o l a r  cel ls t o  the  primary bu i l d ing  b locks  t o  

maintain vo l tage  and cu r ren t  t o  t h e  loads  d e s p i t e  changes i n  s o l a r - c e l l  

temperature,  load  v a r i a t i o n s ,  ion iz ing- rad ia t ion  degradat ion,  and f a u l t s  

caused by micrometeoroids o r  f a i l e d  a r r a y  elements. The b lock  assemblies 

can b e  switched together  t o  supply a 15-kW3 16-kV load. 

So la r  cel l  performance degradat ion  from r a d i a t i o n  by protons and e l e c t r o n s  

w i l l  s i g n i f i c a n t l y  a f f e c t  ou tpu t .  The a r ray  when launched can genera te  

nea r l y  t w i c e  t he  power i t  w i l l  produce a f t e r  f i v e  years of ope ra t i on .  To 

take  advantage of t h i s  e x t r a  power w e  developed f o r  the  high-voltage a r ray  

an  advanced electr ical con f igu ra t i on  (A) which makes a v a i l a b l e  to  loads  

a l l  of t h e  power a v a i l a b l e  from t h e  a r r a y  from t h e  t i m e  of deployment t o  

t h e  end of mission. A less complex b a s i c  con f igu ra t i on  (B) provides the  

requ i red  power up t o  t h e  end of f i v e  yea rs ,  b u t  does n o t  d e l i v e r  the  sur -  

p lus  power a v a i l a b l e  p r i o r  t o  r a d i a t i o n  degradat ion.  

Each con f igu ra t i on  has  s i x  b locks  which could be switched i n t o  several 

p a t t e r n s .  

supply one of s i x  l o a d s  a t  d i f f e r e n t  vo l tages .  

o r b i t ' '  p a t t e r n  a l l  blocks are connected to  provide 16  kV t o  a seventh load.  

An independent c u r r e n t  o r  vo l tage  r e g u l a t o r  i s  used w i th  each load.  

r e g u l a t o r  has  a b ina ry  shunt  s t a g e ,  c o n t r o l  l o g i c ,  vo l tage o r  cu r ren t  

r e f e r e n c e ,  and e r r o r  d e t e c t o r .  

For example, i n  the  " t r a n s f e r  o rb i t ' '  p a t t e r n ,  each b lock  can 

Then i n  t h e  "synchronous 

Each 

2.1 Basic Conf igurat ion 

The s i x  b locks  which form the  b a s i c  con f igu ra t i on  are shown inrFigure 1. 

Note t h a t  no two b locks  need b e  i d e n t i c a l  w i th  r e s p e c t  t o  ou tpu t  vo l tage  

and c u r r e n t .  

s i x  i n i t i a l  o r  t r a n s f e r - o r b i t  loads  a t  t he  requ i red  c u r r e n t s  and vo l tages  

and la ter  supp ly  a 15-kW, 16-kV load i n  synchronous o r b i t .  

set of seven loads  used f o r  a n a l y s i s  i s  shown i n  Table 1. 

The blocks would be  designed s o  t h a t  they could power the  

A pos tu la ted  

5 
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BLOCK ASSY 

BLOCK ASSY 

BLOCK ASSY 

F i g u r e  1: AREA O F  BLOCKS I N  B A S I C  CONFIGURATION 

B l o c k  V o l t a g e  
A s s  e m b  l y  (kV 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 
2 
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 
5 
6 

A r r a y  

2 
2 
8 

11 
6 
3 

16 

C u r r e n t  
( A m p e r e s )  

0.352 
0.586 
0.352 
0.586 
0.352 
0.586 
0.938 

P o w e r  
(kW) 

0.7 
1.2 
2.8 
6.5 
2.1 
1 . 7  

15.0 

kV 

I - 

kV 

I 
.- 

T a b l e  1: LOAD S P E C I F I C A T I O N ,  B A S I C  CONFIGURATION 
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F igure  2 i l l u s t r a t e s  the i n te rconnect ion  of t he  s ix  blocks a t  twenty-one 

cu tpo in ts .  

c i r c u i t  i s  opened o r  c losed t o  reconf igure  t h e  a r r a y .  

t he  state of each c u t p o i n t  f o r  the  t r a n s f e r - o r b i t  and synchronous-orbi t  

cond i t ions .  

requ i red  power. 

and hence genera te  no power t o  be d i s s i p a t e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A c u t p o i n t  i s  a l o c a t i o n  i n  t h e  s o l a r  a r r a y  w i r i ng  where a 

Table 2 de f ines  

The i n i t i a l  power a v a i l a b l e  i s  1.8 t i m e s  t h e  end-of- l i fe 

So la r  cel ls n o t  requ i red  are s h o r t  c i r c u i t e d  u n t i l  needed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

LOAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 

Figure  2: INTERBLOCK SWITCHING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 
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VOLTAGE NUMBER OF POWER, WATTS 
CUTPOINT TO BE TRANSISTORS TRANSFER ORBIT SYNCHRONOUS ORBIT 
NUMBER SWITCHED I N  SERIES ON OFF TOTAL ON OFF TOTAL 
(FIG. 2) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
15 
16  
17 

19 
20 
2 1  

i a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(kv) NOTE 3 

3.2 7 
1 . 0  2 
3.2 7 
1.0  2 
1 .0  2 
3.2 7 
1.0 2 
3.2 7 
3.2 7 
5.5 11 
4.0 8 
4.0 8 
5.5 11 
3.2 7 
3.2 7 
3.0 6 
1.5 3 
3.0 6 
1 .5  3 
3.2 7 
3.2 7 

TOTALS 

NOTE 1 

0.226 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 226 
0.226 

0.226 

1.245 
0.905 
0.905 
1.245 

0 e 680 
0.340 
0.680 
0.340 

7.24 

NOTE 2 NOTE 1 

0.039 0.793 

0.039 0.793 

0.039 

0.039 
0.039 

0.793 

0.793 
0.793 

NOTE 2 

0.011 

0.011 
0.011 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 011 

0.062 
0.045 
0.045 
0.062 

0.039 0.793 
0.039 0.793 

0.035 
0.017 
0.035 
0.017 

0.039 
0.039 

0.793 
0.793 

0.35 7.59 7.137 0.362 7.86 

NOTE 1: 
NOTE 2 :  
NOTE 3: Based zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon a maximum wi ths tand vo l tage  of 700V per  t r a n s i s t o r .  

T r a n s i s t o r s  r e q u i r e  0.113 w a t t s  each when "ON" 
T r a n s i s t o r s  r e q u i r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0056 w a t t s  each when "OFF" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A t r a n s i s t o r  simi lar  t o  DTS 702 w a s  assumed (see Table 11). 

Table 2: INTERBLOCK SWITCH POWER REQUIREMENTS 

Regula t i o n  

I n  s e c t i o n  3 of t h i s  document i s  descr ibed i n  d e t a i l  the  weighted-binary 

r e g u l a t i o n  approach, i n  which groups of ser ies-connected s o l a r - c e l l  sub- 

modules i n  the  b lock  are shunted, by t r a n s i s t o r s  t o  con t ro l  v o l t a g e  o r  

c u r r e n t .  A submodule i s  a group of paral lel connected s o l a r  ce l l s .  One 

t r a n s i s t o r  i n  a b lock  w i l l  shun t  one submodule, a second t r a n s i s t o r  w i l l  

shunt  two ser ies-connected submdu les ,  a t h i r d  w i l l  shunt four  series- 

connected submodules, and so on. The t r a n s i s t o r s  are con t ro l l ed  by a 

d i g i t a l  computer 

t o  ma in ta in  a cu r ren t  o r  vo l tage  e r r o r  s i g n a l  a t  e s s e n t i a l l y  zero .  The 

through an up-down counter and op to-e lec t ron ic  i s o l a t i o n ,  

8 
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r e g u l a t i n g  range need be on ly  as l a r g e  as t h e  smallest vo l tage  t r i m m e r ,  

f o r  t he  computer can switch i n  o r  o u t  a vo l tage  trimming s t e p  whenever 

r e g u l a t o r  range i s  exhausted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

This r e g u l a t o r  r e q u i r e s  i npu t  power a t  5 and 20 v o l t s ,  which i s  provided 

from a d d i t i o n a l  s o l a r  cell modules i n  t h e  unshunted po r t i on  of each block.  

The t a p  p o i n t ,  beyond which t h e  block is n o t  shunted by t h e  r e g u l a t o r  is 

based on t h e  h i g h e s t  open-c i rcu i t  vo l tage  a t  t h e  lowest  ope ra t i ng  tempera- 

t u r e  of t h e  a r ray .  The s o l a r  a r r a y  temperature may r ise from -180 C t o  

+10 C i n  t h r e e  t o  s i x  minutes as t he  sate l l i te  is i l lumina ted  wh i le  emerg- 

i n g  from t h e  sun-occulted p o r t i o n  of i t s  o r b i t .  

temperature i s  95 C.  

The h i g h e s t  expected 

If w e  assume t h a t  t h e  load must be  regu la ted  with the  a r r a y  temperature a t  

10°C, then the  open-c i rcu i t  vo l tage  of a 1000 V (nominal) b u i l d i n g  block 

w i l l  be  1790 v o l t s .  

v o l t a g e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Then t h e  t a p  p o i n t  would b e  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA44 percent  of t he  b lock  

2.2 Advanced Conf igurat ion 

The advanced con f igu ra t i on  compensates f o r  a r r a y  degradat ion i n  incremental  

s t e p s  by adding "trimmer" s e c t i o n s  t o  the  primary a r r a y .  These trimmers 

are used i n i t i a l l y  t o  supply secondary loads  u n t i l  c a l l e d  upon t o  augment 

t h e  main a r r a y .  This r e q u i r e s  swi tch ing  w i t h i n  each block f o r  incremental  

a r r a y  adjustments t o  compensate f o r  performance degradat ion .  The v o l t a g e  

r e g u l a t o r  need on ly  cover the  range of one incrementa l l y  switched vo l tage  

trimmer, reducing t h e  power c a p a b i l i t y  t h a t  the  r e g u l a t o r  needs t o  by-pass. 

The fo l low ing  terms w i l l  b e  used i n  subsequent d iscuss ion :  

Primary Building Block (or "Block") zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA---A vo l tage-cont ro l led  p a r t  of t he  

s o l a r  a r r a y .  The t o t a l  power ou tpu t  of a l l  primary blocks a t  launch i s  

s u f f i c i e n t  t o  c a r r y  a l l  primary l oads .  

Trimmer Section---Sol'ar panel  s e c t i o n  designed t o  augment t h e  power ou t -  

pu t  of a primary b u i l d i n g  block i n  e i t h e r  vo l tage  o r  cu r ren t .  

VoZtage Trimmer---Section which augments block v o l t a g e  when switched i n  

series wi th  t h e  block.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 
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Current Trimmer---Section which augments b lock c u r r e n t  when switched i n  

p a r a l l e l  w i th  t h e  block.  

T~Gnmer Pair---One v o l t a g e  and one current trimmer s i zed  f o r  adding simul- 

taneously  t o  t h e  primary b lock.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
BZock Assembly---A combination of  primary b lock,  trimmers and in te rcon-  

nec t i n g  components. 

The pos tu la ted  primary l oads  f o r  the  advanced con f igu ra t i on  are t h e  same 

as those f o r  t h e  b a s i c  con f igu ra t i on  (Table 1). I n te rb lock  swi tch ing i s  

l i kew ise  the  same (Figures 1 and 2 ) .  However, t h e  swi tch ing w i t h i n  t h e  

b lock  of  t h e  advanced con f igu ra t i on  has t o  b e  more complex t o  permi t  con- 

nec t i ng  unused t r i m m e r s  t o  secondary loads .  

Operat ing Concept 

The sequence i n  which trimers are connected t o  pr imary loads  i s  i l l u s -  

t r a t e d  i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  The t i m e  a t  which each trimmer i s  added is a func- 

t i o n  of  load ,  power c a p a b i l i t y  of  t h e  b lock p lus  prev ious ly  added t r i m -  

m e r s ,  and the  augmenting c a p a b i l i t y  o f  t he  nex t  trimmer t o  be added. 

The trimmers are unequal i n  s i z e  so t h a t  they can b e  progress ive ly  com- 

bined t o  add t h e  smallest poss ib le  increments of  ou tpu t  w i th  the  s m a l l e s t  

p o s s i b l e  number of  t r i m m e r s  and swi tches ,  No two b locks would n e c e s s a r i l y  

add trimmers s imul taneously .  The a d d i t i o n  of one trimmer p a i r  would n o t  

n e c e s s a r i l y  augment the  power c a p a b i l i t y  of any two b locks t o  t h e  same 

degree. For i n s t a n c e ,  t h e  smallest increment of  c u r r e n t ,  produced by a 

s t r i n g  o f  s i n g l e  s o l a r  cel ls,  when added t o  a low-current b lock increases 

t he  c a p a b i l i t y  of  t h a t  b lock  more than i f  t h e  s a m e  increment were added 

to  a high-current  block.  Thus t h e  mission-time i n t e r v a l s  between trimming 

would b e  g r e a t e r  f o r  t h e  s m a l l  block.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

The trimmers, p r i o r  t o  be ing requ i red  f o r  mainta in ing b lock output  t o  p r i - -  

mary l oads ,  are a v a i l a b l e  f o r  ca r ry ing  secondary loads .  The cu r ren t  t r i m -  

mers can prov ide power a t  block vo l tage ;  t he  vo l tage  trimmers generate low- 

vo l tage  power. Our advanced conf igura t ion  d i d  n o t  provide f o r  in terconnect-  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
i ng  combinations of  t r i m m e r s  f o r  l a r g e r  secondary loads .  Such in te rconnect ion  

would b e  poss ib le ,  bu t  a t  t h e  c o s t  o f  more swi tches.  

10 



D180- 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 7 -1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Percent  of F i n a l  Power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

200 

Energy Diss ipated 

100 

Add 5 t h  T r i m m e r  

Add 4 th  Trimmer 
Add 3rd  Tr imner  
Add 2nd Tri.mTer 
Add 1st T r i m m e r  

Energy Avai lab le 

f o r  Primary Loads zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

0.1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 

T i m e  i n  Yezrs 

Figure 3 : ENERGY RELATIONSHIP 

Tr immer  Size  

The i d e a l  trimmer augments block cu r ren t  and vo l tage  i n  the  exact rela- 

t i onsh ip  i n  which they degrade, r e s t o r i n g  t h e  block maximum power po in t  

from i t s  degraded va lue  t o  i ts  o r i g i n a l  va lue  (Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ) .  This suggests  

an  "L" shaped trimer having the  c h a r a c t e r i s t i c  AB i n  Figure 4 .  

t h e  power ou tpu t  of trimmer AB f o r  a s i n g l e  load is  seve re l y  l im i ted  by 

i t s  low cu r ren t  c a p a b i l i t y .  Using two loads ,  one ac ross  the  vo l tage l e g  

and one ac ross  the  c u r r e n t  l e g ,  makes poss ib le  t o t a l  u t i l i z a t i o n  of  t h e  

power under current -vo l tage (I-V) curves A and B ,  provided approp r ia te  

loads  are ava i l ab le .  The advanced conf igura t ion  separa tes  the  two trimmer 

l e g s  a t  t h e  expense o f  more swi tch ing f o r  b e t t e r  u t i l i z a t i o n  of  trimmer 

area. Thus two types of secondary loads are postu la ted  fo r  each block-- 

one us ing  t h e  maximum power under curve B and t h e  o t h e r ,  f o r  lower-voltage 

loads ,  ope ra t i ng  from the  vo l tage  trimmers (Curve A). 

Block Conf igurat ion 

The fo l lowing a n a l y s i s  shows how a block can be designed. 

However, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

11 



D180-10037-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 
0 
k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k 
3 u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Volt .age 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATWO TRIMMING CO!JCEPiS 
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T e r m s  used i n  t h e  a n a l y s i s  are: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
= a r r a y  cu r ren t  a t  end of mission 

= block cu r ren t  a t  beginning of mission 

= block cu r ren t  a t  end of mission 

= block vo l tage  a t  beginning of mission 

= block vo l tage  a t  beginning of mission 

= block c u r r e n t  degradat ion dur ing mission 

= block vo l tage  degradat ion dur ing mission 

I A  

I O  

'b 

Vo 

Vb 
A I  

AV 

V = open c i r c u i t  c e l l  vo l tage  a t  end of mission 

V = open c i r c u i t  ce l l  vo l tage  a t  beginning of mission 

= s h o r t  c i r c u i t  c e l l  cu r ren t  a t  end of mission I 

= s h o r t  c i r c u i t  ce l l  cu r ren t  a t  beginning of mission I 

n = number of c e l l s  i n  series 

n = number of c e l l s  i n  p a r a l l e l  (1 x 2 ern and 2 x 2 ern c e l l s  are 

oc 

0 eo 

sc 

s eo 

S 

P used) 

Primary b 1 o ck See Figure 5 

Regulated Sect ion See Figure 5 

Voltage Trimmer See Figure 5 

Current Trimmer See Figure 5 

Looking f o r  a moment a t  the  whole a r r a y ,  i t s  cu r ren t  c a p a b i l i t y  a t  end- 

o f - l i f e  i s  

Twelve p a r a l l e l  2 by 2 cm ce l ls  are requ i red  t o  produce t h e  cu r ren t  a t  78 

m a  p e r  c e l l  s o  width becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 cent imeters .  

Values of c u r r e n t  and vo l tage  degradat ion are t abu la ted  i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  These 

s o l a r - c e l l  degradat ion  va lues  are i ncu r red  on a s p a c e c r a f t  s p i r a l i n g  i n  

90 days from 100 n a u t i c a l  m i l e s  t o  synchronous o r b i t  where i t  remains f o r  

5 years .  Consider b lock  1 of F igure  2 ,  assuming t h a t  i t  must produce 

2000 v o l t s  a t  352 mi l l iamperes. 

PERCENT OF IN IT IAL VALUE 
ORBIT SHORT-CIRCUIT CURRENT OPEN-CIRCUIT VOLTAGE - 

Trans fer  75 82 
Synchronous 87.5 94 
Combined 65.6 77 

Table 3 :  SOLAR CELL DEGRADATION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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n 9 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 

u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k 

P 
d 
k 
H 

U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
a, 
L-l 
$4 
3 
u 

Primary 
Block 

----_.-- 

Regulated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Section 

Voltage Trimmer A 

Voltage Trimmer B 

Voltage Trimmer C 

AV (cells 
I 

,+ 
"b 

1 -  

igure 5 :  BLOCK ASSEMBLY COFdCEPT AND TERMINOLOGY 
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Applying t h e s e  degradat ions  t o  b lock  1 t h e  launch c a p a b i l i t y  of block 1 is:  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- -=  - 352 537 mA 

0 0.656 
I 

vo = -- 2ooo - 2597 v 
0.770 

The sum of t h e  increments of trimming f o r  t h e  whole mission would be 

A I  = 537 - 352 = 185 mA 

AV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 2597 - 2000 = 597 V 

The c u r r e n t  augmenting c a p a b i l i t y  of one 1 by 2 cm c e l l  a t  mission end i s  

ca l cu la ted  from t h e  24 c m  width t h a t  could supply t h e  t o t a l  a r r a y  cu r ren t :  

I ( c e l l )  ' = 938 mA = 39 mA 
24 mP 

Thus t h e  t o t a l  number of 1 by 2-cm c e l l s  t h a t  must be p a r a l l e l e d  w i th  

primary b lock  1 a t  t h e  end of t h e  mission becomes 

185 
38 

n = - = 4.75 = 5 

No more than f i v e  c u r r e n t  trimming s t e p s  can be used, s i n c e  1 by 2-cm is  

t h e  smallest p r a c t i c a l  s o l a r  c e l l  s i z e .  The equ iva len t  of f i v e  1 by 2-cm 

s o l a r - c e l l  current-trimming s t e p s  can a l s o  be obtained from combinations 

of two 2 by 2-cm and one 1 by 2-cm cel ls.  Having only t h r e e  s t r i n g s  of 

cu r ren t  trimming s o l a r  ce l ls  i n s t e a d  of f i v e  reduces the  number of trimmer 

switches and t h e  assembly c o s t  of t he  a r ray .  With a d i g i t a l  computer con- 

t r o l l i n g  trimming, t h e  d i f f e r e n c e  i n  programming i s  t r i v i a l ,  between f i v e  

s i n g l e - c e l l  wide trimming s t e p s  and the  combination of 1 by 2-cm and 2 by 

2-cm s t e p s .  

I f  c u r r e n t  and v o l t a g e  trimmers are added t o  t h e  b lock  i n  pai rs ,  t h e  

vo l tage  increment of one vo l tage  trimmer would be 

597 119.4 v o l t s  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Vt - - =  5 

The s t e p s  of vo l tage  trimming would a l s o  be  non-equal t o  permi t  computer- 

d i r e c t e d  combinations t h a t  produce small vo l tage  increments w i th  few 

switches. For example, t h e  597 v o l t  V would be obtained w i th  two v o l t a g e  

t r i m m e r s  having 725 c e l l s  i n  series and one t r i m m e r  wi th  361 c e l l s  i n  

series. 

t 
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Block Current  (Amps) 

Block Voltage (Vol ts)  

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Amps) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I (em) 

v (Vol ts)  

V ( C e l l s )  

Curr. T r i m .  n 

Curr. T r i m ,  A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 

n (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 2)  
P 

Curr. T r i m ,  B 
n ( 2  x 2 )  

P 
Curr. T r i m  C 

n ( 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 2 )  
P 

Volt.  T r i m .  n 
P 

(1 x 2 )  
( 2  x 2 )  

Volt.  T r i m .  n 
Tr immer A 
Tr immer B 
T r i m m e r  C 

P r i m .  Block 
n ( 2  x 2 )  

n ( 2  x 2 )  

Regulated Sect.  
n ( 2  x 2 )  

n ( 2  x 2 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

P 

S 

P 

S 

BLOCK NUMBER 

2 3 4 5 6 Equation 1 

1 

2 

3 

4 

5 

1 

7 

6 

8 

11 

9 

10 

b.352 

2000 

0.185 

4.73 
( 5 )  

597.4 

1811 

4249 

1 

1 

1 

1 
4 

3 6 1  
725 
725 

2.01 
( 2 )  
3888 

2 

361 

0.586 

2000 

0.307 

7.87 
(7 )*  

597.4 

1811 

4249 

0.352 0.584 0.352 0.586 

8000 11000 6000 3000 

0.185 0.307 0.185 0.307 

4.73 7.87 4.73 7.87 
( 5 )  (7 )*  ( 5 )  (7 )*  

2389.6 3285.7 1792.2 896.1 

7242 9957 5431 2716 

17000 23377 12751 6375 

1 1 1 1 1 

1 1 1 1 1 

2 1 2 1 2 

1 1 1 1 1 
7 4 7 4 7 

259 1448 1422 1085 388 
518 2897 2845 2173 776 
1034 2897 5690 2173 1552 

4.01 2.01 4.01 2.01 4.01 

3990 15552 21955 11666 5987 
( 4 )  ( 2 )  ( 4 )  ( 2 )  ( 4 )  

4 2 4 2 4 

259 1448 1422 1085 388 

*Primary Block s i zed  f o r  a d d i t i o n a l  cu r ren t  capab i l i t y :  (7.87-7.00 cm) 

Table 4 :  ARRAY CONFIGURATION AND BLOCK ASSEMBLY 
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The 119.4 v o l t  s t e p  is a l s o  t h e  vo l tage  range t h a t  must be covered by t h e  

vo l tage  regu la to r .  

' Tab le  4, "Array Conf igura t ion  and Block Assembly," desc r ibes  t h e  configura- 

t i o n  r e s u l t i n g  from t h e  above ca l cu la t i on .  The number of 1 by 2-cm and 2 

by 2-cm cells i n  series (n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) and i n  p a r a l l e l  (n ) are t abu la ted  f o r  t h e  

primary block,  i ts  regu la ted  s e c t i o n ,  and a l l  t r i m m e r s  f o r  each block. 

The equat ions  used t o  develop Table 4 are: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS P 

I b  
- I b  

AI(amperes) = 
lsc/ lsco 

A I  (cm) = AI(amps)/O.O39 

'b 

- 'b AV(vo1ts) = 
vo c IVo co 

A V ( c e l 1 s )  = AV(volts)/0.33 

Current T r i m m e r  n = V /0.33 -AV(cells) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 0 

cu r ren t  t r i m m e r  n (cm) 
Voltage T r i m m e r  q = AV(cel1s) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx P 

S A I  (cm) 

Voltage Tr immer n (cm) = 2 x primary block n + AI(cm) 
P P 

NOTE: Primary block comprised of 2 x 2 cm cel ls.  

Ib - 0.039 AI(cm) 

0.078 
Primary b lock  n = 

P 

Regulated s e c t i o n  n = primary b lock  n 
P P 

Regulated s e c t i o n  n = vo l tage  t r i m m e r  "A" ns zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

Primary block n = ( cu r ren t  t r i m m e r  n ) - 
S S 

nS) ( regu la ted  s e c t i o n ,  

F igure  6 i l l u s t r a t e s  one block assembly i n  t h e  a r ray .  The components of 

t h e  b lock  are i n te rconnected  a t  27 cu tpo in ts .  These cu tpo in ts  are 

descr ibed i n  t a b l e  5. This t a b l e  a l s o  shows t h e  power consumption of 

i nd i v idua l  t r a n s i s t o r  switches a t  t h e  cu tpo in ts  f o r  two a r r a y  condit ions-- 

launch" when t h e  trimmers are a l l  supplying power t o  secondary l oads ,  and 

a l l  trimmers i n , "  a cond i t ion  a t  t h e  end of t h e  mission when t h e  t r i m m e r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 1  

1 7  
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are connected t o  rep lace  primary-block capac i ty  l o s t  because of r a d i a t i o n  

degradat ion.  The swi tch ing l o g i c ,  b u t  no t  n e c e s s a r i l y  t h e  power l o s s  

da ta ,  i s  app l i cab le  t o  t h e  remaining blocks.  

Summary 

The advanced conf igura t ion  prov ides t r i m m e r  sec t i ons  which make poss ib le  

a s i g n i f i c a n t  i n c r e a s e  i n  the  u t i l i z a t i o n  of  power, reduce t h e  requ i red  

range of vo l tage  and c u r r e n t  regu la t i on ,  and inc rease  t h e  oppor tun i ty  f o r  

c o n t r o l  of damage from micrometeoroids. The c o s t  of these advantages i s  

added switching complexity. 

18 
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CUTPOINT 

NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13  
14 
1 5  
16 
1 7  
18  
19  
20 
2 1  
22 
23 
24 
25 
26 
27 

vcP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 
NOTE 3 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0.6 
0.15 
0.06 
0.06 
0.26 
0.16 
0.12 
0.12 
0.12 
0.24 
0.12 
0.12 
0.12 
0.12 
0.12 

NS 

NOTE 4 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

ON 
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-mmg 
NOTE 1 

0.226 

0.226 

0.226 

0.226 

0.226 

0.226 

0.113 

0.113 
0.113 

0.113 

0.113 

0.113 

0.113 

2.147 

LAUNCH 

OFF 
P 

'(WATTS 

NOTE 2 

0.011 

0.011 

0.011 

0.011 

0.011 

0.011 

0.006 

0.006 
0.006 

0.006 

0.006 
0.006 

0.006 

0.006 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 1.14 

TOTAL 
P 

(WATTS) 

2.26 

ALL TRIMMERS I N  

ON 
P 

-mEEg. 
NOTE 1 

0.226 

0.226 

0.226 

0.226 

0.226 

0.226 

0.113 

0.113 

.O. 113 

0.113 

1.808 

OFF 
P 

(WATTS) 

NOTE 2 

0.011 

0.011 

0.011 

0.011 

0.011 

0.011 

0.006 

0.006 
0.006 
0.006 

0.006 
0.006 
0.006 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 006 

0.006 
0.006 

0.126 

'OTAL 
P 

(WATTS) 

1.93 

N o t e  1: 

N o t e  2: 

N o t e  3: 

N o t e . 4 :  

"ON" P o w e r  = 0.113 NS Watts (at 1 a m p ) .  

"OFF" P o w e r  = 0.0056 NS Watts 

Vcp = C u t p o i n t  V o l t a g e ,  B a s e d  on V 

NS = N u m b e r  of Series Trans is to rs  based on V 

= 2 kV 
b 

= 700 V 
CEG (Sus t ) 

Table 5: INTRABLOCK (BLOCK 1 )  SWITCH POWER REOUIREMENTS 
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v) 

a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
I4 

. a  
'M 
a 
L1 
rl 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

IJ 

(d 
a 

U 
al 

v3 

-\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VOLTAGE TRIMMER B 

VOLTAGE TRIEMER C 

t.-r-- - I n te rb lock  Switch 

Figure 6 : INTRABLOCK SWITCHING 

I 

20 



D180-10037-1 

3.0 VOLTAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANB CURRENT CONTROL 

The c u r r e n t  and v o l t a g e  c o n t r o l  has  been i n t e g r a t e d  w i th  su rp lus  power 

u t i l i z a t i o n  i n  t h e  advanced con f igu ra t i on  a r r a y  descr ibed i n  Sec t ion  2. 

Power t o  t h e  load is regu la ted  by adding series and p a r a l l e l  trimmer so la r -  

ce l l  s e c t i o n s  i n  uniform increments, supplemented by d i g i t a l  shunt  regula- 

t i o n  of t h e  primary b lock ,  The s a m e  swi tches  used t o  c o n t r o l  t h e  s i x  

s e p a r a t e  b locks  i n  t h e  t r a n s f e r  o r b i t  con f i gu ra t i on  are used t o  con t ro l  

t h e  s i n g l e  16 kV, 15  kW combination of b locks i n  synchronous o r b i t ,  b u t  

t h e  sequence of ope ra t i on  w i l l  d i f f e r .  

i n  t h e  c e n t r a l  computer. 

A l l  l o g i c a l  opera t ions  w i l l  be  done 

There w i l l  be  two vo l tage  and c u r r e n t  c o n t r o l  modes. 

t h e  computer w i l l  conf igure  t h e  a r r a y  switches i n  accordance w i th  prepro- 

grammed i n s t r u c t i o n s  o r  t ransmi t ted  commands. For example dur ing occul ta-  

t i o n  o r  when a l oad  i s  disconnected, t h e  computer w i l l  set t he  switches 

t o  e s t a b l i s h  t h e  con f igu ra t i on  t h a t  w i l l  approximate t h e  requirements when 

the  load i s  powered aga in .  

I n  t h e  d i r e c t  mode 

I n  t h e  second o r  r e g u l a t i o n  mode t h e  computer w i l l  d i r e c t  an i nc rease  o r  

decrease i n  v o l t a g e  o r  c u r r e n t  t o  compensate f o r  sensed dev ia t i on  from a 

re fe rence  va lue .  

e f f e c t e d  by a swi tch ing  opera t i on  w i l l  be a f unc t i on  of temperature and 

r a d i a t i o n  degradat ion.  

This must be a closed loop opera t i on  s i n c e  t h e  increment 

3.1 Primary Block Regulat ion 

The primary blocks are regu la ted  by shunt ing  w i th  t r a n s i s t o r s  weighted- 

b ina ry  q u a n t i t i e s  of s o l a r - c e l l  modules. 

one unregulated and t h e  o t h e r  regu la ted .  

block i s  d iv ided i n t o  modules which are i n  t u r n  composed of series combina- 

t i o n s  of submodules s c a l e d  i n  t h e  r a t i o  of i nc reas ing  powers of two (Figure 7 ) .  

A submodules c o n s i s t s  of a group of s o l a r  ce l l s  connected i n  p a r a l l e l .  It 

is p o s s i b l e ,  by s h o r t - c i r c u i t i n g  an approp r ia te  combination of modules, t o  

a d j u s t  t h e  ou tpu t  v o l t a g e  of t h e  regu la t i on  s e c t i o n  t o  w i th in  one weighted 

A primary block has two s e c t i o n s ,  

The regu la t i on  s e c t i o n  of t h e  

2 1  
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b inary  u n i t  of any v o l t a g e  w i t h i n  i ts  range. 

v a r i a b l e  func t i on  of temperature,  i l l u m i n a t i o n ,  ce l l  degradat ion and load 

c u r r e n t s  

The weight ing f a c t o r  i s  a 

The r e g u l a t i o n  s e c t i o n  i n  t h e  primary block need only provide a regu la t i on  

range s l i g h t l y  g r e a t e r  than t h e  e f f e c t  of a trimming increment. 

thus  some saving i n  t h e  number of shun t  switches t o  o f f s e t  t h e  inc reased 

number of series swi tches  requ i red  by t h e  trimming concept of su rp lus  power 

u t i l i z a t i o n .  

o r b i t  primary b locks  (Table 6 )  was der ived  from t h e  trimmer increments i n  

Sec t ion  2 .  

There i s  

The s i z e  of t h e  r e g u l a t i o n  s e c t i o n s  f o r  t h e  s i x  t r a n s f e r -  

BLOCK 

NUMBER 

PRIMARY BLOCK 

s I 2  
VOLTS 

2000 

3000 

8000 

11000 

6000 

3000 

W E R E S  

0.352 

0.586 

0 352 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 586 

0.352 

0 586 

Table 6: 

MINIMUM SIZE 
OF REGULATION 

SEC 
SERIES 
CELLS 

361 

259 

1448 

1442 

1085 

388 

:ON 
'ARALLEL 
:ELLS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI INARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

IN I T  
j I Z E  
;ERIES 
:ELLS 

4 

6 

1 6  

20 

1 2  

6 

TUMBER 
OF 

SHUNTED 
qODULE S 

SIZE OF SMALLEST SHUNTED MODULE 

3.2  Siz ing  of Shunt Modules 

IELGHTED 
I INARY 
1NCREMENT 
VOLTS 

1 .52  

2.29 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6.10 

7.62 

4.57 

2.29 

OPEN CIRCUIT  
VOLTS, 
LARGEST 
SHUNT 
MODULE 

6 4  

4% 

254 

29 8 

19  1 

9 5  

The number of series cel ls  i n  t h e  smallest shunted module, o r  b ina ry  s i z e ,  

depends on the  minimum vo l tage  increment needed t o  ma in ta in  the  s p e c i f i e d  

0.1% vo l tage  o r  c u r r e n t  r e g u l a t i o n ,  

i s  shown i n  Table 6 .  

t o  be  i t s  maximum-power p o i n t  vo l tage .  

Th is  b ina ry  s i z e  f o r  t h e  s i x  blocks 

The unshunted ou tpu t  vo l tage  of each ce l l  i s  assumed 

22 
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The number of b ina ry  modules requ i red  t o  equa l  o r  exceed t h e  trimmer i s  

a l s o  shown i n  Table 6.  

b ina ry  s t a g e s  t h e  t o t a l  of shunted cel ls i n  most blocks would exceed t h e  

number requ i red .  Rather than r e q u i r e  t h e  shunt switch of t he  f i n a l  s t a g e  

t o  sw i tch  a h igher  vo l tage  than needed, t h a t  s t a g e  has been reduced i n  s i z e  

t o  g i ve  a t o t a l  of shunted cel ls t h a t  is j u s t  5% g r e a t e r  than t h e  trimmer 

increment. There i s  a l s o  t h e  p o s s i b i l i t y  i n  b locks  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 6 of d i s t r i b u t i n g  

t h i s  reduc t i on  i n  shunted cel ls among t h e  last  two highest-vol tage modules, 

f u r t h e r  reducing t h e  h ighes t  t r a n s i s t o r  vo l tage .  S izes  of t h e  shunt 

modules f o r  each block are shown i n  Table 7.  The 5% margin assu res  con- 

t inuous  regu la t i on .  Deviat ion of t h e  f i n a l  s t a g e  from t h e  b inary  r a t i o  

does n o t  a f f e c t  t h e  a b i l i t y  of t h e  c o n t r o l  t o  shunt t h e  regu la ted  s e c t i o n  

t o  w i t h i n  one b ina ry  u n i t  of any vo l tage  ou tpu t  i n  i t s  range. However, 

t h e  computer m u s t  be  programmed t o  handle t h e  dev ia t i on .  

Because of t h e  exponent ia l  i nc rease  i n  s i z e  of t h e  

I n  Table 6 t h e  room-temperature open c i r c u i t  vo l tage  of t h e  l a r g e s t  shunt 

modules i n  each s e c t i o n  i s  given. This in fo rmat ion  is  needed f o r  designing 

t h e  shunt  switch.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 . 3  Ef fec t  of T r i m m e r  Sec t ions  on Regulat ion 

The a d d i t i o n  of t h e  c u r r e n t  and vo l tage  trimmer s e c t i o n s  t o  t h e  primary 

block w i l l  change t h e  e f f e c t  of t h e  shunt r e g u l a t o r  oh t h e  ou tpu t .  

Although the  r e g u l a t i o n  concept c a l l s  f o r  cu r ren t  and vo l tage trimmer 

s e c t i o n s  t o  be added i n  p a i r s  of one of each type,  t he  e f f e c t  on r e g u l a t i o n  

can b e s t  be understood by cons ider ing  t h e i r  e f f e c t s  separa te l y .  The 

a d d i t i o n  of a vo l tage  t r i m m e r  w i l l  i nc rease  t h e  t o t a l  vo l tage  ou tpu t  of t h e  

b lock ,  and decrease t h e  p ropor t i ona l  range of t h e  regu la ted  s e c t i o n ,  bu t  

no t  t h e  a c t u a l  magnit ide of t h e  vo l tage  adjustment a v a i l a b l e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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MODULE 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

. 8  

BINARY 
RAT I O  

1 

2 

4 

8 

16  

32 

64 

128 

TOTAL SERIES 
CELLS I N  REGU- 
LATED SECTION 

BLOCK 
1 

4 

8 

16 

32 

64 

128 

127 

379 

MODULE S IZE (SERIES CELLS) 

BLOCK 
2 

6 

12 

24 

48 

96 

86 

272 

BLOCK 
3 

16 

32 

64 

128 

256 

512 

512 

15 20 

BLOCK 
4 

20 

40 

80 

160 

320 

640 

233 

1493 

BLOCK 
5 

1 2  

24 

48 

96 

19 2 

384 

383 

1139 

BLOCK 
6 

6 

12 

24 

48 

96 

19 2 

29 

40 7 

Table 7 :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASHUNT MODULES SIZES 

The e f f e c t  of f u l l y  shunt ing  t h e  regu la ted  s e c t i o n  when t h e  vo l tage  t r i m m e r s  

have been added i s  i l l u s t r a t e d  by curves A and B of F igure  8 ,  

of vo l tage  r e g u l a t i o n  a v a i l a b l e  i s  t h e  separa t i on  of t h e  maximum power p o i n t s  

on t h e  curves and is  ind i ca ted  as AV I f  t h e  c u r r e n t  t r i m m e r s  are now 

added t h e  ou tpu t  of t h e  unshunted block w i l l  be descr ibed by curve C .  

t h e  regu la ted  s e c t i o n  shunted t h e  ou tpu t  is given by curve D. 

c i r c u i t  c u r r e n t  i s  unchanged b u t  when t h e  block is open c i r c u i t e d  t h e r e  w i l l  

be a small n e t  f low of cu r ren t  ou t  of t h e  h igher  vo l tage  c u r r e n t  trimmer 

through t h e  primary block and vo l tage  t r i m m e r .  The open c i r c u i t  vo l tage  

is  t h e  p o i n t  a t  which t h e  p o s i t i v e  c u r r e n t  of t h e  trimmer s e c t i o n  equa ls  

t h e  nega t i ve  c u r r e n t  of t h e  primary b lock  p l u s  vo l tage  trimmer, as i nd i ca ted  

by I on t h e  diagram. 

adjustment a v a i l a b l e .  This is shown as AV i n  F igure  8. 

The range 

1' 
With 

The s h o r t  

The e f f e c t  is t o  decrease t h e  s i z e  of t h e  vo l tage  
T 

2 
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Current  

Vo 1 t age 

A. Voltage T r i m m e r s  Added, Unshunted Regulat ion Sec t ion  
B. Voltage Trimmers Added, Fu l l y  Shunted Regulat ion Sec t ion  
C .  Current  and Vol tage Tr immers  Added, Unshunted Regulat ion Sec t ion  
D. Current and Vol tage T r i m m e r s  Added, Fu l l y  Shunted Regulat ion Sec t ion  

F igure  8: BLOCK OUTPUT CURRENT-VOLTAGE CURVES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.4 Regulat ion Logic 

A l o g i c  diagram of t h e  c losed loop c o n t r o l  i s  shown i n  F igure 9.  The l o g i c  

assumes t h a t  t h e  t r i m m e r  increments w i l l  be added o r  sub t rac ted  on demand 

r a t h e r  than on schedule,  a l though t h e  schedul ing a l t e r n a t i v e  i s  w i t h i n  t h e  

genera l  concept.  

The inpu ts  t o  t h e  computer are t h e  e r r o r  s i g n a l s  from t h e  c u r r e n t  and 

vo l tage  sensors ,  and t h e  b inary  swi tch s t a t u s  loaded i n  t h e  computer memory. 

I n  response t o  a n  e r r o r  s i g n a l  t h e  computer i nc reases  o r  decreases  t h e  

number of submodules shunted i n  t h e  primary-block regu la t i ng  s e c t i o n  u n t i l  
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Inputs 

DEDUCT 
TRIMMERS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAADD 

TRIMMERS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FF 
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t h e  f u l l  range i s  reached, then i t  adds o r  deducts trimmers. 

an undervol tage may be  co r rec ted  by opening shunts  u n t i l  t h e  f u l l  ou tpu t  

of t h e  primary block is a v a i l a b l e .  

trimmer p a i r  i s  added. 

w i l l  be increased by increments u n t i l  t h e  e r r o r  s i g n a l  i s  cance l led .  

For example 

I f  t h e  sensed vo l tage  remains low a 

The e r r o r  may now be overcor rec ted ,  and t h e  shunt ing 

The sequence i n  which i n d i v i d u a l  shunt and trimmer switches w i l l  be operated 

has  n o t  y e t  been de f ined.  

r a t i o  a simple count ing r o u t i n e  may be used. 

incremented one b ina ry  u n i t  a t  a t i m e ,  o r  success ive  over and under approxi- 

mation may be used t o  speed response. 

Where t h e  trimmer p a i r s  are s i z e d  i n  b ina ry  

The shunt switches may be 

A f te r  recon f igu ra t i on  of t h e  a r r a y  t o  supply a s i n g l e  16-kV, 15-kW load t h e  

computer w i l l  use t h e  r e g u l a t o r  s e c t i o n s  of as many blocks as are requ i red  

t o  r e g u l a t e  t h e  t o t a l  a r ray .  Surplus power from unused trimmer s e c t i o n s  

could be  switched t o  secondary loads .  

The c i r c u i t  f o r  t h e  e r r o r  sensor  (Figure 10) w a s  chosen t o  be compatible 

w i th  hybr id  m ic roe lec t ron i c  cons t ruc t i on  techniques. The vo l tage  e r r o r  

d e t e c t o r  c i r c u i t  i s  similar t o  t h e  sensor of t h e  p r o t e c t i v e  system. When 

t h e  v o l t a g e  i s  low ou tpu ts ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA and B are high. The cond i t ion  i s  reversed 

f o r  over v o l t a g e  and an  " in  regu la t ion"  state i s  i nd i ca ted  by A-high, B-low. 

The e r r o r  sensor  is  shown connected d i r e c t l y  t o  t h e  computer. This may no t  

be f e a s i b l e  i f  t h e  grounds are not  common; then p h o t o e l e c t r i c  coupl ing would 

be used. An a l t e r n a t i v e  approach t o  vo l tage lcu r ren t  sens ing  is an accu ra te  

meter ing c i r c u i t  w i th  ana log- to -d ig i ta l  conversion. Then a d i g i t a l  read ing  

of t he  a c t u a l  vo l tage  would be i npu t  t o  t h e  computer where i t  i s  compared 

w i th  t h e  c o r r e c t  number. Such a c i r c u i t  would be more e l a b o r a t e  than t h e  

c i r c u i t  i n  Figure 10. 

i n  t h e  i l l u s t r a t i o n  are assumed t o  be provided from t h e  same source as t h e  

c o n t r o l  computer supply. Only one d i g i t a l  shunt s t a g e  is  shown. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- + 15 v o l t  amp l i f i e r  b i a s e s  and t h e  5 v o l t  supply 

So lar  c e l l  

modules zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX and A are shunted A and A which provide b i a s  f o r  t h e  switch 2 3 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
are a c t u a l l y  p a r t  of t h e  unregulated p o r t i o n  of t h e  block.  

The opera t i on  of t h e  switch is as fo l lows. 

minat ing t h e  photo t r a n s i s t o r  Q 

p o t e n t i a l  than t h e  GCS ga te  when the  shunt i s  open. 

sw i tch  i n  t h e  t r a n s i s t o r  b i a s  pa th  provides OFF-ON l a t c h i n g .  

The GCS i s  switched ON by i l l u -  

t h e  c o l l e c t o r  of which i s  a t  a h igher  
29 

The gate-cont ro l led  

The switch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
28 
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D180-10037-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The use  of a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 , 4 "  
is turned OFF by i l l um ina t ing  t h e  photodar l ing ton  Q 

d a r l i n g t o n  connection r e f l e c t s  t h e  lower turn-off ga in  of t h e  GCS as compared 

t o  t h e  turn-on ga in .  Bias c u r r e n t  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX t o  hold t h e  switch ON w i l l  

depend on t h e  ga in  of t h e  t r a n s i s t o r  and should be  about 1 percent  of t h e  

shunted cu r ren t .  is requ i red  only dur ing t h e  turn- 

o f f  pu l se .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

Turn o f f  b i a s  from X 
1 

The shunt  switch shown consumes n e g l i g i b l e  standby-power and has  low ON 

d i s s i p a t i o n ,  Being pu lse  d r i ven  through a photo-optic coup ler ,  i t  does 

no t  r e q u i r e  continuous power t o  t h e  d r i v e  c i r c u i t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA p lanar  t r a n s i s t o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( Q  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) having low s a t u r a t i o n  vo l tage  carries t h e  shunted cu r ren t .  The com- 

bined ga in  of t h e  switch and t r a n s i s t o r  reduce t h e  turn-on d r i v e  requirement. 

This i s  a n  important cons ide ra t i on ,  s i n c e  t h e  e f f i c i e n c y  of t h e  Light- 

em i t t i ng  diode and pho to - t rans i s to r  coupl ing i s  very  low, and w e  wish t o  

avoid inc lud ing  a h igh  ga in  amp l i f i e r  t h a t  would r e q u i r e  an a u x i l i a r y  power 

1 

supply * 
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4.0 SWITCHES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND SWITCHING 

E s s e n t i a l  t o  t h e  opera t i on  of t h e  h igh  v o l t a g e  a r r a y  are r e l i a b l e ,  l i g h t -  

weight sw i tches  f o r  c o n t r o l l i n g  2,000 t o  16,000-volt d i r e c t  c u r r e n t .  

t h i s  s tudy  we have eva lua ted  s o l i d  s ta te  switches, vacuum r e l a y s ,  high 

vo l tage  r e l a y s ,  mercury-wetted plunger r e l a y s  and squ ib  operated devices.  

In 

Cutpoints” i n  our  sw i tch ing  s tudy  are c i r c u i t  p o i n t s  a t  which c u r r e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

f low may b e  i n t e r r u p t e d ,  

c losed cond i t i on  and vo l tage  requirement f o r  i ts  open condi t ion.  

po in t  requirements depend on t h e i r  l o c a t i o n  i n  t h e  c i r c u i t  and on t h e  

o rde r  i n  which they  are operated. 

random o r  sequenced. For example i f  t h e r e  are n cu tpo in ts  i n  series 

between a l oad  and a v o l t a g e  source  V and they  are opera ted  simultaneously,  

t h e  s teady  state vo l tage  r a t i n g  of t h e  cu tpo in t  is V/n. I f  they  are oper- 

a t e d  randomly, so t h a t  any one cu tpo in t  may be t h e  f i r s t  t o  open o r  t h e  

last  t o  c l o s e ,  then a l l  must be r a t e d  a t  V. On t h e  o t h e r  hand, i f  t h e  

sequence of ope ra t i on  is known, t h e  s teady-s ta te  r a t i n g  of each cu tpo in t  

w i l l  depend upon i ts  p o s i t i o n  i n  t h e  sequence, bu t  on ly  one w i l l  be r a t e d  

a t  V, wi th  a l l  o t h e r s  r a t e d  a t  a lower vo l tage.  Thus, t h e  worst case cut -  

po in t  requirement is 1 6  kV at  1 ampere. Operating temperature range is 

from -4OOC t o  125OC and a design goa l  of 10 v o l t s  forward v o l t a g e  drop 

w a s  adopted. Device s e l e c t i o n  proceeded on t h i s  b a s i s .  

Each cu tpo in t  has  a cu r ren t  requirement f o r  i ts  

The cu t -  

The o rde r  w i l l  be  e i t h e r  simultaneous, 

We surveyed both electro-mechanical and semiconductor dev ices  a v a i l a b l e  

c u r r e n t l y  o r  wi th in  t h e  1970-1972 per iod .  The r e s u l t s  are repor ted  i n  t h e  

fo l low ing  paragraphs. 

4.1 Vacuum Relays 

Vacuum r e l a y s  have been used f o r  many yea rs  i n  h igh  vo l tage  a p p l i c a t i o n s ,  

The i n h e r e n t l y  good d i e l e c t r i c  c h a r a c t e r i s t i c s  of vacuum provide r e l i a b l e  

switching. 

Weights of 1 t o  2 ounces f o r  u n i t s  r a t e d  a t  8 t o  10 kV are t y p i c a l .  

the-shel f  r e l a y s  w i l l  i n t e r r u p t  c u r r e n t s  of 0.5 t o  1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA a t  t h e s e  vo l tages ,  

but h ighe r  i n t e r r u p t i n g  capac i t y  r e q u i r e s  s p e c i a l  sw i tches ,  genera l l y  r a t e d  

a t  lower vo l tages ,  around 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  3 kV. 

cont inuously and i n t e r r u p t  0.5 A could b e  as s m a l l  as 3/4 inch diameter by 

2-3/4 inches long (1.9 cm diameter by 7 , O  cm long ) ,  

Recent u s e  of ceramics makes t h e  enc losures  more rugged. 

Off- 

A 20 kV r e l a y  b u i l t  t o  c a r r y  20 A 
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Discussions with four vendors (Jennings, Kilovac, Eimac, and Torr) indicated 

that development is required for a latching relay with interrupting capacity 

higher than 0.5 amp. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4.2 High Voltage Relays 

These relays have conventional coil design, but high-voltage dielectric 

structure and wide gaps. 

others are encapsulated. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
up to 20 kV are achieved with special oil filled enclosures. Current inter- 

rupting capacity is 200 milliamps at up to 8 kV, 

Some have contacts exposed to the environment while 

Voltage ratings of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 kV are typical, Voltage ratings zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 . 3  Mercury-Wetted Plunger Relay 

This device has a mercury-wetted plunger that is magnetically positioned 

between axial mercury-wetted contacts (Reference 1). The surface tension zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

the mercury film makes the device bi-stable in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5-G shock. The switch is very 

small and light (0.16 cm3 and 0.1 gram) and a variety of coil configurations 

are available. Reliability appears good, 

This relay is not a high voltage device and its application would be limited 

to a latching driver for other high voltage switches. 

4.4 Explosive Actuated Switches 

Squib activated switches were examined for one-shot switching applications. 

The information collected indicates that reliability is good, current capacity 

could be attained, and, based on a voltage stand-off capability of l o 4  volts/ 

mm, the voltage requirement is attainable. Development and testing would be 

required. 

The disadvantage of a squib-operated switch is that it can be used only once. 

The complexity of switching on a high-voltage array quickly becomes unmanage- 

able when multiple reconfigurations must be obtained with explosive actuated 

switches. 

4.5 Semiconductor Switches 

Silicon p-n junctions can theoretically be made with very high breakdown 

voltages but processing technology limits switching devices to a few thousand 

volts. We show in Appendix 1 that increasing the blocking voltage leads to 

a corresponding increase in the ON state conduction l oss  for a given current 

density and that the most efficient use of silicon is made by blocking the 
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vo l tage  over several reverse-biased junc t i ons  i n  series. 

t h a t  f o r  OFF-ON dc swi tch ing  c a p a b i l i t y  series t r a n s i s t o r  con f igu ra t i ons  

are s u p e r i o r  t o  series t h y r i s t o r  con f igu ra t i ons .  Cont ro l  e lec t rodes  of 

t h e  series t r a n s i s t o r s  w i l l  be a t  widely separa ted  p o t e n t i a l s  when t h e  switch 

is OFF, l ead ing  t o  t h e  recommendation of op toe lec t ron i c  t r i g g e r i n g  methods. 

A conceptual  sw i tch  des ign  based on t h e  study uses t h y r i s t o r s  i n  t h e  t ran -  

s i s t o r  b i a s  supply t o  minimize t h e  number of power supp l i es  requ i red .  

It is a l s o  shown 

For t h i s  s tudy  w e  p o s t u l a t e d  t h e  fol lowing requirements: 

A. Blocking vo l tage  when OFF': Up t o  16 kV 

B. Switching c u r r e n t :  1 ampere maximum 

C. Voltage drop a c r o s s  device when ON: Less than  10 v o l t s  

D. Operating temperature range: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-40°C t o  +125OC 

E. Leakage c u r r e n t  wh i l e  OFF: Less than  5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmA 

Switching speed and ga in  are no t  c r i t i c a l  and may b e  s a c r i f i c e d  t o  maximize 

t h e  s p e c i f i c  requirements.  

Des i rab le  swi tch  c h a r a c t e r i s t i c s  are p o t e n t i a l i t y  f o r  f a b r i c a t i o n  i n  minia- 

t u r i z e d  form, low power d i s s i p a t i o n ,  and few b i a s i n g  sources f o r  ope ra t i ng  

t h e  switch.  Switch l o s s e s  w i l l  be  conducted t o  t h e  s o l a r  panel and rad ia ted  

i n t o  space. Thus m i n i a t u r i z a t i o n  of t h e  switch should no t  l ead  t o  concen- 

t r a t e d  h e a t  genera t ion  r e q u i r i n g  s p e c i a l  heat-conducting s t r u c t u r e s  t o  d i s -  

t r i b u t e  the  h e a t  over a l a r g e  pane l  a r e a .  

Comparison of Device Types 

Three b a s i c  s i l i c o n  swi tch ing  devices have high-voltage capab i l i t y - - the  

t r a n s i s t o r ,  t h e  t h y r i s t o r ,  and t h e  j u n c t i o n  f i e l d  e f f e c t  t r a n s i s t o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(FET). 

The t h y r i s t o r  category r e f e r s  t o  a l l  devices having four  l a y e r s  of alter-  

n a t e l y  doped semiconductor material. 

r e c t i f i e r  (SCR) and t h e  g a t e  con t ro l l ed  switch (GCS) are of i n t e r e s t  i n  t h i s  

a p p l i c a t i o n ,  

s i m i l a r i t y  are shown i n  F igure  11. 

i s  descr ibed below. The i r  b a s i c  s t r u c t u r e  is  d iscussed i n  Appendix 1. 

Of these  t h e  s i l i c o n  con t ro l l ed  

S impl i f ied  models of t h e  devices i l l u s t r a t i n g  t h e i r  bas i c  

The f u n c t i o n a l  ope ra t i on  of t h e s e  devices 
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SISTOR 

te 

THYRISTOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
___o 

Gate 

Source 

J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFE'E 

Figure 11: SOL 

The t r a n s i s t o r  i s  turned ON and kep t  conducting by a c o n t r o l  cu r ren t  

i n j e c t e d  a t  t h e  base. The t h y r i s t o r  devices have t h e  advantage t h a t  they 

w i l l  remain conducting a f t e r  be ing  turned on by a pu lse ,  and r e q u i r e  no 

f u r t h e r  c o n t r o l  c u r r e n t  i n  t h e  gate-cathode c i r c u i t .  The SCR can be turned 

OFF on ly  by i n t e r r u p t i n g  i ts anode cu r ren t ,  an obvious disadvantage i n  dc 

c i r c u i t s ;  howevers t h e  GCS can be turned OFF by a nega t i ve  p o l a r i t y  pu l se  

t o  t h e  g a t e .  The FET opera tes  somewhat l i k e  a vacuum tube,  a nega t i ve  pola- 

r i t y  a t  t h e  g a t e  e l e c t r o d e  w i l l  cause the  channel between t h e  soure  and 

d r a i n  t o  pinch-off.  A l l  t h r e e  device types are s u b j e c t  t o  t h e  same p r a c t i -  

cal  l i m i t a t i o n s  of material and process ing  technology w i th  regard  t o  form- 

i n g  high-vol tage junc t i ons  i n  s i l i c o n .  A l l  t h r e e  have a similar t radeo f f  

between blocking vo l tage  and ohmic conduction l o s s .  

i n g  f a c t o r s  i n  breakdown-voltage and t h e  n a t u r e  of t h e  vo l tage - res i s tance  

trade-of f  i n  Appendix 1. L e t  us now look a t  t y p i c a l  s p e c i f i c a t i o n s  of t h e  

high vo l tage  devices a v a i l a b l e  today. 

We cons ider  t h e  l i m i t -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
34 



D180-10037-1 

Today’s High Voltage T r a n s i s t o r s  and Thy r i s to rs  

Some parameters of t r a n s i s t o r s  and t h y r i s t o r s  r e p r e s e n t a t i v e  of t h e  state- 

of- the-art  are shown i n  Table 8. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATwo b a s i c  t r a n s i s t o r  s t r u c t u r e s  are 

o f fe red ,  p lana r  and mesa. 

are a v a i l a b l e  i n  t h e  mesa type. However, w e  would p r e f e r  t o  use p lana r  

t r a n s i s t o r s  f o r  t h i s  a p p l i c a t i o n  because of t h e i r  i nhe ren t l y  b e t t e r  reli- 

a b i l i t y .  

It i s  seen t h a t  t h e  h ighes t  breakdown vo l tages  

The d i f f e r e n t  t r a n s i s t o r  s t r u c t u r e s  are i l l u s t r a t e d  i n  Figure 12. 

In  t h e  p lana r  device t h e  co l lec to r -base junc t i on  is formed beneath a 

thermal ly grown oxide which serves t o  p r o t e c t  i t  from contamination, The 

breakdown vo l tage  w i l l  b e  less than  t h e  bulk breakdown vo l tage  assoc ia ted  

w i th  t h e  r e s i s t i v i t y  of t h e  c o l l e c t o r  s i l i c o n  because of t h e  high f i e l d  

concen t ra t i on  r e s u l t i n g  from t h e  curva ture  of t h e  base-co l lec to r  junc t ion .  

Conduction Off 
Device Blocking Voltage Leakage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TVpe Voltage Drop Current S t r u c t u r e  

Trans is  t o r  400 1 V a t  1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 0.5 m a  Planar  

Trans is tor 1400 2 V a t 3 A  1 m a  Mesa 

Trans is  t o r  700 0.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV a t  1 A 0.5 m a  Mesa 

Trans is  t o r  1400 0.3 V a t  1 A 0.5 m a  Mesa 

Trans is  t o r  300 0.07 V a t  1 A 10 ua P lanar  

SCR 1800 0.9 V a t  1 A 15 m a  Alloy Diffused 

GCS 600 2.5  V a t  1 A 10 ma Planar  

Table 8: SOME TYPICAL HIGH-VOLTAGE POWER SWITCHING DEVICES 

con zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 

Dielectric 

Figure  12: BASIC TRANSISTOR STRUCTURES 
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This h igh - f i e ld  reg ion  extends t o  t h e  s u r f a c e  of t h e  t r a n s i s t o r  where 

t h e  c r i t i c a l  f i e l d  f o r  breakdown is less than i n  t h e  bulk,  because of 

t he  i nhe ren t  band bending a t  t h e  s i l i con- to -ox ide  i n t e r f a c e .  Recent 

gains i n  p lana r  vo l tage  c a p a b i l i t y  have come from reducing t h i s  su r face  

i nve rs ion  e f f e c t  w i th  b iased  metal e lec t rodes  over t h e  oxide, and w i th  

doped oxides. 

and p r e d i c t s  1500-V breakdowns w i t h i n  t h e  nex t  few years .  

One manufacturer has  produced 900-V BVceo p lanar  devices 

The mesa t r a n s i s t o r  does not have t h e  high f i e l d  concent ra t ion  of t h e  

p lana r  s t r u c t u r e  because t h e  curved reg ion  is etched away. The exposed 

j u n c t i o n  and ad jacen t  s u r f a c e  are covered w i th  a d i e l e c t r i c  p r o t e c t i v e  

f i lm,  usua l l y  o rgan ic .  The lower r e l i a b i l i t y  r e s u l t s  from exposure t o  

contaminants dur ing  t h e  a d d i t i o n a l  processing, and from t h e  i n f e r i o r  

p r o t e c t i o n  provided by t h e  organ ic  coat ing ,  when compared with t h e  

thermal ly grown oxide. 

Both p lana r  and mesa t r a n s i s t o r s  are degraded by d e f e c t s  i n  imperfect  

s t a r t i n g  material and by present  l i m i t a t i o n s  of process con t ro l .  These 

degrading f a c t o r s  i nc lude  c r y s t a l  d e f e c t s ,  p inho les ,  impur i t i es  i n  t h e  

oxide, and impur i t i es  on t h e  s u r f a c e  of t h e  s i l i c o n  sea led  i n  by t h e  

oxide. The OFF state leakage c u r r e n t s  shown i n  Table 8 are pr imar i l y  

s u r f a c e  leakage r a t h e r  than reverse j u n c t i o n  leakage. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis means t h a t  

they are a f unc t i on  of t h e  manufacturing process  and are resist ive i n  

na ture .  

i n c r e a s e  exponent ia l l y  i nc reas ing  w i th  temperature as would be t h e  case 

wi th  j unc t i on  leakage c u r r e n t s .  

They are no t  d i r e c t l y  p ropor t i ona l  t o  device area nor do they 

Looking aga in  a t  Table 8, t he  h ighes t  vo l tage  devices a v a i l a b l e  today 

are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASCR's. The GCS shown is a p lanar  type t h a t  has l a t e l y  become a v a i l -  

a b l e  on an engineering-sample b a s i s ;  i t  has lower vo l tage  r a t i n g s  than 

mesa t r a n s i s t o r s  b u t  is s u p e r i o r  t o  p lana r  t r a n s i s t o r s  (Reference 2 ) .  

Notwithstanding i ts  s u p e r i o r  b lock ing  c a p a b i l i t y ,  t h e  d i f f i c u l t y  of turn- 

i n g  i t  OFF makes t h e  SCR unsu i tab le  f o r  our app l i ca t i on .  For each SCR 

t h a t  has to be  turned OFF, w e  would need t o  add t o  t h e  a r r a y  a non-polarized 

commutating capac i to r  of even h ighe r  vo l tage  r a t i n g  than t h e  SCR. 

compared t o  t h e  t r a n s i s t o r  t h e  GCS has t h e  advantage of l a t c h i n g  on o r  

o f f ,  

t r a n s i s t o r  w i l l  be  l o s t  i n  t h e  h igher  forward conduction drop of t h e  CGS. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  

Howevers t h e  power saved i n  e l im ina t i ng  t h e  base cu r ren t  of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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There are no f i e l d  e f f e c t  t r a n s i s t o r s  (FET's) c u r r e n t l y  a v a i l a b l e  w i th  

high vo l tage  c a p a b i l i t y ,  b u t  a promising recen t  development suggests  t h a t  

such devices may even tua l l y  r i va l  t h e  t r a n s i s t o r  and t h y r i s t o r  as h igh  

vo l tage  swi tches .  

i s  t h e  channel r e s i s t a n c e ,  Besides adding t o  t h e  conduction r e s i s t a n c e  of 

the  d r a i n  region, t h e  vo l tage  drop a long t h e  length  of t h e  channel tends 

t o  back-bias t h e  ga te  n e a r  t h e  d r a i n ,  s a t u r a t i n g  t h e  channel cu r ren t .  The 

h igher  t h e  channel r e s i s t i v i t y  t h e  lower w i l l  be  t h e  s a t u r a t i o n  c u r r e n t  f o r  

a given channel l eng th .  

whi le p rov id ing  high-vol tage and high-current c a p a b i l i t y  w a s  recen t l y  

announced (Reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  Cal led  an analogue FET, t h e  device is  s a i d  t o  have 

200 v o l t s  blocking c a p a b i l i t y  w i th  200 mA of conduction cu r ren t .  

The most s e r i o u s  FET problem i n  high-voltage app l i ca t i ons  

A s t r u c t u r e  designed t o  overcome these  problems 

While t h e  analogue FET i s  promising, and it should have a breakdown to- 

r e s i s t a n c e  trade-off comparable t o  t h e  t r a n s i s t o r ,  i t  i s  s t i l l  i n  t h e e x p e r i -  

mental s t a g e .  

Conceptual Design of a High Voltage Switch 

The foregoing d i scuss ion  i n d i c a t e s  t h a t  w i th in  t h e  nex t  two o r  t h r e e  yea rs  

our cho ice  of a s o l i d  s ta te  swi tch ing  device w i l l  be  restr icted t o  t h e  t ran-  

s i s t o r  and GCS. I n  Appendix 1 w e  show t h a t  i n  both types of device t h e r e  

is a b a s i c  trade-off between breakdown vo l tage  and conduction vo l tage drop. 

This t radeof f  w i l l  f avo r  t h e  t r a n s i s t o r  over t h e  GCS when both devices have 

equa l  b locking vo l tages .  Moreover, our  review of cu r ren t  a v a i l a b i l i t y  ind i -  

c a t e s  t h a t  t r a n s i s t o r s  w i l l  cont inue t o  have h igher  vo l tage r a t i n g s  than the  

GCS. We t h e r e f o r e  w i l l  choose t h e  t r a n s i s t o r  as our  b a s i c  power switch ele- 

ment notwithstanding t h e  d e s i r a b l e  l a t c h i n g  c h a r a c t e r i s t i c s  of t h e  GCS. 

From equat ion  32 i n  Appendix 1 r e l a t i n g  VsAT and VBD, t he  requ i red  c o l l e c t o r  

area f o r  a hypo the t i ca l  16,000-volt breakdown mesa t r a n s i s t o r  having 10 v o l t s  

s a t u r a t i o n  drop a t  1 ampere i s  7 1  s q  cm, corresponding t o  a 3 . 3  i nch  square  

chip.  Such a 16 kV t r a n s i s t o r  is no t  t e c h n i c a l l y  f e a s i b l e  w i th in  t h e  fo re-  

seeab le  f u t u r e ,  f i r s t l y  because t h e  l a r g e s t  s i l i c o n  wafers now a v a i l a b l e  are 

only 3 i nches  i n  diameter,  and secondly,  because y i e l d  f a l l s  o f f  very r a p i d l y  

as vo l tage  s p e c i f i c a t i o n  and ch ip  area i nc rease .  

A 16-kV t r a n s i s t o r  of a smaller s i z e  might be developed. L e t  u s  assume t h a t  

such a t r a n s i s t o r  having a 1 cm 

one of t hese  are needed i n  p a r a l l e l  t o  o b t a i n  t h e  c u r r e n t  and s a t u r a t i o n  

2 
c o l l e c t o r  area can be produced. Seventy- 
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vo l tage  r a t i n g  needed. This composite switch can be compared t o  a n  a l t e r n a t e  

swi tch  c o n s i s t i n g  of 23 of today 's  700-volt t r a n s i s t o r s  i n  series. The con- 

duc t ion  vo l tage  drop of t h e  23 t r a n s i s t o r s  i n  series would be 9.2  v o l t s  a t  

1 ampere, and t h e  t o t a l  ch ip  area would be only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 /3  as much as requ i red  f o r  

t h e  p a r a l l e l  t r a n s i s t o r s .  The series t r a n s i s t o r s  would r e q u i r e  a more elab- 

o r a t e  c o n t r o l  c i r c u i t  and perhaps mu l t i p le  power supp l i es .  

W e  t h i n k  i t  i s  clear t h a t  our  h igh  vo l tage  swi tch  must be pu t  t oge the r  from 

a combination of devices i n  series and/or p a r a l l e l .  

answer t h e  ques t ion :  

vo l tage devices and inc rease  the  c ross -sec t i ona l  area ( o r  p a r a l l e l  dev ices)  

t o  g e t  t he  conduction vo l tage  drop w e  need, o r  should w e  use a l a r g e r  number 

of lower-voltage, lower - res is tance devices i n  series? 

The r e l a t i o n s h i p  between t o t a l  ch ip  area and t h e  number of series t r a n s i s t o r s  

f o r  a series composite switch w i th  a 16,000 v o l t  breakdown and 10 v o l t  sa tu-  

r a t i o n  drop a t  1 ampere, i s  p l o t t e d  i n  Figure 13. 

Two curves are shown, one where each t r a n s i s t o r  has  an independent b ias -  

cu r ren t  supply, and t h e  o t h e r  where a l l  t r a n s i s t o r s  have a common power 

supply. With a common power supply each t r a n s i s t o r  must c a r r y  t h e  base 

c u r r e n t  from a l l  t r a n s i s t o r s  h ighe r  i n  the  series s t r i n g  as w e l l  as t he  

switched cu r ren t .  

The curves were obta ined by a computer s o l u t i o n  of equat ion 1 2  modif ied f o r  

t he  case of n series t r a n s i s t o r s  as fol lows: 

We s h a l l  now t r y  t o  

Should w e  press  t o  ob ta in  h ighes t  poss ib le  breakdown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

S 

I nd i v idua l  Bias Supp l ies  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

'SAT - ns'CE 

Sing le  Bias Supply zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
ns - A (cons tan t )  (?) 

ns'CE +(  [ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI) - (cons tan t  (q2*6 
A c u r r e n t  ga in ,  HFE9 of 20 and c$CE of 0.2 v o l t s  were assumed. 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13: NUHBER OF SERIES TRANSISTORS AND TfWSISTOR VBD VERSUS TOTAL CHIP AREA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The ex i s tence  of minimum areas r e f l e c t s  the  cons tan t  t e r m  Cp i n  t he  

equat ions .  For the  much lower Cp obta inab le  f o r  p lanar  t r a n s i s t o r s  t h e  

minimum would be very  c lose  t o  t h e  o r i g i n .  

CE 

CE 

A b a s i c  problem of t h e  series t r a n s i s t o r  switch i s  t h a t  a l l  t r a n s i s t o r s  

must t u r n  ON s imultaneously i f  none i s  t o  s u s t a i n  more than i ts breakdown 

vo l tage.  Base c u r r e n t  must be supp l i ed  t o  t h e  t r a n s i s t o r  bases a t  widely 

separa ted  p o t e n t i a l s  when high vo l tages  are switched. A s o l u t i o n  t h a t  

combines the b e s t  f e a t u r e s  of the  SCR and t r a n s i s t o r  i s  t o  connect a SCR 

between the  c o l l e c t o r  and base of each t r a n s i s t o r  comprising a series 

switch.  The composite w i l l  have t h e  turn-on c h a r a c t e r i s t i c s  of t h e  t h y r i s t o r .  

The base cu r ren t  t o  b r i n g  t h e  t r a n s i s t o r  t o  s a t u r a t i o n  w i l l  be  drawn from 

t h e  source switched and w i l l  be  blocked when t h e  switch i s  OFF. A s  t h e  

series t r a n s i s t o r s  approach s a t u r a t i o n  t h e  vo l tage  d i f f e rence  between t h e  

base e l e c t r o d e s  is s m a l l ,  so a l l  t r a n s i s t o r s  may be  supp l ied  from a s i n g l e  

low vo l tage  source ,  al lowing t h e  t h y r i s t o r s  t o  become reverse-biased and so 

t u r n  OFF. 39 
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The wide s e p a r a t i o n  i n  t h e  p o t e n t i a l s  of t h e  c o n t r o l  e l e c t r o d e s  when t h e  

t r a n s i s t o r s  are n o t  conducting n e c e s s i t a t e s  a means of vo l tage  i s o l a t i o n .  

Add i t iona l l y ,  t h e  e n t i r e  sw i tch  must b e  e f f e c t i v e l y  i s o l a t e d  from the  con- 

t r o l l i n g  computer, 

over o t h e r  methods; moreover, t h e r e  i s  a wide range of s o l i d - s t a t e  o p t i c a l  

t r a n s m i t t i n g  and sens ing  devices t h a t  are compatible w i th  t h e  hybr id  micro- 

c i r c u i t  type packaging envis ioned f o r  t h e  high vo l tage switch.  

Optoe lec t ron ic  i s o l a t i o n  has s i z e  and weight advantages 

A conceptual  switch design i nco rpo ra t i ng  these  f e a t u r e s  i s  shown i n  Figure 14 .  

The load c u r r e n t  i s  c a r r i e d  by t h e  h igh  vo l tage  t r a n s i s t o r s  Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 , 2 , 3 "  

Addi t iona l  s t a g e s  may be  added a t  t h e  c o l l e c t o r  of Q as determined by t h e  

requ i red  t o t a l  b locking vo l tage  and t h e  breakdown vo l tage  of t h e  t r a n s i s t o r s .  

T rans i s to r  Q w i l l  ' 1 , 2 , 3  
draw base c u r r e n t  from the  a u x i l i a r y  low-voltage source through zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ4; t r a n s i s -  

t o r s  Q and Q w i l l  ob ta in  base d r i v e  from the  switched vo l tage  source through 

Q, and Q,. and Q 3  f a l l  below t h e  p o t e n t i a l  

of t h e  low vo l tage  source they w i l l  a l s o  draw c u r r e n t  from t h i s  source. When 

Q2 and Q, are f u l l y  i n  s a t u r a t i o n ,  SCR's Q, and Q w i l l  become reverse-biased 

and w i l l  t u rn  OFF. The swi tch  i s  re tu rned t o  t h e  OFF s ta te  by b r i e f l y  i l l um i -  

then shunts  n a t i n g  p h o t o t r a n s i s t o r  Q t h e  Dar l ington connection of Q 

t he  base c u r r e n t  from a l l  t h r e e  swi tch  t r a n s i s t o r s ,  a l s o  causing SCR Q t o  

t u r n  OFF. 

3 

4,5,6 '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
are turned ON by i l l um ina t ing  photo-SCR's Q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 3 
A s  t h e  vo l tages  a t  t h e  bases of Q 

2 

6 

7 ,839  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7; 

4 

compensate f o r  v a r i a t i o n s  of t he  reverse leakage c u r r e n t  R e s i s t o r s  R 

between t r a n s i s t o r s  a s s u r i n g  t h a t  t h e  vo l tage  drop ac ross  the  t r a n s i s t o r s  

w i l l  be equa l  when they are o f f .  

2,496 

I t  w i l l  be more d i f f i c u l t  t o  assu re  t h a t  

t h e  vo l tage  ac ross  any element does no t  exceed breakdown vo l tage dur ing t h e  

t r a n s i t i o n  from ON t o  OFF. I n  the  design of Figure 1 4  t h e  s t o r e d  base charge 

of Q, must flow t o  ground through Q, and Q, and t h a t  of Q, through Q,. 

f o r e p  Q 

The unequal c a p a c i t o r s  C 

of  t h e  t r a n s i s t o r s  are included t o  i l l u s t r a t e  how equa l i z ing  t i m e  de lay  might 

be  in t roduced.  Another poss ib le  approach is  t o  shunt t h e  bases of t he  t ran-  

s i s t o r s  s e q u e n t i a l l y  us ing  a s e p a r a t e  pho to - t rans i s to r  shunt f o r  each. 

There- 

w i l l  tend t o  come out of s a t u r a t i o n  f i r s t ,  fol lowed by Q 2 ,  then  Q 3 .  
1 

i n  p a r a l l e l  w i th  t h e  co l lec to r -base capac i tances  
1 , 2 9 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Summary 

W e  have explored some of t h e  t h e o r e t i c a l  and p r a c t i c a l  l i m i t a t i o n s  of s i l i c o n  

switching devices as high vo l tage  switches. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA conceptual  switch design based 

on t h e  s tudy  has been ou t l i ned .  These des ign  f e a t u r e s  are: 

1. A series conf igura t ion .  

2. T r a n s i s t o r s  switch t h e  main load. 

3.  Thyr i s to rs  are used t o  t u r n  t h e  t r a n s i s t o r s  on. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  Control  s i g n a l s  are o p t o e l e c t r o n i c a l l y  coupled t o  t h e  switch.  

4.6 Opto-Mechanical Relay 

The inhe ren t  power l o s s e s  i n  semiconductor switches suggest t h e  appropr ia te -  

ness of a comparison w i th  switches having m e t a l l i c  con tac ts .  For t h i s  com- 

pa r i son ,  w e  pos tu la ted  an opto-mechanical combination of photo- isolat ion and 

vacuum switch technology. The conceptual  design i s  shown i n  Figure 15. Its 

s p e c i f i c a t i o n s  are: 

Working vo l tage  

Working c u r r e n t  (ho t  switching) 

Contact r e s i s t a n c e  

Contact type  

Latch i n  g 

S i z e  (Figure 25) 

Weight 

I s o l a t i o n  t o  c o i l  d r i v e r  

Se t - rese t  pu l ses  

16 kV 

1 A  

0.015 Ohm 

SPDT 

M a  gne t i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 f 4  inch diameter by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 inches long 

3 Ounces (85 grams) 

Op t i ca l  

2 m s  

Power l o s s e s  i n  t h i s  switch are compared i n  t h e  fo l lowing t a b l e  w i th  t h e  

l o s s e s  i n  a 16 kV 1 A series t r ans i s to r - sw i t ch  based on the  SDT 8805 

t rans is  t o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
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Set 

Reset 

Set 
Reset zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+5 v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv 

-/- \ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 /4"  

Weight: 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 2 .  

+24v 
+5 v 

1 

- - 
Fi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgure 7 5 : CONCEPTUAL PHOTOMECHANICAL SWITCH 
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Switch SPST Opto-Mech. Relay S e r i e s  Transi  
State 

Con t ac ts Driver Col lector -  
E m i t t e r  

On 0.015 Watt 1.71 Watts 

Trans fer  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- N e  g li gib l e  - 
( 2  m s  pu lse)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
Off zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

I 

Negl ig ib le  Temp. O C  

(0.0014 W) 
55 150 

t o r  Switch 

Base 
Drive 

0.96 Watt 

The advanced conf igura t ion  would r e q u i r e  57 of t h e  above swi tches w i th  SPDT 

con tac ts  and 69 w i th  a SPST con tac t  arrangement, 

4.7  Switching Device Summary 

Evaluat ion of  t h e  above in format ion c l e a r l y  shows t h e  p o s s i b i l i t i e s  f o r  

development of c i r c u i t r y  t o  u t i l i z e  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  of s e m i -  

conductors.  

ava i l ab le .  High vo l tage  t r a n s i s t o r s  and S C R ' s  requ i re  a d d i t i o n a l  development. 

The excep t iona l l y  h igh  e f f i c i e n c y  pred ic ted  f o r  t h e  conceptual  opto-mechanical 

swi tch i n d i c a t e s  t h i s  dev ice should a l s o  b e  s tud ied .  The technology of such 

a dev ice  has n o t  progressed r a p i d l y  i n  recen t  pas t  due t o  l ack  of emphasis. 

Most of t h e  semiconductor technology requ i red  is  p resen t l y  

4.8 The Switch Assembly 

The "cutpoint"  concept needs t o  b e  r e l a t e d  t o  t h e  e lec t r i ca l  c a p a b i l i t y  of 

s i n g l e  semiconductor dev ices ,  t h e i r  c i r c u i t r y  and t h e i r  phys ica l  arrangement, 

The concept of  t h e  "switch assembly" w a s  developed and i s  i l l u s t r a t e d  i n  

F igures 1 6 ,  17 ,  and 18  f o r  a u n i t  t h a t  receives swi tch ing commands o p t i c a l l y .  

Power t o  opera te  t h e  assembly comes from one source.  The assembly has  one 

o r  more cu tpo in ts ,  each made up of a s e r i e s - p a r a l l e l  mat r i x  of n semiconductor 

dev ices i n  series and n dev ices i n  p a r a l l e l .  Each dev ice inc ludes  t h e  sup- 

p o r t i n g  c i r c u i t r y  t o  d r i v e  i t  from t h e  o p t i c a l  s i g n a l .  

c i r c u i t  w i th in  one cu tpo in t  f o r  which n = 3 and n = 1 i s  provided i n  

Figure 14.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An example of  a 

S P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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D180-10037-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y 
s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 
t 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Number of Switch Modules 

Tot a1 Weight 

4.9 Switching Complexity, S i z e ,  and Weight 

Conf igurat ion 

Basic Advance d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
33 2 73 

0.033 kg 2.73 kg 

A good index of t h e  complexity of a high vo l tage  swi tch ing  system i s  t h e  

number of sw i tch ing  dev ices  used, With t h e  b a s i c  and advanced con f igu ra t i ons  

def ined, t h e i r  complexity can be c a l c u l a t e d  on t h i s  b a s i s  as a f unc t i on  of 

device vo l tage ,  a r r a y  vo l tage,  and block vo l tage.  Figure 19 shows t h i s  

r e l a t i o n s h i p  f o r  t h e  b a s i c  con f igu ra t i on  wh i le  Figure 20 shows i t  f o r  b locks 

similar t o  those used i n  t h e  advanced con f igu ra t i on  bu t  wi th f i v e  trimmers. 

The fol lowing t a b l e  shows weight and area requirements f o r  switching i n  t h e  

advanced and b a s i c  con f igu ra t i ons  descr ibed i n  s e c t i o n  2.0. 

To ta l  Area 

Device opera t i ng  c h a r a c t e r i s t i c s  assumed i n  t h e  a n a l y s i s  were: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 
0.0132 m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.109 m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

li 

Note t h a t  t h e  g r e a t e r  sw i tch ing  complexity of t h e  advanced con f igu ra t i on  i s  

t h e  c o s t  f o r  t h e  b e t t e r  power u t i l i z a t i o n  obtained. 

4.10 Switching Losses 

Operat ion of semiconductor switches e n t a i l s  t h r e e  types of power Losses: 

o Forward r e s i s t a n c e  drop i n  t h e  ON state 

o Reverse c u r r e n t  i n  t h e  OFF s ta te  

o Bias power requ i red  t o  ope ra te  t h e  switch 

These l o s s e s  have been ca l cu la ted  f o r  t h e  swi tch ing  system which inc ludes  

the  recon f igu ra t i on  swi tch ing  and trimmer switching (Figure 17,18).  

c a l c u l a t i o n s  were made f o r  two cond i t ions :  

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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cr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
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c. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> 
i. .) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C h i  

50 



D180-10037-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a) A t  launch, w i t h  t h e  a r r a y  conf igured f o r  t r a n s f e r - o r b i t  loads ,  and 

no trimmers augmenting t h e  b a s i c  blocks.  

b) A t  mission end, w i th  t h e  a r r a y  conf igured f o r  synchronous-orbit load ,  

and a l l  trimmers connected t o  t h e  b a s i c  blocks.  

The swi tch  c i r c u i t  shown as Figure  1 4  w a s  used as a model and t h e  fol lowing 

high-voltage t r a n s i s t o r  c h a r a c t e r i s t i c s  were assumed: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VCEO = 700 volts 

HFE = 20 minimum a t  1 A, -55°C 

= Vp f IcRc,  where 
'SAT 

V = 0.045 max a t  -55°C 

R = 0.025 max a t  -55°C 

P 

C 

= 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmA a t  25°C 

= 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmh a t  155°C 

I C B O  

The t r a n s i s t o r  base b i a s  is  supp l ied  a t  5 v o l t s  w i th  t h e  base r e s i s t o r s  con- 

s ide red  p a r t  of t he  switch.  

The c a l c u l a t e d  power f o r  Block 1 i n t r a b l o c k  switching and i n t e r b l o c k  swi tch ing  

are shown i n  Tables 2 and 5, which appear i n  Sec t ion  2. I n t rab lock  swi tch ing  

power f o r  b locks 2 through 6 ,  shown i n  Table 9 ,  w a s  ca lcu la ted  from t h e  

Block 1 d a t a  on t h e  b a s i s  of b lock  vo l tage.  

5 1  
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Reconf i g u r a t i o n  
Switching 
( I n t e r b  lock) 

T r i m m e r  Switching 
( I n t r a b  lock) 

Block 1 (2 kV) 

Block 2 (2 kV) 

Block zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 (8 kV) 

Block zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 (11 kV) 

Block 5 (6 kV) 

Block 6 (3 kV) 

TOTALS 

Switching Power Required 
(Watts) 

A t  Deployment 

7.59 

2.26 

2.26 

9.05 

20.70 

6.80 

3.39 

52.05 

A t  Mission End 

7.86 

1.93 

1.93 

7.75 

10.62 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.80 

2.90 

38.79 

Table 9:  SWITCHING POWER SUMMARY 

The h i g h e s t  sw i tch ing  power a t  the  t i m e  of deployment rep resen ts  0.3 percent  

of t h e  15-kW t o t a l  a r r a y  ou tpu t .  

4 . 1 1  Switching Logic 

Figure 2 1  shows l o g i c  f o r  in te r -b lock  recon f igu ra t i on  switching by ground 

command, and a l s o  f o r  re -es tab l i sh ing  con f igu ra t i on  a f t e r  s o l a r  e c l i p s e  

Checkouts v e r i f y  sw i tch ing  opera t ions .  Anomalous opera t ion  requ i res  i n t e r -  

ven t ion  by ground command. Conf igurat ions are commanded from a memory- 

s t o r e d  ma t r i x  which indexes each c u t  point: f o r  each command. An example of 

a s t o r e d  mat r ix  i s  shown i n  Table 10. Ground access t o  on-board computer 

s t o r a g e  i s  requ i red  f o r  updat ing con f igu ra t i on  requirements and t roub le -  

shoot ing .  

(Figure 21) l abe led  "Turn o f f  Loads" 

Loads". 

Sequent ia l  sw i tch  opera t i on  would occur i n  the  l o g i c  blocks 

"Reconf i g u r e  Signals' '  and "Apply 

Figure 22  shows t h e  l o g i c  f o r  sw i tch ing  t r i m m e r s  wi th in  each b lock ,  

cu r ren t ,  Ib9 is  sensed and compared w i th  i t s  l i m i t s  $,(MAX) and I (MIN)  . 
Trimmers are switched i n  and ou t  when Ib i s  ou t  of t o le rance  and cannot be 

c o n t r o l l e d  by r e g u l a t o r  a c t i o n .  Sequent ia l  sw i tch  opera t ion  would occur i n  

the  l o g i c  blocks l abe led  "Transmit trimming s i g n a l s  t o  switches". 

of t h e  s t o r e d  ma t r i x  f o r  t r i m m e r  swi tch ing  i s  shown i n  Table 11. 

Block 

b 

An example 
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CUT POINT SWITCH ASSEMBLY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 1 

T a b l e  10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: INTERBLOCK SWITCHING COMMANDS 

COMMAND 
SUPPLY LOADS SUPPLY 

1 THRU 6 LOAD 7 

OPEN CLOSED OPEN CLOSED 

X X 
X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 
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CONFIGURATION 

GROUND CONTROL 
LOQK UP ON-OFF 
CUPPOINT SIGNALS 

FROM STORAGE 
VERlFlCATtON 

START VOLTAGE 
CHECKOUT 
ROUTINE 

GROUND 
INTERVENTION 

D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAiSCON N ECT 

LOAD CURRENT 
CHECKOUT 
ROUTINE GROUND 

INTERVENTION 

I 

TERBLOCK RECON FI GUR ITCHING LOGIC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 22: TRIMMER SWITCHING LOGIC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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5.0 PROTECTIVE CIRCUIT AND DEVICE REQUIREMENTS AND DESIGN 

The p r o t e c t i v e  c i r c u i t s  have t h e s e  func t i ons :  

o Monitor e s s e n t i a l  system parameters and d e t e c t  out-of-tolerance 

opera t i on  

I s o l a t e  f a u l t s  i n t e r n a l - t o  ex terna l - to  t h e  high-voltage s o l a r  a r r a y  

Attempt t o  compensate f a u l t s  i n t e r n a l  t o  t h e  a r r a y  by i n s e r t i n g  

rese rve  capac i t y  t o  b r i ng  s o l a r  a r r a y  performance back t o  w i th in  

s p e c i f i e d  t o l e r a n c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Switch over t o  stand-by loads  i f  requ i red  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

o 

o 

o 

Design f e a t u r e s  such as redundant blocking diodes and p a r a l l e l  shunting- 

diodes a l s o  serve a p r o t e c t i v e  func t i on .  

shunt ing  diode f a i l  open, t h e  p a r a l l e l  d iode w i l l  ca r ry  t h e  f u l l  cu r ren t .  

These f e a t u r e s  prov ide  automat ic f a u l t  compensation, and r e q u i r e  no sensing. 

Should a blocking diode o r  

5.1  Causes of F a i l u r e s  

The f i r s t  s t e p  i n  t h e  development of an  economical p r o t e c t i o n  c i r c u i t ,  

one t h a t  has few p a r t s  and consumes l i t t l e  power, is an a n a l y s i s  of t h e  

consequences of p a r t  f a i l u r e s .  Poss ib le  p a r t  f a i l u r e s  are: 

Solar  Cells - Tests have shown t h a t  a n  average of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 percent  of t h e  

area of a s o l a r - c e l l  i s  l o s t  pe r  s o l a r  cel l  f r a c t u r e  (Reference 4 ) .  

These f r a c t u r e s  may be caused by meteoroids,  thermal cyc l i ng ,  o r  

mechanical s t r e s s i n g  dur ing  propu ls ion  maneuvers. Systematic f a i l u r e s  

are assumed t o  have been e l im ina ted  by proper design and q u a l i f i c a t i o n  

t e s t i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

Diodes - The observed f a i l u r e  modes i n  o rder  of p r o b a b i l i t y  are 

leakage c u r r e n t  degradat ion ,  breakdown vo l rage  reduc t ion ,  open-c i rcu i t ,  

and s h o r t - c i r c u i t .  

57 



D180-10037-1 

LOSS O F  BYPASS 
C A P A B I L I T Y  I N  
EVENT O F  CELL 

Table 1 2  shows the e f f e c t s  of t h e s e  changes i n  d iode c h a r a c t e r i s t i c s  on 

the solar a r r a y .  

SUBMODULE 
OUTPUT 
I S  LOST 

LEAKAGE 
CURRENT 
DEGRADATION 

L O S S  I N  USEFUL 
POWER I F  REQUIRED 
TO CONDUCT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. SHUNT D I O D E S  

P O S S I B L E  L O S S  
I N  USEFUL POWER 

L O S S  I N  
POWER I F  
EXCES S I V E  

FORWARD 
CONDUCTANCE 
DEGRADATION REDUCTION 

LOSS I N  USEFUL 

OVERHEAT AND 
F A I L  SHORTED 

POWER; D IODE MAY 

2. BLOCKING DIODES 

DIODE MAY 

OR SHORTED 
F A I L  OPEN 

L O S S  O F  POWER 
I F  BLOCKING 
ACTION I S  REQUIRED 
(DEFECTIVE ARRAY 
BLOCK MAY B E  ISOLATED 
BY SWITCHING) 

Table 12: E F F E C T S  O F  D I O D E  F A I L U R E S  

SHORT 
C I R C U I T  

LOSS O F  ARRAY 
OR BLOCK 
ASSEMBLY I F  
DIODES I N  
D IFFERENT LEGS 
F A I L  

LOSS O F  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C SOLATION 

Figure  23 shows t h e  compensation t h a t  shunt ing d iodes prov ide f o r  

s o l a r - c e l l  open-c i rcu i t  f a i l u r e s .  The i n t e r s e c t i o n  of t h e  load l i n e  

w i th  t h e  submodule I -V  c h a r a c t e r i s t i c  f o r  13 cel ls i n  p a r a l l e l  i s  a t  

p o i n t  A .  One f a i l u r e ,  l eav ing  12 ce l l s  opera t i ona l  moves t h i s  inter- 

s e c t i o n  t o  po in t  B. Two f a i l u r e s ,  leav ing  11 cel ls  opera t i ona l ,  drops 

t h e  submodule vo l tage  t o  -10 v o l t s  (po in t  C)  i f  t h e r e  are no shunt  

d iodes.  Shunt d iodes w i l l  l i m i t  t h e  opera t ing  po in t  t o  t h e  forward 

b i a s  vo l tage  of t h e  diode o r  about -0.7 v o l t s  (po in t  D ) .  

T r a n s i s t o r  Switch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- The s o l a r  a r r a y  regu la t i on  may be a f f e c t e d  by 

degradat ion  i n  t h e  opera t ing  c h a r a c t e r i s t i c s  of t h e  power t r a n s i s t o r s  

which shunt  t h e  primary b lock regu la t i ng  modules. Whether performance 

i s  a f f e c t e d  depends on f a c t o r s  such as a r r a y  c a p a b i l i t y ,  load magni- 

t ude ,  and a v a i l a b i l i t y  of t r i m m e r s .  The worst  t r a n s i s t o r  f a i l u r e  

modes from a performance s tandpo in t  are open and s h o r t - c i r c u i t .  The 

most p reva len t  f a i l u r e  i n  a t r a n s i s t o r  i s ,  however, excess ive  leak-  

age c u r r e n t  when t h e  t r a n s i s t o r  i s  i n  t h e  O F F  mode. 
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NO. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOFCELLS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 PERAT 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 NAL 
IN 13-CELL 
SUB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMODULE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACURRENT D IODE V-1 

C tiARACTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI SP I C S 

MODULE VOLTAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOCTS) 

Figure  23:  EFFECT OF SOLAR CELL OPEN CIRCUITS 

It i s  ev ident  t h a t  some modes of degradat ion,  such as a moderate 

increase i n  s a t u r a t i o n  r e s i s t a n c e  are benign,  and w i l l  no t  cause 

out-of- to lerance performance. To  avoid thermal run-away, t h e  t r a n s i s -  

t o r  h e a t  s i n k  should be designed t o  d i s s i p a t e  s i g n i f i c a n t l y  more 

power than requ i red  when t h e  t r a n s i s t o r  i s  ON. 

Switches - F a i l u r e s  i n  bo th  load and recon f igu ra t i on  swi tches are 

compensated f o r  by redundancy des ign.  

Regulator  - F a i l u r e s  w i th in  t h e  r e g u l a t o r  are a l s o  compensated f o r  

by prov id ing t h e  level  of p a r t  redundancy es tab l i shed  by t h e  relia- 

b i l i t y  a n a l y s i s .  
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5.2 P r o t e c t i o n  Concept 

Having i d e n t i f i e d  t h e  modes of poss ib le  f a i l u r e s  w i th in  t h e  a r r a y ,  a n  

o v e r a l l  f au l t -p ro tec t i on  des ign  approach w a s  developed. This approach 

(F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 4 )  starts wi th  sens ing  t h e  loaded a r r a y  cu r ren t  and vo l tage  and 

the open c i r c u i t  vo l tage.  These t h r e e  parameters are t ransmi t ted  t o  a 

c e n t r a l  computer programmed t o  answer t h e  fo l lowing ques t ions :  

o Does a n  out-of- to lerance cond i t ion  e x i s t ?  

o Is t h i s  cond i t i on  caused by a malfunct ion i n  t h e  source o r  t h e  load? 

o What command w i l l  remove t h e  out-of- to lerance condi t ion? 

Loaded zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P 

No Load zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

vL 

%IL  

vH VI?O 

'HIH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y H  

@ ISOLATION 

BETWEEN 2nd 

COMPUTER 

SENSE POINTS 

Subs c r i p  t s 

L = Low 
0 = Nominal 
H = High 

F igure  2 4 :  PROTECTION CONCEPT 
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The l o g i c  requ i red  t o  ach ieve  t h e  proper f a u l t  compensation i s  i l l u s -  

t r a t e d  i n  Table 13. 

open c i r c u i t  v o l t a g e  and t h e  type of load supp l i ed ,  t h e  f a i l u r e  can be  

determined and c o r r e c t i v e  a c t i o n  i n i t i a t e d .  

s t a n t  r e s i s t a n c e  (R ) ,  cons tan t  cu r ren t  ( I )  o r  cons tan t  power @ ) .  

By knowing t h e  bus vo l tage  and c u r r e n t ,  t h e  source 

Loads can be typed as con- 

CASE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

4 

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

8 

9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 

11 

1 2  

13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
14 

15 

16 

~ 

g0 LOAD 
JOLTAGE 

vL 

vL 

vL 

vL 

vL 

vL 

vL 

vL 

vL 

0 
V 

0 

0 

V 

V 

0 
V 

0 
V 

vO 

0 
V 

~ 

LOAD 
V & I  

'L'L 

vL1o 

'L'H 

volL 

V I  

'olH 

0 0  

'H'L 

'H'o 

VHIH 

'L IL 

vL1o 

'L'H 

volL 

V I  

'olH 

0 0  

'H'L 

LOAD 

C0nst.R 
Cons t . R) 
Cons t . P) 

Const. I 

C0nst.P 

- 

Any 

- 

Cons t .P 

Const. I 

Cons t . R 

Const .R,  
I o r  P 

Const. I 

C0nst.P 
Any 

Any 

Any 
- 

Const .P 
Any 

FAILURE 

Regulator Under Voltage 

I n s u f f i c i e n t  Current Trimmers 

Regulator Undervoltage 

Regulator Undervoltage 

No f a i l u r e  w i l l  be sensed 

Too Many Current T r i m m e r s  & 
Reg. Under-V 

Too Many Current Trimmers & 
Reg. Under-V 

Too Many Current T r i m m e r s  & 
Reg. Under-V 

I n s u f f i c i e n t  Current Trimmers 

I n s u f f i c i e n t  Current Trimmers 

I n s u f f i c i e n t  Current Trimmers 
Load Short C i r c u i t  

Open C i r c u i t  Load Switch - o r  
High Res is tance i n  C i r c u i t  

OK 

Load Res is tance Lower than 
Normal 

Too Many Current Trimmers 
Load Open C i r c u i t  - o r  High 
Res is tance i n  C i r c u i t  

CORRECTIVE 
ACTION 

(Continued on next page) 

Table 13: PROTECTION LOGIC 
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CASE 

17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
18 

1 9  

20 

21 

22 

23 

24 

25 

26 

27 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NO LOAD 
VOLTAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
V 

vO 

vH 

vH 

vH 

vH 

vH 

vH 

vH 

vH 

vH 

LOAD 
V & I  

'H'o 

'H'H 

'L'L 

vL1o 

'L'H 

vo IL 
V I  

'0 'H 

0 0  

'H'L 

'HI0 

'H'H 

LOAD 

Cons t . I 
Cons t .R 

Const .R, 
I or P 

Const.1 

Cons t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa P 

- 

Any 

- 

Const .P 

Const.1 

C0nst.R 

FAILURE 

Too Many Current Trimmers 

Too Many Current Trimmers 

Insufficient Current Trimmers 
& Reg. Over-V 

Insufficient Current Trimmer 
& Reg. Over-V 

Regulator Overvoltage or Too 
Many Current Trimmers 

No Failure Will be Sensed 

Regulator Overvoltage or Too 
Many Current Trimmers & Reg. 
Over-V 

Regulator Overvoltage or Too 
Many Current Trimmers 61 Reg. 
Over-V 

Regulator Overvoltage or Too 
Many Current Trimmers & Reg. 
Over-V 

- 
None 

CORRECTIVE ACTIONS: R - Open Load Switch, Wait, Reclose Switch; 
A - Alternate Switching by Regulator; 
C - Change Loads; 
D - Drop Load, Connect Alternate Load; 
S - Source Bad, Drop Source zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASI Load or Change Source. 

SUBSCRIPTS: L = Low, o = Nominal, H = High 

Table 13 : PROTECTION LOGIC (Continued) 

There are two ways of processing voltages and current information: 

a> The voltage and current are sensed and compared against a reference, 

then their status is transmitted as discrete OVER or UNDER signals 

to the computer (Figure 25). 

Voltage and current are sensed, transmitted as analog signals to the 

computer, and compared in the computer (Figure 26). 

b )  
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Method (a )  has  t h e  advantage t h a t  t h e  s i g n a l s  t o  t h e  computer can be 

t ransmi t ted  economically. On t h e  o t h e r  hand, t h i s  concept r e q u i r e s  

array-mounted re fe rences  and l o g i c  elements €or  making comparisons. 

F igure  25: OVER-MID-UNDER SENSING 

F igure  26:  MAGNITUDE MONITORING 
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Changing t h e  to le rance  band dur ing f l i g h t  would r e q u i r e  a d d i t i o n a l  c i r -  

c u i t r y ,  and reduce t h e  t ransmiss ion  economy w i t h  respec t  t o  method (b) .  

Method (b) has  the f l e x i b i l i t y  of reprogramming to le rances  w i t h i n  t h e  

computer, by command l i n k .  Also,  s t u d i e s  on t h e  Boeing AWACS program 

have shown t h a t  i n  genera l ,  i t  is more economical t o  des ign  a computer 

b u f f e r  capable of rece iv ing  a v a r i e t y  of analog o r  r a w  s i g n a l s ,  and process 

t h e s e  s i g n a l s  t o  a s tandard  format w i th in  t h e  computer. 

hand, analog s i g n a l s  are harder  t o  t ransmi t  w i thout  l o s s  of accuracy 

a c r o s s  t h e  high-vol tage t o  low-voltage i s o l a t i o n  b a r r i e r .  

On t h e  o t h e r  

A f t e r  i d e n t i f y i n g  a n  out-of- to lerance cond i t ion ,  t h e  computer w i l l  t r y  t o  

compensate f o r  t h i s  cond i t ion  by i s s u i n g  one of t h e  fo l lowing commands: 

a. Open and r e c l o s e  load swi tch 

b. Open load swi tch t o  i s o l a t e  a load f a u l t  

c. Switch source  t o  an alternate load 

d. Add cu r ren t  t r i m m e r s  

e. Add vo l tage  t r i m m e r s  

f .  Switch load t o  a n  a l t e r n a t e  source 

These func t i ons  must be  accomplished by a computer t h a t  i s  i s o l a t e d  elec- 

t r i c a l l y  from t h e  loads  t o  e l im ina te  undes i rab le  coupl ing.  Thus t h e  

computer should be powered from a n  i s o l a t e d  s e c t i o n  of t h e  s o l a r  a r ray .  

S im i la r l y ,  vo l tage  and c u r r e n t  sensors  must be e l e c t r i c a l l y  i s o l a t e d  from 

t h e  bus which they are sensing.  

5.3 Sensor Requirements 

The requi rements f o r  t h e  vo l tage  and cu r ren t  sensors  are der ived from t h e  

range of vo l tages  an.d load power i n  t h e  s tatement  of work. 

The requirements of t h e  vo l tage  sensor  are: 

1. Voltage s i g n a l  range: 2kV t o  16 kV. Sensors w i l l  be designed f o r  

each s p e c i f i c  load  vo l tage .  

designed f o r  t h e  maximum load vo l tage.  

For example, a 16 kV sensor  w i l l  be 

2. Minimum d e t e c t a b l e  v a r i a t i o n :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 percent .  With r e g u l a t i o n  of t h e  

a r r a y  b locks t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.1%, t h e  a l lowable to le rance  on a vo l tage  s i g n a l  is  

10 t i m e s  r e g u l a t i o n  accuracy.  This band a l lows f o r  vo l tage  drops i n  

sw i tches  and s m a l l  v a r i a t i o n s  i n  sens ing  components. 
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3. I s o l a t i o n  between sensor and s i g n a l  c i r c u i t s :  5kV t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 kV. The 

i s o l a t o r  must i n s u l a t e  up t o  40 kV, depending on i ts  l o c a t i o n  on t h e  

a r r a y .  It would be  p o s s i b l e  t o  have as much as 5 4  kV under open- 

c i r c u i t  cond i t i ons  a t  -170°C when t h e  a r r a y  i s  i n  a 100 nau t i ca l -  

m i l e  o r b i t .  However, t h i s  vo l tage  can be l i m i t e d  by s h o r t i n g  t h e  

a r r a y ,  p r i o r  t o  i t s  emergence from t h e  Ear th ' s  shadow, by means of 

ba t te ry -supp l ied  power. This can reduce t h e  upper vo l tage  l i m i t  t o  

about 1 6  kV. 

S igna l  l e v e l :  

should be  as h igh  as t h e  computer can accommodate t o  keep signal- to-  

n o i s e  r a t i o  high. High versus  low impedance s i g n a l  t ransmiss ion  

remains t o  be compared. 

4 .  The s i g n a l  vo l tage  corresponding t o  maximum bus vo l tage  

The requirements of t h e  cu r ren t  sensor  are: 

1. Current s i g n a l  range: 0 t o  8 A  The sensor ranges can be more c l o s e l y  

s p e c i f i e d  a f t e r  t he  loads  are i d e n t i f i e d .  

2 .  Minimum d e t e c t a b l e  cu r ren t  v a r i a t i o n :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- + 1 percent  

3. I s o l a t i o n :  The proposed conf igura t ions  permit  l o c a t i n g  t h e  c u r r e n t  

senso rs  on t h e  low-voltage s i d e s  of power c i r c u i t s .  It fo l lows t h a t  

no unusual i s o l a t i o n  is  requ i red  except w i th  loads whose both t e r m i -  

n a l s  are s i g n i f i c a n t l y  d i f f e r e n t  from the  spacec ra f t  re fe rence  

p o t e n t i a l .  

5 .  Signa l  level :  A s  with v o l t a g e ,  t he  optimum s i g n a l  l e v e l  and c i r c u i t  

impedance remain t o  be e s t a b l i s h e d  a f t e r  t h e  loads are def ined. 

Voltage Sensors 

An o p t i c a l l y  i s o l a t e d  vo l tage  sensing c i r c u i t  i s  shown i n  Figure 27. The 

o p e r a t i o n a l  a m p l i f i e r  can be Nat ional  Semiconductor Corporat ion's model 

LM101. The s i z e  of t he  chip i s  0.045 by 0.045 by 0.008 inches (0.11 by 

0.11 by 0 . 0 2  cm). Gain c o n t r o l  as w e l l  as feedback may be requ i red  f o r  

s t a b i l i t y .  The remainder of t h e  th ick - f i lm c i r c u i t r y  w i l l  be on a ch ip  

about 0 . 1  by 0 .1  by 0.015 inches i n  s i z e  (0 .25  by 0 . 2 5  by 0.038 cm). The 

e n t i r e  sensor  w i l l  be about 0 . 2 5  by 0.25  by 0.015 inches ( 0 . 6 2  by 0 . 6 2  by 

0.038 cm) i n  s i z e  and about 5 t o  8 grams i n  weight. There w i l l  be 7 

vo l tage  sensors  on t h e  e n t i r e  a r r a y ,  assuming 6 power sources dur ing t h e  

f i r s t  p a r t  of t h e  mission and one source f o r  t h e  remainder of t h e  mission. 

65 



-. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D180-10037-1 

*> 

- - - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A <  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV B = l  c = o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

z 
V < A < V Z  B = l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC = 1 (normal) 

z 

Figure  27: OVER/MID/UNDER SENSING---OPTICAL ISOLATION 

Current Sensors 

Current  can be  sensed wi th  a t ransduc tor  c i r c u i t  (Figure 28) which prov ides 

an  ou tpu t  vo l tage  p ropor t i ona l  t o  d i r e c t  cu r ren t .  The c i r c u i t  c o n s i s t s  of 

a n  ac source ,  magnetic t ransducrors ,  a ful l-wave br idge r e c t i f i e r ,  a f i l t e r  

c a p a c i t o r ,  and a r e s i s t i v e  burden. Each t ransduc to r  i s  a l t e r n a t e l y  d r i ven  

i n t o  s a t u r a t i o n  each h a l f  cyc le  of t h e  o s c i l l a t o r  vo l tage.  One core w i l l  

s a t u r a t e  a f t e r  absorb ing some vol t -seconds of t h e  app l ied  ac vo l tage ;  i t s  

winding then appears as a s h o r t  on t h e  winding of t h e  remaining core.  This 

reduces c i r c u i t  impedance t o  zero ,  even though t h e  second t ransduc tor  has 

no t  s a t u r a t e d ,  and t h e  remainder of  t h e  app l ied  ac vo l tage appears ac ross  

t h e  r e s i s t i v e  burden. When t h e  app l ied  ac vo l tage  changes p o l a r i t y ,  t h e  

a c t i o n  i s  repeated  w i th  t h e  second t ransduc tor  be ing dr iven  i n t o  s a t u r a t i o n  

f i r s t .  The vo l tage  t h a t  appears ac ross  t h e  r e s i s t i v e  burden i s  converted 

t o  a d i r e c t  vo l tage  by t h e  ful l-wave b r idge ,  thus prov id ing a dc vo l tage  

ou tpu t .  
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When d i r e c t  cu r ren t  f lows through t h e  con t ro l  windings, t h e  cores  become 

s a t u r a t e d  s o  t h a t  they w i l l  absorb less volt-seconds of t h e  app l ied  ac 

vo l tage.  This r e s u l t s  i n  a l a r g e r  po r t i on  of t h e  a c  cyc le  appear ing 

across  t h e  resistive burden, i nc reas ing  the  average output  vo l tage  of t h e  

t ransduc tor  c i r c u i t  i n  d i r e c t  p ropor t ion  t o  the cu r ren t  i n  t h e  c o n t r o l  

windings. 

The t ransduc tor  elements are a v a i l a b l e  i n  t h e  smaller cu r ren t  r a t i n g s  and 

could probably be developed f o r  app l i ca t i ons  up t o  8 amperes. The esti- 

mated weight is  8.5 grams and package s i z e  is  2 by 0.6 by 0.3 inches 

(5.1 by 1.5 by 0.75 em) .  

o s c i l l a t o r ,  0.25 by 0.25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhy.0.15 inches (0.64 by 0.64 by 0.38 cm) and 

weighs about 5 grams. 

by 0.015 inches (0.64 by 0.30 by 0.038 cm) i n  s i z e .  The generator  and 

br idge could be custom designed f o r  l i g h t e r  weight. 

a d e t e c t o r  similar t o  t h e  vo l tage  sensor  prev ious ly  descr ibed (Figure 27). 

The t o t a l  package would weigh about 20 grams and requ i re  0.7 square inches 

(4.5 cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA).  

The square wave genera tor  i s  a th ick- f i lm 

The br idge would weigh 2 grams and be 0.25 by 0 .12  

The output  would use 

2 

CONTROL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWINDINGS I (SENSED CURRENT) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0 unu I/ 0 e0 

- - - - 

Figure 28: CURRENT SENSING - TRANSDUCTOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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A v o l t a g e  sens ing  c i r c u i t  t h a t  i s  magnet ical ly i s o l a t e d  i s  shown i n  

F igure  29. The o p e r a t i o n a l  a m p l i f i e r  can aga in  be an  LMlO l .  The vol tage- 

to-frequency conver te r  is a th ick - f i lm c i r c u i t .  The opera t i ona l  ampli- 

f i e r  and conver te r  would be about 0.10 by 0.10 by 0.015 inches (0.25 by 

0.25 by 0.038 cm) i n  s i z e  and about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 grams i n  weight. The magnetics 

would weigh about 10 grams and have a s i z e  of about 0.5 i nch  (1.2 em) i n  

diameter by 0.2 inch  (0.50 cm) t h i c k .  The counter  c o n s i s t s  of two SN7493 

i n t e g r a t e d  c i r c u i t s  ( I C ' s )  f o r  i npu t  and two SN7494's f o r  ou tpu t  t o  the  

computer. Each I C  i s  about 0.785 by 0.310 by 0.06 inches (2.0 by 0.78 

by 0.15 cm) and weighs 5 grams. It is assumed t h a t  t h e  computer w i l l  have 

an  i n t e r n a l  c lock  capable of providing a 1 second ga te .  The t o t a l  package 

w i l l  weigh about 30 grams and r e q u i r e  an  area of 1.25 square inches 

(8.1 c m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA). 

requ i red  t o  provide s u f f i c i e n t  i s o l a t i o n .  This design w i th  i t s  magnetics 

and counters  has  an  obvious disadvantage i n  weight and area compared t o  

t h e  f i r s t  design. 

2 
Op t i ca l  coupl ing between t h e  decoder and t h e  computer may be 
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6.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASOLAR CELL REQUIREMENTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s o l a r  cel l  con f igu ra t i on  c o n s i s t s  of a covers l i de ,  a s o l a r  ce l l ,  a sub- 

strate,  an  i n te rconnec to r ,  and adhesives t o  bond t h e  cove rs l i de  and sub- 

strate t o  t h e  s o l a r  cel l .  

h igh  v o l t a g e s ,  and t h e  ionospher ic  plasma a f f e c t  t h e  s e l e c t i o n  of a s o l a r  

ce l l  con f igu ra t i on .  Emphasis i s  placed on comparing t h e  b e n e f i t s  of 

d i f f e r e n t  s o l a r  c e l l  base resist iv i t ies and th icknesses  as w e l l  as va r ious  

cove rs l i de  th icknesses .  A p a r t i c u l a r  con f igura t ion  i s  s e l e c t e d  t o  a l low 

comparison of h igh  vo l tage  a r r a y  performance and weight w i th  those of a 

low v o l t a g e  a r ray .  

I n  t h i s  s e c t i o n  w e  d iscuss  how trapped r a d i a t i o n  

6 . 1  Radia t ion  E f f e c t s  

I n  t h e  mission de f ined f o r  t h i s  s tudy ,  s o l a r  cel ls  are exposed t o  a severe 

r a d i a t i o n  environment, e s p e c i a l l y  when i n  t h e  t rapped protons encountered 

dur ing t h e  90-day o r b i t  t r a n s f e r .  This s e c t i o n  desc r ibes  a method used 

t o  determine t h e  equ iva len t  1-MeV e l e c t r o n  f l uence  accumulated dur ing t h e  

e n t i r e  f i v e  year  mission. Published s o l a r  ce l l  performance d a t a ,  cor res-  

ponding t o  t h e  c a l c u l a t e d  r a d i a t i o n  l e v e l ,  w e r e  used i n  comparing c e l l s  

of d i f f e r e n t  th ickness  and base r e s i s t i v i t y .  

The minor i ty  c a r r i e r  d i f f u s i o n  l eng th  of 10 ohm-cm N/P s i l i c o n  s o l a r  cel ls  

w a s  c a l c u l a t e d  f o r  t h e  end of t he  mission. This w a s  done w i th  a d i g i t a l  

computer program which c a l c u l a t e s  how much t h e  d i f f u s i o n  l eng th  changes 

each day of t h e  miss ion ,  based on s to red  pro ton  f l u x  d a t a  and t h e  pro ton  

damage c o e f f i c i e n t  f o r  10 ohm-cm cel ls on page IV-15 of Reference 5.  The 

equ iva len t  1-MeV e l e c t r o n  f l uence  and d i f fus ion- length  l o s s  are a f f e c t e d  

by c o v e r s l i d e  th i ckness ,  as shown i n  Table 14. The c a l c u l a t i o n s  assumed 

an i s o t r o p i c  p ro ton  f l u x ,  and 3 m i l s  of polyimide and 1 m i l  of adhesive 

p r o t e c t i n g  the  backside of t h e  c e l l  (References 6 ,  7 ) .  Radia t ion  damage 

due t o  s o l a r  f l a r e s  w a s  no t  included i n  t h e  c a l c u l a t i o n .  

Degraded s o l a r  c e l l  performance da ta  w a s  obtained from Reference 8 which 

p resen ts  t h e  maximum-power ou tpu t  of ba re  s i l i c o n  s o l a r  c e l l s  w i th  d i f f e r -  

e n t  base res is t i v i t ies  and th ickness  as a f unc t i on  of 1-MeV e l e c t r o n  

f luence.  

and c o r r e c t i n g  t h e  d a t a  t o  55'C, w e  obtained t h e  end-of-mission ou tpu t  

By s e l e c t i n g  d a t a  which corresponds t o  t h e  f luences  i n  Table 1 4 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Covers l ide  
Thickness 

(mi ls )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10 

20 

F i n a l  
D i f fus ion  
Length 
(microns ) 

11.9 

Equivalent 1-MeV 
Elec t ron  Fluence 
(electrons/cm2) 

16  
1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 10 

15 

15 

15  

15.0 6.0 x 10 

16.5 5.0 x 10 

20.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . 3  x 10 

Table 14: EQUIVALENT 1-MeV ELECTRON FLUENCE 

power of 10 ohm-cm and 2 ohm-cm cel ls f o r  d i f f e r e n t  s o l a r  ce l l  and cover- 

s l i d e  th icknesses  (Table 15 ) .  The corresponding power-to-weight r a t i o s  f o r  

an  a r r a y  are shown i n  Table 16 ,  which i n d i c a t e s  t h a t  t h e  use of 4 - m i l  

cel ls  r e s u l t s  i n  more than a 20 percent  h ighe r  power-to-weight r a t i o  than 

a t t a i n e d  w i th  8 - m i l  cel ls when 3-mil cove rs l i des  are used. 

Cover Thickness 

Base zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 m i l  
R e s i s -  
t i v i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(0  hm- cm ) 

6 m i l  10 m i l  20 m i l  

So la r  C e l l  Thickness 
(mi ls)  

2 
Maximum power va lues  are given i n  m i l l i w a t t s  and correspond t o  140 mw/cm , 
AM0 l i g h t  i n t e n s i t y  a t  55OC. Transmission l o s s  i n  cover is  included. 

Table 15: END-OF-MISSION MAXIMJM-POWER OUTPUT OF 2 X 2 cm SILICON SOLAR CELLS 

7 1  



D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 8  0-1 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7-1 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - 
2 122  100 

10 1 2 3  104 

Cover Thickness 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 -4- -8- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 k 8 1 2  1 2  4 

89 108 98 89 104  89 82 84 73  69 

9 1  105 100 88 100 89 80 80 7 3  67 

- - - - - - = -  - -  - - -  - - -  

Base 3 m i l  6 m i l  10 m i l  20 m i l  
R e s i s -  
t i v i t y  
(ohm- cm ) 

Solar  C e l l  Thickness 
(mi ls)  

Solar -ar ray power-to-weight r a t i o s  are given i n  percent  of t he  va lue  f o r  
8 m i l ,  2 ohm-cm ce l l s  wi th  3-mil covers a t  55OC. 

Table 1 6 :  RELATIVE POWER-TO-WEIGHT RATIOS AT END-OF-MISSION 

6.2 High Vol tage E f fec ts  

During t h e  o r b i t  t r a n s f e r  t h e  a r r a y  w i l l  opera te  i n  the  peak ion-densi ty 

por t ion  of  t h e  ionosphere a t  300 k i lometers  a l t i t u d e ,  un less  i t  i s  chemical ly 

boosted t o  a h igher  a l t i t u d e .  Unless t h e  a r r a y  i s  e l e c t r i c a l l y  i nsu la ted  

from the  surrounding plasma a s u b s t a n t i a l  power l o s s  could r e s u l t  from the  

c o l l e c t i o n  of e l e c t r o n s  o r  ions  by h igh vo l tage po r t i ons  of the  a r r a y  

(Reference 7 ) .  Fused s i l i c a  cove rs l i des  w i l l  i n s u l a t e  t h e  f r o n t  s i d e  of t h e  

s o l a r  a r r a y  except  f o r  t h e  area between c e l l s .  

and a polyimide (Reference 6 )  are promising i n s u l a t i n g  materials f o r  f i l l i n g  

t h e  gaps between cel ls (Reference 7 )  and thus completely i n s u l a t i n g  t h e  

f r o n t  s i d e  of t he  a r ray .  The polyimide shee t ,  i s  s t a b l e  i n  space environ- 

ments, and can form an i n s u l a t i n g  s u b s t r a t e  which has  exce l l en t  d i e l e c t r i c  

p roper t i es  as w e l l  as being l i g h t  and f l e x i b l e .  

Poly-p-xylylene (Reference 9)  

The th icknesses  of fused s i l i c a ,  poly-p-xylylene and polyimide requ i red  

t o  wi thstand vo l tages  as high as 16 ,000  v o l t s  are not  y e t  known f o r  an 

environment where a plasma i s  one of t h e  e lec t rodes  and a s o l a r  c e l l  

t h e  o the r  (Reference 7) .  Whether o r  n o t  a d e s t r u c t i v e  vo l tage breakdown 

can occur depends upon t h e  i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  of t h e  i n s u l a t i o n ,  

t h e  number, s i z e  and gaseous content  of bubbles i n  t h e  i n s u l a t i o n ,  

and t h e  c a p a b i l i t y  of t h e  plasma on t h e  space s i d e  of t h e  i n s u l a t i o n  t o  

s u s t a i n  an  e l e c t r i c  breakdown. For example, w e r e  i t  not f o r  imper fect ions,  
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a 3-mil cove rs l i de  of fused s i l ica would provide adequate i n s u l a t i o n ,  

t h e  i n t r i n s i c  d i e l e c t r i c  s t r e n g t h  of fused s i l i ca  exceeding 12,000 v o l t s /  

m i l .  However, bubbles i n  t h e  cove rs l i de  decrease the  a c t u a l  d i e l e c t r i c  

s t r e n g t h  markedly al though t h e  magnitude of t h i s  decrease is not  known f o r  

t h e  s i t u a t i o n  where a plasma is  one of t h e  e lec t rodes .  

t h a t  t h e  plasma "electrode" w i l l  l i m i t  cu r ren t  and permit on ly  non-destruc- 

t i ve  breakdown. 

ence 7, i s  requ i red  t o  e s t a b l i s h  t h e  d e s t r u c t i v e  breakdown s t r e n g t h  of 

i n s u l a t o r s  w i th  known bubble conten t  under plasma cond i t ions .  

Some evidence suggests  

Fu ture  experimental work, such as t h a t  proposed i n  Refer- 

Ex t rapo la t ion  of publ ished d a t a  (Reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9)  i n d i c a t e s  t h a t  4-mils of 

polyimide f i lm  can w i ths tand 16  kV f o r  44,000 hours i n  vacuum. 

the  mission de f ined f o r  t h i s  s tudy ,  t h e  i n s u l a t i o n  on t h e  a r ray  is  requ i red  

t o  s u s t a i n  high v o l t a g e s  on ly  dur ing some 2000 hours of passage through 

t h e  ionosphere, we b e l i e v e  t h a t  3-mil polyimide f i l m  i s  s u f f i c i e n t  s u b s t r a t e  

i n s u l a t i o n ,  a l though exper imental  conf i rmat ion i s  des i red .  Both poly-p- 

xyly lene and fused s i l i c a  have h igher  d i e l e c t r i c  s t r e n g t h s  than polyimide 

f i l m ,  so 3-mil t h i cknesses  of t h e s e  o t h e r  i n s u l a t o r s  should a l s o  be  s u f f i c i e n t .  

Thus, t h e  s p e c i f i c  con f igu ra t i on  descr ibed i n  Sec t ion  6.4 i s  based on a 3- 

m i l  th ickness  of poly-p-xylylene, fused s i l i ca  o r  polyimide where i n s u l a t i o n  

i s  requ i red .  

Since, i n  

6.3 S e l e c t i o n  of So la r  Cell and Coversl ide 

On the  b a s i s  of h ighes t  end-of-mission power-to-weight r a t i o ,  t he  b e s t  

s e l e c t i o n  i s  a 4-mil, 10 ohm-cm c e l l  w i th  a 3-mil cover (Table 1 7 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s t rong  

second choice i s  t h e  4 - m i l ,  2 ohm-cm c e l l  wi th  a 3-mil cover, which has only 

a one percent  less power-to-weight r a t i o  a t  the  end of t he  mission, bu t  

has a much h igher  va lue  a t  t he  s ta r t  of the  mission. 

be t h e  b e s t  choice i f  t h e  e x t r a  power can be used a t  the  beginning of t h e  

mission, o r  i f  t h e  i n i t i a l  chemical boost is t o  an a l t i t u d e  above much of 

t h e  t rapped proton r a d i a t i o n .  Conversely, t h e  more r a d i a t i o n - r e s i s t a n t  10 

ohm-cm c e l l  may be t h e  b e s t  choice i f  a more t ime-invar iant  ou tpu t  i s  des i red ,  

o r  i f  t he  mission occurs  dur ing a per iod  of h igh s o l a r  a c t i v i t y  when s o l a r  

protons can degrade a r r a y  performance. 

The 2 ohm-cm c e l l  may 
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Combi- Power-to-Weight Base So la r  Coi7er 
na t i on  Rat io  of Array Resisti- Cell  Thickness 
Number v i t y  Thickness 

End of S t a r t  of 
Mission Mission 
a t  55°C a t  95°C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
% of % of 
Combi- Combi- 
n a t i o n  n a t i o n  
No. 7 No. 7 (ohm-cm) ( m i l s )  , ( m i l s )  

1 123 86 10 4 3 

2 122 103 2 4 3 

3 108 91 2 4 6 

4 105 76 10 4 6 

5 104 88 10 8 3 

6 104 79 2 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALO 

Combination 7 100 100 2 8 2 

8 100 79 10 8 6 
Se lec ted  i n  
Ryan Study 
(Reference 9 100 66 10 4 10 

___dc 

Table 1 7 2  COMPARISON OF SOLAR CELL AND COVER COMBINATIONS 

Power-to-weight r a t i o s  are not  t h e  on ly  f a c t o r s  t o  consider i n  the  se lec-  

t i o n  of c e l l  and cove rs l i de  th icknesses .  The 4 - m i l  c e l l  th ickness  and 3-mil 

cover th i ckness  may be too c o s t l y ;  i n  1970, 4-mil c e l l s  and 3-mil covers 

c o s t  t w i c e  as much as t he  t h i c k e r  ones. Furthermore, t h e  breakage rate of 

t he  th inne r  c e l l s  and covers is  higher than f o r  t h i c k e r  ones. However, 

c o s t s  of t h i n  cel ls and covers may come down i f  l a r g e  q u a n t i t i e s  are being 

ordered. Nevertheless,  we f e e l  t h a t  4-mil cel ls and 3-mil cove rs l i des  

should be s e r i o u s l y  considered because of t h e i r  h igh  end-of-mission power- 

to-weight r a t i o  (about 20 percent  h igher  than t h a t  of 8 - m i l  c e l l s  w i th  

3-mil cove rs l i des ) .  

6.4 Proposed Conf igurat ion 

It i s  u s e f u l  t o  compare the  power and weight c h a r a c t e r i s t i c s  of low vo l tage  

and high vo l tage  s o l a r  a r rays .  

low-voltage a r r a y  w a s  one developed by Ryan (Reference 10).  

This is  done i n  Sect ion 9.0. The comparison 

The proposed 
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high-voltage s o l a r  ce l l  conf igura t ion  d i f f e r s  from t h a t  s e l e c t e d  by Ryan 

i n  t h e  cho ice  of s o l a r  c e l l  base  r e s i s t i v i t y ,  s o l a r  ce l l  th ickness ,  sub- 

s t ra te  th ickness ,  i n te rconnec to r  material, and in te rconnector  i n s u l a t i o n  

(Table 21). The adhes ives  are t h e  same. Except f o r  in te rconnector  insu la -  

t i o n ,  t h e  above f e a t u r e s  are no t  used i n  t h e  performance a n a l y s i s  (Sec t ion  

9.0) because they  would a f f e c t  a h igh  vo l tage  as w e l l  as a low vo l tage  

ar ray .  

The 4-mil c e l l s  w e r e  found t o  be  b e t t e r  f o r  t he  high-voltage a r r a y  than 

the  8-mil c e l l s  i n  t h e  Ryan design. The reason i s  t h a t  a t  t h e  end of t h e  

mission t h e  4-mil cells produce as much power as 8-mil cel ls do, bu t  weigh 

ELEMENT 

So la r  C e l l  
Type 
S ize  
Base R e s i s t i v i t y  
Thickness 

Cover 

Subs t ra t e 

In te rconnector  
M a  t er i a l  

I n t e r  conn e c t o  r 
I n s u l a t i o n  

Coversl ide Adhesive 

So lar  C e l l  Adhesive zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
*1 by 2 cm cel ls a r e  
conf igura t ion .  

CHOICE 

BOEING HIGH VOLTAGE RYAN LOW VOLTAGE 
SOLAR ARRAY SOLAR ARRAY 

N/P S i l i c o n  
2 x 2 cm* 
2 o r  10 ohm-cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 m i l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 m i l  

Kapton, 3 m i l  
(Dupont zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) 

S i l v e r  Mesh 

N/P S i l i c o n  
2 x 2 c m  
2 ohm-cm 
8 m i l  

3 m i l  

Kapton, 1 m i l  
(Dupont ) 

Silver-Clad Copper 

Parylene (Union Carbide) None 
and PYRE M-L (Dupont) 

RTV 602 (General E l e c t r i c )  RTV 602 (General E l e c t r i c )  

RTV 3145 (Dow 
Corning) 

RTV 3145 
(Dow Corning) 

used i n  some cu r ren t  trimmers i n  the  advanced 

Table 18: PROPOSED SOLAR CELL CONFIGURATION 
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on ly  h a l f  as much. The 10 ohm-cm c e l l s  were chosen over 2 ohm-cm ce l l s  

f o r  reasons  p rev ious l y  discussed. 

r a t h e r  than t h e  s i lver  c l a d  copper i n  t h e  Ryan design, w a s  chosen because 

of i ts  lower d e n s i t y  and g r e a t e r  f l e x i b i l i t y .  

The si lver mesh in te rconnec to r  material, 

S e l e c t i o n  of a 3-mil polyimide shee t ,  r a t h e r  than Ryan's 1 - m i l ,  was  based on 

a 16,000 v o l t  elect r ic  breakdown requirement. 

p-xylylene (Reference 7 )  o r  a polyimide c a s t i n g  r e s i n  (Reference 6) w e r e  

s e l e c t e d  f o r  i n s u l a t i o n  between c e l l s .  

Vacuum-deposition of poly- 

6.5 A l t e r n a t e  Conf igurat ions 

Some c e l l  con f igu ra t i ons  o t h e r  than the  one j u s t  descr ibed w i l l  need t o  be 

eva lua ted  as t h e  high-voltage s o l a r  a r r a y  requirements become more f i rm. 

For example, t h e  use  of 1 by 2-cm c e l l s  may a l low g r e a t e r  f l e x i b i l i t y  i n  

switching-type v o l t a g e  r e g u l a t i o n ,  whereas 2 by 6-cm c e l l s  may inc rease  

t h e  packaging f a c t o r ,  reduce c o s t ,  and improve t h e  power-to-weight r a t i o .  

By boos t ing  t h e  s p a c e c r a f t  t o  h igher  a l t i t u d e s ,  r a d i a t i o n  damage t o  the  

c e l l s  from trapped pro tons  may be  reduced, permi t t ing  use of t h e  more 

e f f i c i e n t  2 ohm-cm s o l a r  c e l l s .  Future research  i n  high-voltage c u r r e n t  

c o l l e c t i o n  from a plasma may suggest e l im ina t i on  of t h e  requirement f o r  

i n s u l a t i n g  t h e  i n te rconnec to rs .  Also, technology advances i n  cadmium 

s u l f i d e  s o l a r  c e l l s  and thermal anneal ing of radiation-damaged s i l i c o n  

s o l a r  cel ls may make b e t t e r  con f igura t ions  poss ib le .  

Although a d e t a i l e d  a n a l y s i s  of cadmium s u l f i d e  s o l a r  cel ls f o r  a high- 

v o l t a g e  a r r a y  i s  beyond t h e  scope of t h i s  s tudy ,  a few comments on t h e  

s u b j e c t  seem approp r ia te .  

s u l f i d e  s o l a r  cel ls which are r e s i s t a n t  t o  p ro ton ,  e l e c t r o n ,  and u l t r a -  

v i o l e t  r a d i a t i o n  w i l l  be a r e a l i t y  soon. Since s i l i c o n  s o l a r  c e l l s  are 

on ly  about 5-1/2 percent  e f f i c i e n t  a t  t h e  end of the  mission, t h e  l i g h t  

weight,  f l e x i b i l i t y ,  and e l e c t r i c a l  i n s u l a t i o n  i nhe ren t  i n  cadmium sul -  

f i d e  s o l a r  ce l l s  may make the  l a t t e r  more des i rab le .  Cost r e l i a b i l i t y  

and thermal cyc l ing  s t a b i l i t y  of cadmium s u l f i d e  s o l a r  ce l l s  are para- 

meters which must be improved, however, be fo re  these  c e l l s  can compete 

w i th  time-proven s i l i c o n  s o l a r  c e l l s .  

It i s  l i k e l y  t h a t  5 -percent -e f f i c ien t  cadmium 
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7.0 ELECTRICAL MODEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A mathematical model of the  s e l e c t e d  conceptual  b u i l d i n g  b lock  conf igura- 

t i o n  has been developed. 

fo l lowing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

The bu i l d ing  b lock  (Figure 30) c o n s i s t s  of t h e  

A set of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 by 2-cm, 8 - m i l ,  10 ohm-cm, s o l a r  cel ls.  

A set of  submodules, each made up of N s o l a r  cel ls  connected i n  

p a r a l l e l ,  Each submodule i s  shunted by a set  of Q shunt ing  diodes 

(Q 1 ) .  The shunt ing  d iodes  are so connected t h a t  they are 

reverse-biased when a l l  t h e  cel ls  i n  t h e  assoc ia ted  submodule are 

opera t i ng  normally. 

A set of modules, each made up of N submodules i n  series. Some 

b u t  no t  n e c e s s a r i l y  a l l  modules are shunted by a power t r a n s i s t o r  

t h a t  i s  opera t i ng  e i t h e r  i n  t h e  s a t u r a t e d  o r  OFF mode. For compu- 

t a t i o n a l  s i m p l i c i t y ,  t h e  equat ions are developed as i f  a l l  modules 

were shunted by t r a n s i s t o r s  ope ra t i ng  i n  one of t h r e e  modes, i .e. ,  

t h e i r  em i t te r - co l l ec to r  conductance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( G  ) being: 

a )  

b) t h a t  corresponding t o  opera t ion  i n  the  "starved", o r  OFF, reg ion  

c) zero conductance. 

P 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
xs 

t h a t  corresponding t o  opera t ion  i n  the  s a t u r a t e d  reg ion  

Zero conductance desc r ibes  those modules t h a t  have no shunt ing  

t r a n s  i s  t o r  . 
A s t r i n g  made up of a set of N modules connected i n  series. The 

s t r i n g  is connected t o  t h e  load bus through a se t  of  M p a r a l l e l  block- 

i ng  diodes. Nst9  M 1. 

s t  

The fol lowing symbols are used i n  t h e  equat ions  t h a t  de f i ne  t h e  elect r ica l  

model. 

A = S o l a r  c e l l  emp i r i ca l  f i t t i n g  cons tan t  

'dd 
C = Diode j u n c t i o n  o r  t r a n s i t i o n  capaci tance 

= Diode d i f f u s i o n  capac i tance 

j d  
= Constant of diode j u n c t i o n  capaci tance equat ion  

cO 

= load conductance 
( load) 

= Diode i n t e r n a l  shunt  conductance 
Gs d 

77 



D180-10037-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Gsh 
G 

I 

I 

I d  

'dd 
I 
g 

'ld 
I 
mP 

m s  
I 

I 

I 

I 

xs  

C 

0 

s c  

s m  

s m  
I '  

Ist 

Kd 
M 

N 

N 
m 

P 

Nst zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

Rd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Rs d 

Rsh 
T 

V 

V 

V 

'd 
liJ 

V 

V 

(bus 1 
C 

j 

mP 

m s  

vO 

s o l a r  c e l l  i n t e r n a l  shunt  conductance 

t r a n s i s t o r  co l l ec to r -emi t te r  conductance 

s o l a r  ce l l  cu r ren t  

t r a n s i s t o r  c o l l e c t o r  c u r r e n t  

i d e a l  d iode cu r ren t  

a c t u a l  d iode cu r ren t  

s o l a r  c e l l  l i g h t  generated cu r ren t  

load cu r ren t  

s o l a r  ce l l  maximum power cu r ren t  

sth module c u r r e n t  

s o l a r  c e l l  reverse s a t u r a t i o n  c u r r e n t  

s o l a r  ce l l  s h o r t - c i r c u i t  c u r r e n t  

submodule cu r ren t  

submodule cu r ren t  wi thout shunt diodes 

s t r i n g  cu r ren t  

diode d i f f u s i o n  capac i tance cons tan t  (pfd/ma) 

number of  p a r a l l e l  b locking diodes 

number of submodules i n  a module 

number of para l le l -connected  cel ls i n  submodule 

number of modules i n  a s t r i n g  

number of shunt diodes ac ross  submodule 

e l e c t r o n  charge 

diode i n t e r n a l  series r e s i s t a n c e  

load r e s i s t a n c e  

s o l a r  ce l l  i n t e r n a l  series r e s i s t a n c e  

diode shunt r e s i s t a n c e  

s o l a r  c e l l  i n t e r n a l  shunt r e s i s t a n c e  

temperature of a s i n g l e  s o l a r  c e l l  

s o l a r  ce l l  vo l tage  

bus vo l tage  o r  load vo l tage  

t r a n s i s t o r  co l l ec to r -emi t te r  vo l tage  

diode vo l tage  

diode j u n c t i o n  vo l tage  

s o l a r  c e l l  maximum power vo l tage  

sth module vo l tage  

b u i l t - i n  p o t e n t i a l  i n  diode j u n c t i o n  
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= 

= submodule vo l tage  

s o l a r  c e l l  open c i r c u i t  vo l tage  
oc 

V 

V 

V '  = submodule vo l tage  without shunt diodes 
s m  

s m  
= s t r i n g  v o l t a g e  

= s lope  of I n  I versus  V f o r  diode ( v o l t s  ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-1 
Vst zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 

d j 

Electr ical  Model Development 

The electrical model w i l l  be  a combination of t h e  models f o r  a s o l a r  ce l l ,  

a diode and a t r a n s i s t o r .  F i r s t  w e  examine t h e  s o l a r  cel ls.  

A s  shown i n  Appendix 2 ,  the fo l lowing equat ion can desc r ibe  t h e  cur ren t -  

vo l tage  (I-V) c h a r a c t e r i s t i c  of a s i n g l e  s i l i c o n  s o l a r  ce l l :  

TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALOAD 

UNREGULATED 
PORTION 

/ 

BLOCK I NG 
DIODES 

The c o e f f i c i e n t s  t h a t  provide a - +1 percent  f i t  t o  publ ished exper imental  

r e s u l t s  f o r  a 2 by 2 cm c e l l ,  except near open-c i rcu i t  v o l t a g e ,  are given 

i n  Appendix 2 f o r  T = 2 8 O C  = 301°K. 
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The e f f e c t  of changes i n  t h e  va lue  of t h e  s o l a r  c e l l  c o e f f i c i e n t s  of Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
14 on the I - V  l ocus  of a n  i l l umina ted  c e l l  i s  d iscussed i n  Ref. 11. 

t i o n  of t h e  expected I -V  curves a f t e r  a pred ic ted  leve l  of r a d i a t i o n  degra- 

da t i on  of t h e  cel ls i n d i c a t e s  t h a t  an acceptab le  f i t  can be achieved by 

merely changing t h e  c o e f f i c i e n t s  R I and lo. Example va lues  of t hese  

c o e f f i c i e n t s  are given i n  Table 19 .  

Inspec- 

s ’  g’ 

The equat ion  r e l a t i n g  t h e  cu r ren t  and vo l tage  of a submodule i s  obtained 

from Equat ion 1 4 .  

I s m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= NP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(I) 

One o r  more shunt ing  d iodes may be connected ac ross  each submodule. The 

model f o r  such a diode i s  d e t a i l e d  i n  Appendix 3 .  

Ref. 12 w e  can determine t h e  e f f e c t  of a diode on submodule cu r ren t  and 

vo l tage.  Diode IN4001,  having a forward c u r r e n t  r a t i n g  of 1 . O A  and a PRV 

of 50 V is  r e p r e s e n t a t i v e  of  t h e  diode type s u i t a b l e  f o r  shunt ing a 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

s o l a r  a r r a y .  Its model elements are: 

= 6 . 4  x 10 kilohms 

From t h e  diode models i n  

5 
Rs d 

I = 8 x 1 0  mA 
-6 

0 

4 
Kd = 2.5 x 10 

v = 1 .0  

Rd 

e = 21.0 

C = 13.0 

n = 0 .41  

0 

= 0.0 kilohms ( i . e . ,  n e g l i g i b l e )  

0 

The s t a t i c  diode equat ion  is :  
-6 

Id = 8 x 10 (exp ( 2 1  V.)- l )  mA 
J 

f o r  V > 

For the  case where V . < O ,  t he  diode reverse leakage cu r ren t  i s :  

j -  

J 
- 

Id  - ‘dGsd 

e .g . ,  when V = -0.4V d 
-5 

Id = ( - 0 . 4 / 6 . 4  x 10 ) = -6 x mA 
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Since I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<< ( I )  of even a s i n g l e  s o l a r  c e l l ,  i t  can be neg lec ted  i n  any 

p r a c t i c a l  computation r e s t r i c t e d  t o  where V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> O .  This approximation must 

be checked a g a i n s t  t h e  c h a r a c t e r i s t i c s  of t h e  shunt ing  diode t h a t  is  f i n a l l y  

chosen. For example, an  ion-implanted diode has favorab le  forward charac- 

ter is t ics  a t  t h e  expense of a h igher  reverse-bias conductance. 

d 

s m  - 

The submodule c u r r e n t  (I ),  i nc lud ing  diode leakage cu r ren t  is: 
s m  

Ism = Np [.. - Io(exp Ko(Vsm + I ~ ~ R ~ / N ~ )  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1) - ('sm 

where K = 

+ I  R / N ) -  

Rsh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsm '1 QVdGsd (16) 

o AkT 

A module c o n s i s t s  of a set of submodules connected i n  series, and i n  t u r n  

shunted by one o r  more t r a n s i s t o r s .  The I - V  c h a r a c t e r i s t i c s  of a module, 

inc lud ing  diode leakage c u r r e n t ,  w i l l  be 

I m  = ~p [I I g - Io(exp (K o m  B ) - 1) - B m G s h ]  - Q(vm/Nm) Gsd' (17) 

1 I = module vo l tage  and cu r ren t  and B = P m / N m  + Im(Rs/Np) 
'm' m m 

where : 

A 
0 

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S Rsh g 

R 

Orb i t  T i m e  ohms ohms Amps Amp s (no dimensions) 

0 0.4 250 0.1425 5 . 4 9 ~ 1 0 - ~ '  0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 969 

3 months 0.6 250 0.107 1.3x10-' 0.969 

5 yea rs  0.55 250 0.093 4.2x10-+ 0.969 

- -  

These c o e f f i c i e n t s  are based on t h e  fol lowing ce l l  c h a r a c t e r i s t i c s  

I v 
oc mP mP 

V 
sc 

T i m e  I 

Amps Volts Amps Vo l ts  

0 0.1423 0.497 0.130 0.381 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 months 0.1067 0.411 0.093 0.300 

5 yea rs  0.0928 0.377 0.080 0.280 

Table 19: SOLAR-CELL COEFFICIENTS (55°C) 
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Shunting Transistors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A shunting transistor is connected in parallel with each module. For sim- 

plicity let all the modules 1 to (ss) have shunting transistors, and let 

some of these transistors have zero collector-to-emitter conductance. The 

current (I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) produced by a given module is shared by the load, through the 

other series modules in the block, and by shunting transistors: 

For the s- module: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsm 

th 

I = Ild + IC s = 1,2, ...., ss. (18) ms 

Let the transistor collector-emitter characteristics in the saturated and 

OFF state be approximated by a linear conductance, i.e., G(sat) and G(0FF). 

Then : 

I = V G(sat) = V G(sat) 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC m 

or I 

or 

I = v G(OFF) = v G(OFF) 
C C m 

I = 0 for the case of unshunted modules 
C 

The load current (I ) can be expressed as a function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the bus voltage Id 

st' rather than a function of the string voltage V 
(bus) ' V 

is downstream of the blocking diodes, 

G (load) 
(bus 1 Ild = v 

th 
From Equation 18, the current I for the s- module is: ms 

G(1oad) + V G (bus) ms x I = v  
ms 

The V (bus) 

where 

G = one of the three states given in Equation 32 above. 

The solar cell string is the sum of all modules which are either shunted 

or unshunted by transistors. 

X 

ms 
V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAss  - - 

vst 
1 

The blocking diode voltage can be related to its current. 
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From Appendix 3, Equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA44 we have 

when 

R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0, this simplifies to: 
d 

The diode voltage drop can be expressed as a function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the bus voltage 

and the solar-cell string voltage: 

v = v  - v .  
d s t (bus) 

The equation relating a solar-cell string connected to the bus via zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPi 

parallel blocking diodes is from Equation 22. 

Substituting V = 1  R (bus) st Id: 

This equation can be solved by estimating the value of I 

trial value in the right-hand side and solving for I Usually no more 

than two iterations will produce convergence to within three significant 

figures . 

, inserting this st 

st' 

For a 1N4006 blocking diode having a forward current rating of  1A and PRV = 

800 V, and for M = 2, Rld = 1.0 kilohm: 

Rd = 0.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 
Rsd = 8.2 x 10 kilohms, 

I = 8 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmA,' e = 21.0 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

h h 

E(lst) = 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA .  where E = estimated value o f ,  

(2) [8 x exp 21 (Vst - 1000) -1) -7 -1 
= (1 + 1.22 x 10 ) Ist 

+ 1.22 vst] 

When the M blocking diodes are conducting: 
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The leakage r e s i s t a n c e  (R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) i s  s u f f i c i e n t l y  high i n  t h i s  case, t h a t  t h e  

last  t e r m  on t h e  r ight-hand s i d e  of Equation 23a can be neglected. 

most computations Equations 23b can b e  s i m p l i f i e d  t o :  

sd  
I n  

s t '  'st' '(bus) 
Equation 23 o r  i t s  approximate equ iva len t ,  Equation 24, can now 

Having developed t h e  blocking diode equat ion  i n  terms of I 

and Rld. 

be combined w i th  Equation 2 1  t o  so l ve  f o r  t h e  s t r i n g  c u r r e n t ,  given t h e  

bus vo l tage  o r  t he  load impedance, and given t h e  s ta te  of each t r a n s i s t o r  

a s s o c i a t e d  with modules 1 through (ss). 

Summary 

The set of equat ions  developed above desc r ibe  completely the  state of a 

d i g i t a l  r e g u l a t o r  f o r  a prescr ibed set of r e g u l a t o r  commands. The set  of 

equat ions  can be used t o  determine t h e  performance of a d ig i ta l - shun t  

regu la ted  s o l a r - c e l l  a r r a y  a t  any temperature,  and with one o r  more devices 

having malfunctioned. For example, t h e  e f f e c t  on performance of a set of 

open-circui ted s o l a r  cel ls o r  diodes can be ca l cu la ted .  S im i la r l y  t h e  

e f f e c t  of a spread i n  t h e  t r a n s i s t o r  s a t u r a t i o n  c h a r a c t e r i s t i c s  can l i k e -  

w i s e  be q u a n t i f i e d .  Such a n a l y s i s  i s  e s s e n t i a l  i n  t h e  design of a d i g i t a l  

r e g u l a t o r  where t h e  des igner  needs t o  develop a con f igu ra t i on  t h a t  covers 

t h e  f u l l  range of r e g u l a t i o n  states, y e t  r e q u i r e s  t h e  minimum number of 

r e g u l a t o r  p a r t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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8.0 RELIABILITY 

R e l i a b i l i t y  models were developed t o  suppor t  des ign t r a d e  s tud ies .  The 

r e l i a b i l i t y  analyses i d e n t i f i e d  areas requ i r i ng  enhancement t o  m e e t  des ign 

r e l i a b i l i t y  goa ls  of e i t h e r  0.96 o r  0.99 a f t e r  5 years.  

i ng  r e l i a b i l i t y  w e r e  pos tu la ted  and evaluated.  The r e l i a b i l i t y  ana lys i s  

r e s u l t s  were used t o  i d e n t i f y  areas of  unce r ta in t y  which requ i re  f u r t h e r  

study. 

Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  

Methods of enhanc- 

Details of t h e  r e l i a b i l i t y  models and c a l c u l a t i o n  are given i n  

8.1 R e l i a b i l i t y  Cri ter ia and Requirements 

The h igh r e l i a b i l i t y  goa l  f o r  t h e  h igh vo l tage  s o l a r  a r r a y  necess i ta ted  

these  des ign requirements:  

o No s i n g l e  f a i l u r e  s h a l l  cause an open c i r c u i t  f a i l u r e  of an e n t i r e  

v o l t  age block e 

o Pro tec t i ve  c i r c u i t s  s h a l l  be provided t o  guard aga ins t  cascading o r  

sequen t ia l  f a i l u r e s .  

o A l l  p a r t s  s h a l l  be  screened t o  e l im ina te  de fec ts .  

8.2 R e l i a b i l i t y  Summary 

The analyzed s o l a r  a r r a y  conf igura t ions  cons is ted  of bu i ld ing b locks con- 

nected t o  e l e c t r i c a l  busses and in terconnected by switches t o  provide the  

requ i red  vo l tage and power l e v e l s .  

vo l tage s e c t i o n ,  d ig i ta l -shunt  regu la ted  s e c t i o n s ,  shunt ing swi tches,  a 

vo l tage  regu la to r ,  and blocking diode. The advanced conf igura t ion  a l s o  

inc luded vo l tage  and cu r ren t  t r i m m e r  sec t i ons  and t r i m m e r  switches. 

Each bu i ld ing  b lock had a primary 

The r e s u l t s  of t h e  r e l i a b i l i t y  ana lyses ,  summarized i n  Table 20, i nd i ca ted  

t h a t  i n i t i a l l y  swi tches accounted f o r  most of t h e  s o l a r  a r r a y  f a i l u r e  r i s k .  

The e f f e c t  of swi tch f a i l u r e  i s  l o s s  of vo l tage  and power from t h e  s e c t i o n  

cont ro l led  by t h a t  switch.  The pos tu la ted  r e l i a b i l i t y  goa l  can be achieved 

i f  p a r t  redundancy i s  provided w i th in  each swi tch element, and one a d d i t i o n a l  

shunt s e c t i o n  of t h e  l a r g e s t  s i z e  i s  provided f o r  each bu i ld ing  block. F a i l -  

u r e  of more than one swi tch i s  then requ i red  be fore  block f a i l u r e  occurs.  

F a i l u r e  p r o b a b i l i t y  d i s t r i b u t i o n  then becomes t h a t  shown i n  t h e  "Improved" 

column i n  Table 20. 
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In ter -b lock swi tches 

Block-to-bus connectors  

Bus 

Vol tage Regulator  

Shunt ing swi tches 

In te rconnectors  

Blocking Diode 

So la r  ce l l  submodules 

Tr immer swi tches 

CONFIGURATION 

BASIC ADVANCED 
I N I T I A L  IMPROVED INITIAL IMPROVED 

27.2 69.2 9.9 66.4 

0.1  0.2 Neg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 0.2 

0.1 0.2 Neg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 0.2 

10.0 25.4 3.6 24.3 

57.6 Neg . 5.0 Neg . 
4.7 4 .1  6.5 6.3 

0.3 0.8 0.1 0.8 

Neg . Neg . Neg Neg . 
N/A N/A 74.8 1.8 

100.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100.0 100.0 TOTALS 100.0 

(NOTE: "Improved" des ign meets 0.99 r e l i a b i l i t y  goal .  ) 

Table 20: SOLAR ARRAY FAILURE PROBABILITY DISTRIBUTION BY DESIGN ELEMENT 

I n  t h e  advanced con f igu ra t i on  add i t i on  of a redundant vo l tage  t r i m m e r  

s e c t i o n  and cu r ren t  t r i m m e r  s e c t i o n  w i th  t h e  requ i red  swi tches i s  necessary 

t o  ach ieve  a -h ighe r  r e l i a b i l i t y  goal .  With t h i s  improvement t h e  s o l a r  

a r r a y  r e l i a b i l i t y  i s  determined p r imar i l y  by t h e  r e l i a b i l i t y  of  t h e  inter- 

block swi tches and t h e  vo l tage  r e g u l a t o r  i n  each bu i ld ing  block.  

P a r t  redundancy w a s  a l s o  considered f o r  each element i n  t h e  vo l tage  regu- 

l a t o r  and in te r -b lock  switches. Although t h e  r e s u l t i n g  r e l i a b i l i t y  est i -  

mate exceeds t h e  des i red  goa l ,  f u r t h e r  s tudy should be undertaken t o  de ter -  

mine t h e  optimum redundancy mechanizat ions f o r  t hese  elements. 

F igures  31 and 32 show the  percentage of s o l a r  a r r a y  f a i l u r e  r i s k  a t t r i b -  

u t a b l e  t o  t h e  major des ign  elements f o r  t h e  advanced and b a s i c  conf igura- 

t i ons .  F a i l u r e  p r o b a b i l i t y  c a l c u l a t i o n s  f o r  t h e  swi tches and vo l tage  

r e g u l a t o r  assumed pa r t - l eve l  redundancy f o r  a l l  elements. We assumed 

s u f f i c i e n t  s o l a r  c e l l  design margin i n  t h e  form o f  e x t r a  submodules t o  

l i m i t  t h e  f a i l u r e  p r o b a b i l i t y  from submodule f a i l u r e s  t o  p e r  b a s i c  

bu i l d ing  b lock o r  t r i m m e r  sec t i on .  
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Design 
Element 

BUS, Bus 
Connectors 
Blocking 
Diode 

Tnter- 
Connectors 

Volt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAage  
Regulator 

Intqr-Block 
Swidches zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Shunt 
Switches 

Basic Configuration 
(Total Failure P r o b a b i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0,0103) 

Improved Configuration 
(Total Failure P r o b a b i l i t y  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0040) 

............................................ 

10 20 30 40 50 60 70 80 90 100 

Percent of Total Array Failure Prcbz3ility 

Figure 31: FAILURE PR9BABILITY DISTRIBUTION 
BASIC CONFIGURATION 
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Desi.gr, 
Element 

Bus, Bus 
Connectors, 
Blocking 
Diode 

Vol tage 
Regulator 

Shunting 
Switches 

I n t e r -  
Connectors 

I n  te r-B lock 
Switches 

Trimmer 
Switches 

I n i t i a l  Conf igurat ion 
(Total  F a i l u r e  P robab i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.0283) 

Improved Conf igurat ion 
(Total F a i l u r e  P r o b a b i l i t y  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0042) 

.................... .................... 

10 20 

Percent  of T o t a l  Array Failure Trobab i l i t y  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32: FAILURE PROYM!ILITY DISTRIEXJTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AOVANCEO CONFIGURATION 
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8.3 R e l i a b i l i t y  of S imp l i f ied  Array 

The assumption t h a t  each submodule must have a shunt ing diode pena l i zes  

a r r a y  weight and c o s t .  We t h e r e f o r e  ca l cu la ted  t h e  r e l i a b i l i t y  t h a t  

could be  achieved w i th  fewer shunt ing diodes. 

a shunt ing diode ac ross  every 10 submodules i n  r e g u l a t o r  s e c t i o n s ,  and 

ac ross  each 50 submodules i n  o t h e r  sec t i ons .  W e  also reduced t h e  trimmer 

s e c t i o n s  from f i v e  t o  t h r e e ,  b u t  provided t h e  same cu r ren t  and vo l tage  

s t e p s  by having t h e  t r i m m e r s  s i z e d  i n  a r a t i o  of 2:2:1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  a consequence, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
40 percent  fewer t r i m m e r  switches are needed. An open s t r i n g  then fol lows 

an  open in te rconnec t ion  f a i l u r e  o r  a combination of a l l  c e l l s  i n  a sub- 

module f a i l i n g  open and the  shunt ing diode f a i l i n g  open i n  t h e  same sec- 

t i on .  

open-cel l  f a i l u r e s  i n  a submodule w a s  not considered. 

We pos tu la ted  connecting 

The p o s s i b l e  overheat ing and breakdown of cel ls because of mu l t i p le  

The t o t a l  number of d iodes requ i red  f o r  t h i s  a l t e r n a t e  con f igu ra t i on  is 

6,427. The r e l i a b i l i t y  p r e d i c t i o n  f o r  t h i s  a l t e r n a t e  conf igura t ion  i s  

0.96 which does no t  meet the  goa l  of 0.99. The a r r a y  weight and c o s t ,  

however, are a f f e c t e d  favorably.  

8.4 R e l i a b i l i t y  Conclusions 

W e  recommend f u r t h e r  s tudy  of redundancy mechanizations f o r  t h e  switching 

c i r c u i t s  and vo l tage  r e g u l a t o r  elements. 

A 0.99 p r o b a b i l i t y  of design power a f t e r  5 years  is achievable i f  w e  do 

t h i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

ELEMENTS ACTION 

Switches Add e x t r a  switch and s e c t i o n  t o  bu i l d ing  block 
Add e x t r a  t r i m m e r s  and switches 

Submodule Add des ign  margin 

Components Use part redundancy, c a r e f u l  design 

P a r t s  S e l e c t ,  burn-in, sc reen ,  and d e r a t e  

Fur ther  improvement is  cons t ra ined by the  r e g u l a t o r ,  which needs study. 
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I n i t i a l  

45.3 

9.0 PERFORMANCE ESTIMATE 

A f te r  5 Years 3 m i l  (76 pm) cover, 8 m i l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' (0.02 cm) t h i c k ,  2 ohm-cm, 

a t i n g  a t  5.5'~ temperature,  
25.5 2 by 2 cm s o l a r  c e l l s  oper- 

and 140 mW/cm 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAM0 s u n l i g h t  

A performance estimate has been made t o  determine t h e  inc rementa l  changes 

i n  weight and area r e s u l t i n g  from t h e  high-voltage and integral-power- 

cond i t ion ing  f e a t u r e s  of t h e  high-voltage s o l a r  a r ray .  

s o l a r  a r r a y  weights and areas used as re fe rence are those es t imated  i n  

t h e  " F e a s i b i l i t y  Study 30 Watts pe r  Pound Roll-Up So lar  Array - F i n a l  

Report." This work w a s  done by Ryan on JPL c o n t r a c t  951971. The advanced 

high v o l t a g e  a r r a y  con f igu ra t i on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas s e l e c t e d  f o r  t h i s  comparison. Signi- 

f i c a n t  design f a c t o r s  are shown on F igure  33. 

The low-voltage 

The performance estimate i s  based on t h e  fol lowing assumptions: 

1. Performance i s  c a l c u l a t e d  a t  the  beginning of t h e  mission. 

2. The s o l a r  ce l l  and cover assembly, c e l l  i n te rconnec to rs ,  packing 

f a c t o r  ( c e l l s  p e r  u n i t  area), and s u b s t r a t e  i n  the  Ryan a r r a y  are 

a l s o  used i n  t h e  high-voltage a r ray .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.  Performance of t h e  high and low vo l tage  a r r a y s  is compared i n  terms 

of t h e  power t o  weight r a t i o ,  Pw, and power t o  area r a t i o ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 ,  Array es t imated  r e l i a b i l i t y  i s  0.96. 

To o b t a i n  15,000 w a t t s  power ou tpu t  a t  t h e  end of t h e  mission t h e  high- 

vo l tage  a r r a y  h a s  been increased i n  area us ing  r a d i a t i o n  degradat ion 

f a c t o r s  d iscussed i n  Sec t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.0 and summarized i n  Table 21. 

r I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
1 SOLAR-CELL MAXIMUM POWER OUTPUT (mw) I CONDITIONS 

Table 2 1  

The outpu t  of t h e  high-voltage s o l a r  a r r a y  p r i o r  t o  r a d i a t i o n  degradat ion 

then becomes: I n i t i a l  Power = 1 5 , 0 0 0 ' ~  45.3 = 26,700 w a t t s .  
25.5 

The performance of t h e  Ryan re fe rence  a r r a y  i s  

Pw = 31.16 W/lb (68.7 W/kg) 
2 2 

= 10 W/ft (107.6 W/m 

90 



D180-10037- 1 
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0 
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The area and weight of a Ryan-type a r r a y  producing 26,700 w a t t s  would be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 
26a700  = 248.1 m 
107.6 

T o t a l  Area = 

T o t a l  Weight = 26 6ie7 700 = 388.6 Kg. 

9.1 Array Insu la t ion- I l luminated  Side 

I n s u l a t i n g  t h e  i n te rconnec to rs  and space between s o l a r  c e l l s  w i t h  poly-p- 

xy ly lene o r  a polyimide r e s i n  w i l l  i n c r e a s e  t h e  weight. 

packing f a c t o r  ( f  ) w a s  used t o  c a l c u l a t e  t h e  i n s u l a t e d  area. 
P 

placement of 224 c e l l s / f t  on t h e  a r ray .  The i n s u l a t i o n  is assumed t o  be 

t h e  s a m e  th ickness  as t h e  combined s o l a r  ce l l ,  cover and adhesive sandwich, 

13  m i l s  (0.033 cm). 

The Ryan-design 

Ryan assumed 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a - 
= 0.968 

- - 224 c e l l s / f t L  x 4 cm' 

f p  144 i n Z / f t 2  x (2 .54 ) z  cmZ/in2 

Thus 3.2 percent  of t h e  i l l um ina ted  s u r f a c e  of t h e  a r r a y  would be  i nsu la ted .  

For poly-p-xylylene which has a d e n s i t y  of 1.3 g/cm , t h e  weight i nc rease  

(AW) would be: 

AW = ( 1  - 0.968)  248.1 m2 x 0.013 i nch  x 2.54 c d i n c h  x LO x 1.3 = 3.41 kg 

3 

269700 
388 6+3.4 

= 68.7 = -0.6 W/kg then APw = 

where AP i s  t h e  change i n  power ou tpu t  pe r  u n i t  weight a t t r i b u t a b l e  t o  the  

high-voltage f e a t u r e .  
W 

9.2 Power Busses 

High v o l t a g e  opera t i on  w i l l  decrease t h e  power bus weight; however, m u l t i p l e  

l oads  o f f s e t  t h i s .  For t h i s  reason no area and weight increments are 

app l i cab le .  

9 * 3  So l id -s ta te  Switching 

Each swi tch  module is  assumed t o  weigh 10 grams, r e q u i r e  4 cm 

area and w i ths tand 2100 v o l t s .  Table 22 shows t h e  number of switch modules 

requ i red  by t h e  advanced conf igura t ion .  

2 
of a r r a y  
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TOTAL 

Number of 
Switch 
Modules zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~ 

273 86 

~ 

I n t r a b l o c k  

Block 1 

Block 2 

Block 3 

Block zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

Block 5 

Block 6 

27 

27 

39 

66 

54 

27 

33 I I n te rb lock  I 

Number of 
Regulator 
Modules 

15 

13  

15 

15 

15  

13  

Table 22: NUMBER OF SWITCHING AND REGULATOR 
MODULES I N  ADVANCED CONFIGURATION 

Sect ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.9 g ives  t h e  power, weight,  and area requ i red  by t h e  switching 

system a t  mission end. The area increment, AA, i s  t h e  sum of t h e  area 

requ i red  by the  swi tches  (Asw) p l u s  t h e  a r r a y  area needed t o  supply the  

l o s s e s  (Aloss). 

2 - - 273 = 0.109 m 
ASW 10,000 

2 - - =  - 38*8 0.36 m 
A l o s s  107.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The area increment, 
2 

AA = 0.109 f 0.36 = 0.469 m 

The power/area increment is: 

2 
= 107.6 =-0 .19  W/m - 26 700 

"A - 248.1 i- 0.469 

The weight increment (AW) is t h e  sum of t h e  switch weight (Wsw) p l u s  t h e  

a r r a y  weight needed t o  supply t h e  l o s s e s  (Wloss). 

- 273 lo = 2,73 kg wsw - 1000 

- - - =  38*8 0.56 kg 
'loss 68.7 

AW = 2.73 + 0.56 = 3.29 kg 
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The power/weight increment i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 68.7 = -0.569 W/kg 
- 26.700 

"W 388.6 + 3.29 
- 

9.4 P r o t e c t i o n  Equipment 

The weight and area of t h e  sensors  requ i red  f o r  t h e  p r o t e c t i o n  are: 

14 vo l tage  sensors  

weight: 8 grams each 

area: 0.40 c m  each 
2 

1 4  c u r r e n t  s e n s o r s  

weight: 20 grams each 

area : 4.5 c m  
2 

The wefght increment is: 

- 68.7 =I -0.06 W/kg 
- 26700 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

"W 388,6 + 0,392 
- 

The area increment is: 

2 
= 0.0069 m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe This i s  n e g l i g i b l e .  

10,000 
AA = 

9.5 Regulat ion 

The number of r e g u l a t o r  modules, shown i n  Table 22, i s  based on two I C  

u n i t s  pe r  b ina ry  shunt  and one e r r o r  sensor  per  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAblock. 

8 grams, i s  4 cm2 i n  area and w i l l  d i s s i p a t e  8 w a t t s .  

AA is t h e  sum of t h e  area requ i red  by t h e  r e g u l a t o r  ch ips  (A 

a r r a y  area represented  by t h e i r  l o s s e s  (A ). 

Each module weighs 

The area increment, 

) p l u s  t h e  
reg  

loss 

2 
A =  86 = 0.0344 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 

reg  10,000 

2 - - 86 = 6.394 m 
Aloss 107,6 

2 
AA = 0.0344 + 6.394 = 6,43 m 
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The power/area increment i s  

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 107.6 = 02.70 W a t t s l m  
- - 26,700 

248.1 + 6.43 

The weight increment is c a l c u l a t e d  from t h e  sum of t h e  r e g u l a t o r  ch ip  

weight (W ) and t h e  a r r a y  weights needed t o  supply t h e  r e g u l a t o r  power 
reg  

w =  86 = 0.688 kg 
reg  1000 

= 86 = 10.01 kg 
'loss 68.7 

AW = 0.688 + 10.01 = 10.69 kg 

The power/weight increment i s  

- 26,700 
"W - 388.6 + 10.69 

9.6 Shunt Diodes 

R e l i a b i l i t y  is i nc reased 

- 68.7 = -1.83 watts/kg 

when shunt diodes are connected ac ross  groups of 

s o l a r - c e l l  submodules, rhus providing a by-pass c i r c u i t  i f  t h e r e  i s  an 

open c i r c u i t  i n  one of t h e  shunted submodules. Current trimmers, vo l tage  

t r i m m e r s  and the  primary blocks have one diode ac ross  each 50 submodules. 

The regu la t i on  s e c t i o n  has one diode ac ross  each 10 submodules. 

c e p t  app l i ed  t o  t h e  advanced con f igu ra t i on  r e q u i r e s  6,427 diodes as shown 

i n  Table 23. The a r r a y  r e l i a b i l i t y ,  using t h i s  number of shunt diodes, is 

est imated t o  be 0.96 f o r  t h e  5-year mission. 

Each d iode is  assumed t o  weigh 50 mi l l ig rams and r e q u i r e  an a rea  of 

0.04 cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe Ca lcu la t i ng  t h e  area increments,  

This con- 

2 

6427 O e o 4  = 0.0256 2 
1 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA =  

- 107.6 0 
- 26700 - 

'A 248.1 + 0.0257 

The weight increment is: 

6427 O e o 5  = 0.32 kg 
1000 

w =  

- 68.7 = -0,05 W/kg 
26 700 

388,6 + 0.32 
Pw = 
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t 

pW 

107.6 W/m2 68.7 W/kg 

(10 W/ft2) (31.2 W/lb) 

104.7 W/m2 65.59 W/kg 

(9.7 W/ft2) (29-7 W/lb) 

Low Voltage Design 

High Voltage Design 
b 

Current  T r i m m e r s  

NS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
50 

Vol tage T r i m m e r s  

A N,/50 
B Ni/50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C NS/50 

Primary Block 

NS/50 

Regulat ing Sec t ion  

NS/10 

BLOCK TOTALS 

Block 
1 

255 

8 
15 
15 

78 

37 

408 

Block 
2 

255 

6 
11 
21 

80 

26 

399 

ARRAY TOTAL : 6427 

Block 
3 

1020 

29 
58 
58 

312 

145 

1622 

Block 
4 

1402 

29 
57 

114 

4 40 

142 

2184 

Block 
5 

765 

22 
43 
43 

234 

109 

1216 

Block 
6 

383 

8 
16 
32 

120 

39 

59 8 

Table 23: SHUNT DIODES REQUIRED 

9.7 Blocking Diodes 

Blocking diodes improve r e l i a b i l i t y  by prevent ing a shor ted b lock assembly 

from loading t h e  rest of the  ar ray .  The p resen t  concept uses f o u r  diodes 

i n  quad-redundancy p e r  block assembly, and t h e  24 blocking diodes would 

have n e g l i g i b l e  impact on P 

9.8 Summary 

Table 24 shows t h e  r e s u l t  of applying t h e  combined increments t o  t h e  low 

vo l tage power/area and power/weight r a t i o s .  

W "  
and P 

A 

Table 24: PERFORMANCE ESTIMATE SUMMARY 
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AREA WEIGHT 

(m2> (kg) 
LOW VOLTAGE DESIGN 
STARTING REFERENCE 

Detai ls of t h e  performance a n a l y s i s  are shown i n  Table 25. 

pW 

Watts/kg 
pa 2 

W a t t s / m  

{EFER- 
CNCE 

(POWER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 26.7 KW) 
~ 

DESIGN CHANGE 

248. 388.6 107.6 68.7 
(10 W/f t  ) (31.16 w/ lb)  

?ARA. 9 

ELEMENT DESCRIPTION 

S o l a r  C e l l s ,  N o  Change 
Covers 
Packing 
Fac to r ,  
In tercon-  
n e c t o r s ,  
and sub- 
strate 

Array 1 3  m i l s  o f  
I n s u l a t i o n  i n s u l a t i o n  

at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . 3  g r /  
cm3 w i t h  
packing 
f a c t o r  
= 0.968 

- -  

- - 

S o l i d  273 s w i t c h  
S t a t e  modules a t  
Switching 10 grams 

and 4 cm , 
d i s s i p a t i n g  
38.8 w a t t s  
t o t a l  

P r o t e c t i o n  1 4  v o l t a g e  

2 

s e n s o r s  8 
g r 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.40 
cm ; 14  
c u r r e n t  
s e n s o r s  

4.5 cm 
20 s - 9 2  

+0.465 

Neg. 

~ ~~ 

Regulat ion 110 Reg. 
Modules, 
8 G r .  & 4 
cm2, d i s -  
s i p  a t i n g  
8 W each 

Shunt 6427 d iodes  
Diodes p e r  Table 

26. Each 
d iode  0.05 
G r ,  0.04 cm , 

+6.43 

f0.02 

INCREMENTAL VARIATIONS 

?ara. 
2.0 

Para. 
9 . 1  

t 3 . 4  -0.6 

+3.29 -0.190 -0.5 69 Para. 
9.3 

+o. 39 -0.06 Para.  
9.4 

Para.  
9.5 

+lo. 69 -2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 70 -1.83 

+O. 32 -0.05 Para  
9.6 

-... 

-3.11 -2.89 

104.71 

Increment T o t a l s  

High Vol tage Design P and P R a t i o s  a W 
65.59 Para.  

9.8 
97 
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9.9 Radia t ion  R e s i s t a n t  C e l l s  

To reduce r a d i a t i o n  degradat ion ,  10 ohm-centimeter r e s i s t i v i t y  s o l a r  cel ls  

would b e  used i n  t h e  a r r a y  i n s t e a d  of  t h e  2 ohm-centimeter cel ls shown i n  

t h e  performance estimate. While 10  ohm-centimeter cells produce a s m a l l  

improvement i n  t h e  end-of-mission power, t h e i r  e f f e c t  on t h e  performance 

a t  t h e  beginning of t h e  mission i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  decrease zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP and P because of t h e i r  
A W 

power/area increment i s  i n i t i a l l y  lower ou tpu t .  The app l i cab le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 0.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 26,700 - 107.6 

248 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 1 APA - 2 
= 10.76 W/m 

9.10 Optomechanical Switches 

An optomechanical switch was shown i n  Sec t ion  4.6. The fol lowing evalua- 

t i o n  i n  terms of power/weight and powerlarea r a t i o s  enab les  comparison of 

t hese  switches w i th  t h e  s o l i d - s t a t e  switching used i n  the  performance 

ana lys i s .  

AW = Wsw + wloss  

As l o s s e s  i n  mechanical sw i tches  are n e g l i g i b l e ,  

= 10.7 kg 
126 x 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOZ. 

16 o z / l b  x 2.205 lb/kg 
AW = 

- 68.7 = -1.83 W/kg 26 I 700 
388.6 + 10.7 

sw + Aloss  
AA = A 

i s  aga in  n e g l i g i b l e ,  so  
*loss However 

2 
= 0.183 m AA = 

2 - 107.6 = -0.06 W/m 
- - 26,700 

"A 248.1 + 0.183 
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* ~ 

AREA WEIGHT POWER/AREA POWER/WEIGHT 

W 2 pW 
(kg) (watts/m ) (watts/kg) 

A2 
(m 1 

SWITCH TYPE 

Solid State 0.469 0.833 -0.190 -0.139 

The following table compares optomechanical switches with solid-state 

Optomechanical 

switches a 

0.183 10.7 -0.06 -1.83 

Table 26 
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10.0 VERIFICATION OF CONCEPTS 

The high-vol tage s o l a r  a r r a y  electrical con f igu ra t i on  study has  c l e a r l y  

e s t a b l i s h e d  t h e  f e a s i b i l i t y  of developing designs t h a t  w i l l  meet t h e  vo l tage ,  

power, f l e x i b i l i t y ,  r e l i a b i l i t y ,  and o t h e r  requirements,  even w i th  today 's  

components. Component developments i n  t h e  next two years  can b r ing  about 

even lower weight and area f o r  t h e  s o l a r  a r ray .  A l te rna te  s o l u t i o n s  are 

a v a i l a b l e  f o r  t h e  c r i t i c a l  switching problem. 

The a p p r o p r i a t e  nex t  o b j e c t i v e  i n  high-voltage s o l a r  a r r a y  e lect r ica l  con- 

f i g u r a t i o n  development i s  achievement of technology read iness .  This is  a 

s t a t u s  where t h e r e  are no unsolved technology problems, where a l l  components 

are developed, and where a l l  needed design d a t a  are documented. App l ica t ion  

of t h e  a r r a y  t o  a p a r t i c u l a r  space mission then r e q u i r e s  only d e t a i l e d  des ign ,  

manufacturing, and q u a l i f i c a t i o n  t e s t i n g .  

Completion of t h e  fo l lowing t a s k s  w i l l  achieve technology read iness :  

Evaluate a n a l y t i c a l l y  and by test ,  parts which are no t  p roper ly  

cha rac te r i zed  f o r  t h e  high-voltage a p p l i c a t i o n .  These inc lude opto- 

e l e c t r o n i c  high-voltage i s o l a t i o n ,  high-voltage switching t r a n s i s t o r s  

and SCR's ,  and opto-mechanical high-voltage l a t c h i n g  switches. 

Conduct dynamic ana lyses  of t h e  weighted-binary switching shunt 

v o l t a g e  r e g u l a t o r ,  and develop computer programming f o r  performing 

r e g u l a t i o n .  

S e l e c t  components, des ign ,  breadboard, and test hybr id th ick - f i lm and 

th in - f i lm  components such as a switch assembly, shunt ing sw i t ch ,  

vo l tage  sensor ,  c u r r e n t  senso r ,  op to-e lec t ron ic  i s o l a t i o n  l i n k ,  and 

up-down counter .  

Construct  and test  a block assembly us ing  breadboard components and 

e l e c t r o n i c  s imu la t ion  of s o l a r  a r r a y  temperature and o t h e r  extremes. 

Adequate proving of t h e  vo l tage  r e g u l a t o r  w i l l  r e q u i r e  some s o l a r - c e l l  

modules 

System a n a l y s i s ,  r e l i a b i l i t y  monitor ing,  i n t e r f a c e  d e f i n i t i o n ,  and 

i n t e r f a c e  c o n t r o l  a c t i v i t i e s  are requ i red  dur ing t h i s  development 

pe r iod  t o  a s s u r e  t h a t  a l l  a n a l y t i c a l  and development a c t i v i t y  is  p e r t i -  

nent  t o  t h e  o b j e c t i v e s  and t h a t  a l l  components w i l l  be compatible w i th  

o v e r a l l  system requirements.  
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A test plan relating component tests to hybrid circuits and breadboard 

tests is provided in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA34.. 

binary-regulator breadboard, block-assembly breadboard, high-voltage switch 

assembly breadboard, and system-breadboard tests. These plans appear in 

Figures 35 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA38.  

Test plans have been developed for the 

Optoelectronic devices need be studied to determine their voltage limita- 

tions. 

voltage array. However, optoelectronic development can be a straightforward 

extension of existing technology. In each illustration test items are 

shown within the dashed lines. Test equipment, loads, computer and environ- 

mental chambers are also shown. 

No presently marketed devices meet the total needs of the high 

Whether to provide actual or simulated power sources and loads is an 

important decision affecting the technical and economic aspects of the 

testing. Providing solar array panels for all tests would be excessively 

costly and would severely limit the operating conditions which could be 

evaluated. For example, since solar array characteristics vary widely with 

temperature, meaningful evaluation of stability of regulation control would 

need to be made at a variety of array temperatures with constant illumina- 

tion provided by a solar simulator. Large solar simulators and temperature 

controlled chambers are available and would eventually be needed for quali- 

fication testing. On the other hand, simulation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof loads and power sources 

permits circuit development and several tests to proceed simultaneously. 

Since a central computer will be used for voltage and current-control of 

switching, simulation of this function is necessary. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA laboratory computer 

such as the PDP8 is suggested. 

A modest effort will be required to verify that array-mounted solid state 

circuit elements are protected from electron and proton radiation during 

flight through the Van Allen belts. 
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11.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACONCLUSIONS 

The a n a l y s i s  documented i n  t h i s  r e p o r t  has e s t a b l i s h e d  t h a t  w i th  respec t  t o  

t h e  e l e c t r i c a l  con f i gu ra t i on  i t  i s  f e a s i b l e  t o  develop a s o l a r  a r r a y  t h a t  

(1) s u p p l i e s  a v a r i e t y  of loads fol lowing deployment i n  Ear th -orb i t  space, 

and, (2) i s  later reconf igured  t o  supply a s i n g l e  16,000-volt,  15-kW load. 

Fu r the r  f l e x i b i l i t y  i n  t h e  high-vol tage s o l a r  a r r a y  can be achieved by 

providing e x t r a  s o l a r - c e l l  s e c t i o n s  organized i n t o  cu r ren t  and vo l tage  

t r i m m e r s  t h a t  are connected i n t o  power-producing s o l a r - c e l l  b locks  t o  r e s t o r e  

block ou tpu t  fo l lowing r a d i a t i o n  degradat ion of t h e  s o l a r  cel ls when tra- 

ve rs ing  through Van-Allen r a d i a t i o n  b e l t s .  These t r i m m e r s  can be used t o  

power t h e i r  own loads  p r i o r  t o  being needed f o r  t h e  trimming func t ion .  The 

t r i m m e r s ,  supplemented by a weighted b inary  r e g u l a t o r  t h a t  shunts  out so la r -  

c e l l  modules i n  t h e  b locks ,  can be used t o  maintain 0 .1  percent  cu r ren t  

o r  v o l t a g e  r e g u l a t i o n  i n  block o r  a r r a y  output.  

Estimated r e l i a b i l i t y  of t h e  h igh  vo l tage  a r r a y  is  0.99. A des ign  w i th  

an es t imated  r e l i a b i l i t y  of 0.96 can be achieved w i th  s i g n i f i c a n t l y  less 

weight and a r r a y  area. 

Improvements i n  sw i tch ing  devices t h a t  can be made w i th in  two yea rs  w i l l  

i nc rease  t h e  e f f i c i e n c y  of t he  i n t e g r a l l y  regu la ted  s o l a r  a r ray .  However, 

even w i th  today 's  s o l i d - s t a t e  switching devices a high vo l tage  a r r a y  is 

f e a s i b l e .  

optomechanical switch make t h i s  dev ice  worthy of f u r t h e r  study. 

The l a t c h i n g  c h a r a c t e r i s t i c s  and p red ic ted  e f f i c i e n c y  of an  

P r o t e c t i v e  c i r c u i t  and device requirements can be s a t i s f i e d  w i th  p resent  

technology. Fau l t  ana lyses  need t o  be  extended t o  s p e c i f i c  l oads .  

So la r  c e l l  con f igu ra t i on  designs can be based on p resen t  and modestly- 

improved c e l l  and packaging technology. A f ou r  t o  eight-mi l  t h i c k ,  two 

t o  t e n  ohm-cm r e s i s t i v i t y ,  N/P s i l i c o n  s o l a r  c e l l  wi th  a t h r e e  m i l  cover 

i s  recommended, pending s p e c i f i c  mission requirements.  

Regulat ion and r e c o a f i g u r a t i o n  can be done w i th  compu.ter-controlled b inary  

l o g i c ,  and o p t i c a l  i s o l a t i o n  between high vo l tage and low vo l tage  switch 

d r i v e r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 
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Capab i l i t y  f o r  ground-control updat ing of computer switching- logic is  a 

necessary and i n t r i n s i c  p a r t  of t h e  conceptual h igh  vo l tage elect r ica l  

conf igura t ion .  

t h i s  c a p a b i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

The high-vol tage s o l a r  a r ray  w i l l  produce a 104.7 w a t t s / m  (9.7 W/ft zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) and 

65.6 wat ts /kg  (29.8 W/lb). This compares w i th  an  unregulated Ryan low- 
2 

vo l tage  a r r a y  t h a t  produces 107.6 w a t t s / m 2  (10 W/ft ) and 68.7 wat ts /kg  

(31.2 W/lb). 

Ground c o n t r o l  of a r r a y  con f igu ra t i on  fo l lows as p a r t  of 

2 2 

The next s t e p s  i n  the  development of a high-voltage s o l a r  a r r a y  e l e c t r i c a l  

con f i gu ra t i on  are s e l e c t i o n  of dev ices ,  i n t e g r a t i o n  i n t o  hybr id  t h i c k  f i l m  

and t h i n  f i l m  c i r c u i t s ,  packaging, and v e r i f i c a t i o n  of ope ra t i ng  charac ter -  

is t ics.  This work, when fol lowed by assembly of active and simulated com- 

ponents i n t o  block and a r r a y  tests, w i l l  achieve technology read iness  f o r  

t h e  high-voltage s o l a r  a r r a y  e l e c t r i c a l  con f igura t ion .  
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13.0 APPEND1 CE S 

13.1  Appendix 1, Analysis of T r a n s i s t o r  and Thy r i s to r  Voltage L imi ta t ions  

Basic L imi ta t ions  of S i l i c o n  Devices 

The fol lowing a n a l y s i s  cons iders  t h e  l i m i t i n g  f a c t o r s  f o r  breakdown vo l tage  

and t h e  t radeo f f  between breakdown vo l tage  and conduction r e s i s t a n c e  i n  

high-vol tage sw i t ch ing - t rans i s to r  design. These cons idera t ions  a l s o  apply t o  

t h y r i s t o r  and j u n c t i o n  f i e l d - e f f e c t  t r a n s i s t o r ,  because of t h e  b a s i c  s i m i l a r i t y  

of t h e  devices as i l l u s t r a t e d  i n  t h e  s i m p l i f i e d  s t r u c t u r a l  models of Figure 11. 

I n  each device t h e  h igh  vo l tage  i s  blocked a t  t h e  j unc t i on  between t h e  p-type 

c o n t r o l  l a y e r  and t h e  broad, h i g h - r e s i s t i v i t y  n-type l a y e r  above it; t h i s  

reg ion  w i l l  be t h e  c o l l e c t o r  of t h e  t r a n s i s t o r ,  t h e  d r a i n  of t he  FET, and t h e  

i n te rmed ia te  n l a y e r  of t h e  t h y r i s t o r .  

When a n  e x t e r n a l  b i a s  i s  app l i ed  t o  make t h e  n reg ion  p o s i t i v e  w i th  respec t  

t o  t h e  p reg ion  t h e  conducting e l e c t r o n s  o r  h o l e s  are drawn from t h e  j u n c t i o n  

l eav ing  a dep le t i on  reg ion  of f i xed  charge, The dep le t i on  reg ion  w i l l  extend 

mainly i n t o  the  h ighe r  r e s i s t i v i t y  n- layer.  Avalanche breakdown occurs a t  

t h e  reverse-biased j u n c t i o n  when t h e  e l e c t r i c  f i e l d  i n  t h e  n-region becomes 

high enough t o  i o n i z e  a c r i t i c a l  number of minor i ty  c a r r i e r s .  There i s  an 

inhe ren t  t rade-of f  between t h e  breakdown vo l tage  and t h e  ohmic conduction 

l o s s  s i n c e  the  n-layer must be made wide enough t o  conta in  t h e  dep le t i on  

reg ion  a t  t h e  breakdown vo l tage  and, when t h e  dev ice  is  on, t h e  conducted 

cu r ren t  f lows ac ross  t h i s  h igh  r e s i s t i v i t y  reg ion  with consequent ohmic 

l o s s .  

T r a n s i s t o r  Voltage L im i ta t i on  

In  t h e  t r a n s i s t o r  breakdown occurs a t  t h e  reverse-biased co l lec to r -base 

j u n c t i o n  due t o  avalanche m u l t i p l i c a t i o n  of minor i ty  carriers. 

t i o n a l  e f f e c t  of c u r r e n t  m u l t i p l i c a t i o n  which would make the  c o l l e c t o r -  

emitter breakdown vo l tage  lower than t h a t  of t h e  co l lec to r -base junc t i on  

may be e f f e c t i v e l y  e l im ina ted  by the  a p p l i c a t i o n  of a small  reverse b i a s  

ac ross  t h e  base-emit ter  j unc t i on  of a t r a n s i s t o r .  The co l l ec to r -emi t te r  

breakdown vo l tage  then becomes e s s e n t i a l l y  equa l  t o  t h e  co l lec to r -base 

j u n c t i o n  reve rse  breakdown vo l tage ,  

The addi- 

To analyze the  co l l ec to r -emi t te r  breakdown and forward s a t u r a t i o n  charac- 

ter is t ic ,  t h e  t r a n s i s t o r  model i n  Figure 39 w a s  used. Doping levels are 
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assumed t o  change ab rup t l y  a t  t h e  boundaries of t h e  regions as shown. 

Actual ly t h e  f a b r i c a t i o n  processes genera te  graded impurity p r o f i l e s  i n  

a l l  a v a i l a b l e  s i l i c o n  high-voltage t r a n s i s t o r s ,  b u t  when the  high r e s i s t i v i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(v) reg ion  of t h e  c o l l e c t o r  i s  wide t h e  abrupt  j unc t i on  model gives a good 

approximation as w e l l  as an upper l i m i t  t o  t h e  breakdown vo l tage f o r  a t r a n s i s -  

t o r  having a given c o l l e c t o r  r e s i s t i v i t y  (Reference 13) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Emitter Base zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACollector 

Figure 39: HIGH VOLTAGE TRANSISTOR MODEL 

For an abrupt  j u n c t i o n  w i th  t h e  r e s i s t i v i t y  on one s i d e  much h ighe r  than on 

t h e  o t h e r ,  t he  breakdown vo l tage  (V ) i s  given by BD 

- - kEo Em 
'BD 2qN 

where k is the  d i e l e c t r i c  cons tan t  of a s i l i c o n ,  N i s  the  impuri ty concen- 

t r a t i o n  on t h e  high r e s i s t i v i t y  s i d e ,  E t h e  c r i t i c a l  f i e l d ,  Q t h e  e l e c t r o n  

charge, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE t h e  p e r m i t t i v i t y  of f r e e  space (Reference 1 4 ) .  I f  a va lue  

of Em could be s p e c i f i e d ,  equat ion  25 would enab le  us t o  c a l c u l a t e  t h e  break- 

down vo l tage  ob ta inab le  w i th  any r e s i s t i v i t y  of c o l l e c t o r  material. Unfor- 

t una te l y  Em v a r i e s  w i th  r e s i s t i v i t y  i n  a complex way and is  a lso  a func t ion  

of t h e  f a b r i c a t i o n  technology. The b e s t  informat ion on vo l tage  breakdown 

is ob ta ined exper imental ly.  A r e l a t i o n  widely used i n  t h e  design of s i l i c o n  

p lana r  and mesa t r a n s i s t o r s  i s  given by P h i l l i p s  (Reference 1 4 ) .  

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

13 -0.715 
= 1.58 x 10 N 

'BD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 6 )  
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Impurity concentration and resistivity are related by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 where ?J 

in atoms/cm3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp in ohm-cm. 

room-temperature mobilities are essentially independent of resistivity and 

are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA480 cm /volt-second and ?J = 1350 cm /volt-second. Break-down 

voltages have been plotted against collector resistivities to 1000 ohm-cm 

in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 0 .  

is the mobility of the majority carrier in cm /volt-second, N is 

Above resistivities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a few ohm-cm, the 

2 2 
n P 

Figure 40: ABRUPT JUNCTION BREAKDOWN VOLTAGE VERSUS RESISTIVITY 

Single crystal silicon is available in resistivities to 30,000 ohm-cm, 

but practical prcjcessing techniques now limit transistor collectors to a 

few hundred ohm-cw. Figure 4 1 ~  a plot of the compensated impurity con- 

centration against resistivity, indicates that very slight contamination 

will greatly alter or even invert the resistivity of closely compensated 

naterial. Within this limitation, VBD’s of several thousand volts should 

be possible. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs shown in the next section such devices would have to 

operate at low current densities to have useful saturation voltage (V SAT ) 
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i n  power swi tch ing  a p p l i c a t i o n s .  

f a l l i n g  y i e l d  s i n c e  as ch ip  s i z e  is i nc reased t h e r e  is a g r e a t e r  p robab i l i t y  

of a vo l tage  l i m i t i n g  d e f e c t  be ing  included i n  t h e  active reg ion  of t h e  

t r a n s i s  t o r .  

Here t he  p r a c t i c a l  l i m i t a t i o n  i s  i n  t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Ret Impurity Concentration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(XA-ND) in Parts Per Billion 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA41: RESISTIVITY VERSUS IMPURITY CONCENTRATION 

T r a n s i s t o r  Voltage-Resistance Tradeoff 

I n  the  model of Figure 39 the  conduction cu r ren t  from c o l l e c t o r  t o  emitter 

must flow through t h e  high r e s i s t i v i t y  N region. To s u s t a i n  t h e  dep le t i on  

region c rea ted  by t h e  a p p l i c a t i o n  of V ac ross  the  j unc t i on ,  t h e  high BD 
r e s i s t i v i t y  reg ion  must have a minimum th ickness  equal  t o  t h e  dep le t i on  reg ion  

width (X  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) which f o r  ou r  model i s  given by t h e  equat ion,  
m 

(Reference 1 4 )  

For a c o l l e c t o r  reg ion  of r e s i s t i v i t y  p 

a thermal-equi l ibr ium c o l l e c t o r  r e s i s t a n c e  can be def ined. 

and dep le t i on  reg ion  th ickness  X 
C m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P cxm R = -  
CEQ A 
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where A i s  t h e  area of t h e  junc t ion .  For t r a n s i s t o r s  i n  s a t u r a t i o n ,  t h e  

forward b i a s  on t h e  co l lec to r -base junc t i on  w i l l  l e a d  t o  m ino r i t y -ca r r i e r  

i n j e c t i o n  wi th consequent conduct iv i t y  modulation of t h e  c o l l e c t o r  reg ion  

(Reference 13) .  However, t h e  main c o l l e c t o r  cu r ren t  sets up a f i e l d  opposing 

t h e  i n j e c t i o n  of carriers and t h e  conduct iv i t y  modulation e f f e c t  decreases 

rap id l y  w i th  i nc reas ing  cu r ren t  d e n s i t i e s .  This is p a r t i c u l a r l y  t r u e  i n  

pract ica l  power t r a n s i s t o r  s t r u c t u r e s  because lateral  vo l tage  drops i n  the  

base reg ion  and t h e  emitter f i n g e r s  l ead  t o  l o c a l  cu r ren t  concent ra t ion .  

Therefore,  a resistive c o l l e c t o r  vo l tage  drop zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'CR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= IC~CEQ 

is an o p t i m i s t i c  estimate. The t o t a l  s a t u r a t i o n  vo l tage  drop is 

where @ i s  t he  o f f s e t  vo l tage assoc ia ted  w i th  the  co l lec to r -base junc- 
CE 

t i o n .  The o f f s e t  vo l tage  @cE depends p r i n c i p a l l y  on the  i n v e r s e  cu r ren t  

ga in ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaI, of t h e  t r a n s i s t o r ,  t h a t  is ,  t h e  ga in  when the  c o l l e c t o r  and 

emitter are interchanged, and w i l l  i nc rease  w i th  decreasing base width. 

The va lue  of @CE can be  es t imated  from t h e  manufacturer 's d a t a  f o r  sa tu ra -  

t i o n  v o l t a g e .  The mesa t r a n s i s t o r s  of Table 8 have an @ of about 0.2 

v o l t s  wh i le  the  300-volt p lana r  has  an 4 of less than 0.01 v o l t s .  

The foregoing equat ions  may be  combined t o  g ive  t h e  r e l a t i o n  between 

CE 

CE 

and VBD a t  room temperature: 
'SAT 

A p l o t  of t h i s  equat ion  w i th  c u r r e n t  dens i ty  as a parameter appears i n  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 2 .  The v a l i d i t y  of t h e  des ign  equat ion  was t e s t e d  by apply ing 

i t  t o  t h e  700-volt mesa and the  300-volt p lana r  t r a n s i s t o r s  of Table 8.  

The ca l cu la ted  c o l l e c t o r  areas f o r  t h e  s p e c i f i e d  VSAT are 1.02 c m  

0.365 cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

2 
and 

2 
These f i g u r e s  are w i t h i n  20% of the  observed c o l l e c t o r s  areas. 
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0.11 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 1  I ' l l  
100 1,OO' 

Breakdown Volt, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu 
0 lo,( 
age (Volts) 

IO 

Figure 42: EFFECT OF SATURATION VOLTAGE ON BREACKDOWN 

VOLTAGE IN SILICON NPN TRANSISTORS 

Extension of T r a n s i s t o r  Analysis t o  Thy r i s to rs  and F ie ld  E f f e c t  Devices 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43 shows t h e  t h y r i s t o r  s t r u c t u r e  w i th  i t s  t r a n s i s t o r  analogy. A s  

compared with a t r a n s i s t o r  t h e  in te rmed ia te  p reg ion  of t h e  t h y r i s t o r  

w i l l  be wider and of h ighe r  r e s i s t i v i t y  than t h e  base reg ion  of t h e  t r a n s i s -  

t o r  which must be kept  narrow f o r  acceptab le  ga in .  This f e a t u r e  gives 

the  t h y r i s t o r  i t s  s u p e r i o r  blocking-voltage c a p a b i l i t y  s i n c e  t h e  space- 

charge a t  t h e  blocking j unc t i on  may expand i n t o  both n and p l a y e r s ,  w i th  

a s i g n i f i c a n t  p a r t  of t h e  vo l tage  being across  the  p-layer dep le t i on  region. 

The wider p-region is p o s s i b l e  i n  t h e  t h y r i s t o r  because the  ga in  requ i re -  

ment of t h e  npn segment of t h e  t h y r i s t o r  is  much less than f o r  a use fu l  

t r a n s i s t o r .  The cu r ren t  gain (a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) f o r  a t h y r i s t o r  npn segment i s  1 

1 

1 

C 
I 

(-J = -  

'e 
(33)  

where I is  t h e  c o l l e c t o r  cu r ren t  and I is t h e  emitter cu r ren t .  This 

gain is  from 0.8 t o  0.95 i n  t y p i c a l  devices.  The t o t a l  ga in  of t h e  
C e 
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t h y r i s t o r  f o r  turn-on, t h e  sum of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa ' s  of t h e  pmp and npn segments, w i l l  

genera l l y  be  much h ighe r  than t h a t  of t h e  t r a n s i s t o r .  

The h ighe r  blocking vo l tage  of t h e  t h y r i s t o r  is obtained a t  t h e  expense 

of a conduction drop g r e a t e r  than i n  t h e  t r a n s i s t o r .  The reasons are: 

t he  h ighe r  r e s i s t a n c e  of t h e  in te rmed ia te  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp reg ion ,  t he  forward vo l tage  

drop of t h e  added emitter j unc t i on ,  and t h e  f a c t  t h a t  t h e  t r a n s i s t o r  

segments cannot s a t u r a t e  as they have t h e i r  bases clamped t o  t h e i r  co l l ec -  

t o r s .  Typ ica l l y ,  SCR's conducting 1 t o  5 amperes w i l l  have conduction 

drops of 1.5 t o  2 v o l t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGCS's,  because of modif icatons t o  a t t a i n  turn- 

o f f  ga in ,  w i l l  have even h ighe r  conduction drops--about 2 t o  2.5 v o l t s  a t  

t he  same cu r ren ts .  

I n  the  OFF cond i t ion  w i th  t h e  ga te  open, t h e  anode cu r ren t  (I ) of a t hy r i s -  

t o r  i s  given by 
A 

ceo 
'A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI - a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- a  

I 
- - 

1 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 4 )  

2 where Iceo i s  t h e  leakage c u r r e n t  ac ross  t h e  blocking j unc t i on  and a 

t he  c u r r e n t  gain of t h e  pnp t r a n s i s t o r  segment. 

ing ,  I ceo 2 
i n j e c t i n g  base c u r r e n t  f o r  t h e  npn t r a n s i s t o r  a t  t h e  ga te  connection. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs 

t h e  npn emitter c u r r e n t  i nc reases ,  OL 

device switches t o  t h e  s t a b l e  ON s ta te  i n  which the  anode cu r ren t  i s  l i m i t e d  

by t h e  e x t e r n a l  load  and i n t e r n a l  conduction vo l tage  drop. 

When the  device is  block- 

Turn-on i s  obtained by is  small and a1 + c1 i s  less than un i t y .  

i n c r e a s e s ,  and when al + c1 1 2 
= 1, t h e  

a = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.8 

a = 0.3 

Gate 

Cathode 

3: TWO TRANSISTOR MODEL OF THYRISTOR 

116 



Dl80-10037-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The reverse process ,  turn-of f ,  can be accomplished i n  a GCS by e x t r a c t i n g  

s u f f i c i e n t  cu r ren t  from t h e  g a t e  t o  reduce t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa of t h e  npn t r a n s i s t o r .  

an SCR t h e  i n t e r n a l  r e s i s t a n c e  between ga te  con tac t  and t h e  s a t u r a t e d  

I n  

middle j unc t i on  prevents  

w i th  a lower npn-segment 

tance by use of t h e  same 

tance i n  t r a n s i s  t o r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

I n  j u n c t i o n  f i e l d - e f f e c t  

removal of s u f f i c i e n t  cu r ren t .  The GCS i s  designed 

ga in  and is a l s o  made t o  have a lower ga te  resis- 

design techniques t h a t  reduce base spreading resis- 

t r a n s i s t o r  sw i tches ,  conduction i s  by major i ty-  

carrier flow from t h e  "source" and t o  the  "draint '  end. Turn-off of t h e  switch 

is  ob ta ined by reverse b i a s i n g  t h e  g a t e  j unc t i on  between t h e  source and the  

d r a i n  s o  t h a t  t h e  space charge reg ion  f i l l s  t h e  c ross-sec t ion  of t h e  channel 

and t h e  cu r ren t  is blocked o r  "pinched o f f . "  

d r a i n  and t h e  g a t e  i n  t h e  pinch-off cond i t ion  is  always g r e a t e r  than t h e  

blocked vo l tage  between t h e  source  and d ra in ,  t h a t  i s ,  t h e  ga te  w i l l  be  nega- 

t ive w i th  respec t  t o  t h e  d ra in .  

The analogue FET s t r u c t u r e  (Figure 4 4 )  is simi lar  t o  the  s i m p l i f i e d  FET i n  

Figure 11. The channel i s  formed by d i f f u s i n g  t h e  ga te  region as a shallow 

l a t t i c e  i n t o  the  h igh  r e s i s t i v i t y  material t h a t  forms the  d ra in .  This is  

covered by an e p i t a x i a l  l a y e r  i n t o  which t h e  source region is  d i f f used ,  When 

t h e  device i s  ON, t h e  f i e l d  ac ross  t h e  s h o r t  channel is  very high and t h e  

charge c a r r i e r s  move between source  and d r a i n  much as e l e c t r o n s  i n  a vacuum 

tube. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThus t he  channel has v i r t u a l l y  no ohmic r e s i s t a n c e  and the  device 

does no t  s a t u r a t e  as r e a d i l y  as do convent ional  FET's wi th r e l a t i v e l y  long 

channels. Current c a p a b i l i t y  is obtained from having many small channels 

The b i a s  vo l tage between t h e  

LATTICE 
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APPENDIX 2 

13.2 So lar  C e l l  Model 

The s o l a r  ce l l  model is based on t h e  classical  equat ion  f o r  a s o l a r  c e l l  

t h a t  inc ludes  t h e  e f f e c t  of an equ iva len t  shunt r e s i s t a n c e  (Reference 11 ) .  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: I =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I =  

g 
I =  

4 =  

A =  

k =  

T =  

v =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

c u r r e n t  ou tpu t  of t h e  ce l l  

li gh t- genera t ed c u r r e n t  

reverse s a t u r a t i o n  cu r ren t  

e l e c t r o n i c  charge 

emp i r i ca l  f i t t i n g  cons tan t  which i s  1 f o r  an i d e a l  j unc t i on  

Boltzmann cons tan t  

abso lu te  temperature,  O K  

t h e  vo l tage  appear ing a t  t h e  cel l  te rmina ls  

series r e s i s t a n c e  

shunt  r e s i s t a n c e  

The equ iva len t  c i r c u i t  of t h i s  model i s  shown i n  Figure 45. 

Lozd R 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 5 :  SOLAR CELL EQUIVALENT CIRCUIT 

With t h e  va lues  of t h e  f i v e  parameters given ( I  

t h e  I - V  curve is c a l c u l a t e d  by s o l v i n g  Equation 35 f o r  I a t  var ious  va lues  

o f  V. 

dent non- l inear equat ions  us ing  t h e  Newton-Raphson i t e r a t i o n  method as 

d e t a i l e d  i n  Reference 10. 

Io, A, Rs, and Rsh)’ 
g’ 

The c o e f f i c i e n t s  of Equation 35 are a r r i v e d  a t  by so l v ing  5 indepen- 
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These f i v e  parameters can a l s o  be  e x t r a c t e d  r e a d i l y  wi th t h e  a i d  of a desk 

c a l c u l a t o r  (e.g. ,  Wang 360) t o  a s a t i s f a c t o r y  level of accuracy from t h e  

fol lowing p o i n t s  on a s o l a r  ce l l  I -V  curve: 

1. Open c i r c u i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.  Shor t  c i r c u i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& V a t  maximum power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  

5. 

I - V  s l ope  a t  V = 0 

I - V  s l o p e  a t  I = 0 

The fol lowing approximate equat ions can be used t o  determine t h e  f i v e  needed 

parameters from t h e s e  f i v e  po in ts  on t h e  s o l a r  ce l l  I -V  curve. 

L e t  KO = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq/kATo and l e t  A = 1.0 then: 

v= 0 

where: I = c u r r e n t  a t  maximum power po in t  

= vo l tage  a t  maximum power po in t  
mP 

mP 
V 

Gsh = shunt  conductance = 'jRsh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
g )  = s l o p e  of I-v curve a t  open c i r c u i t  po in t  
dV 

I = O  

GI dV 
= s l o p e  of I -V  curve a t  s h o r t  c i r c u i t  p o i n t  

v=o 
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I n  f i t t i n g  t h e  model t o  exper imental  d a t a  of a 2 by 2 cm,  10 ohm-cm, 8 m i l  

s i l i c o n  ce l l ,  i t  w a s  found t h a t  t h e  RMS e r r o r  can b e  minimized i f  t h e  s l o p e  

(dI/dV) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@ 1=0 used i n  equat ion  37 t o  determine R 

I = 0.3 Isce 

R = 0.28. Using t h e  va lue  of t h e  s lope  @ I = 0.3 I we g e t  R = 0.42. 

Using t h e  lat ter  va lue ,  t h e  curve- f i t  nea r  t h e  maximum power p o i n t  w a s  

improved from an e r r o r  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6% t o  an e r r o r  of less than 1%. Equation 40 

provides a b e t t e r  estimate f o r  K hence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, than A = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.0. The new estimate 

should be  used i n  a second estimate of I 

i t e r a t i o n s  are s u f f i c i e n t  t o  o b t a i n  convergence t o  t h r e e  s i g n i f i c a n t  f i g u r e s .  

is  a c t u a l l y  taken a t ’  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S’ 

I n  one example, equat ion  37 is app l ied  l i t e r a l l y ,  then 

S sc S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0’ 

and I Usually two 
0’ Rs’ Rsh g 

The r e s u l t i n g  c o e f f i c i e n t s  f o r  t h e  above example ce l l  are: 

-11 A 
R = 0.42 ohms I = 4.1869 x 10 

Rsh = 250 ohms A = 0.969 

S 0 

I = 0.14115 A 
g 

‘1: = 301’K 

The equat ion  f o r  a s o l a r  a r r a y  made up of N p a r a l l e l  c e l l s  and N series 

cel ls a t  nominal temperature is: 
P S 

I - I exp [K  0 (V s t  /N s + IstRs/Np)]- (Vst/Ns + IstRs/Np) Gsh 

= s t r i n g  c u r r e n t  and vo l tage  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAls,’ Vst where : 

K = q/kATo 
0 

1 3 . 3  Appendix 3 ,  Blocking and Shunt-Diode Models 

Mathematical models, geared t o  computer s imu la t ion ,  have been developed f o r  

a r e p r e s e n t a t i v e  group of diodes and t r a n s i s t o r s .  One such c o l l e c t i o n  is  i n  

Reference 12 .  The dynamic diode model i s  shown schemat ica l l y  below: 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 6 :  DIODE DYNAMIC MODEL 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAId zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Io (exp (ev. )  - 1) nul 
J 

Cdd = Kd (Id + Io) P fd  

If Id > > I  Equation 45 simplifies to: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0' 

(42) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 4 3 )  

Cdd KdId P fd 

Pfd c = CO/(VO - Vj'  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn 
j d  

Idd = Id + V j G s d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmA 

where 

where G = R-' 

Kd, co, 8, Vo, and n are experimentally determined coefficients. 

1 2 1  
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APPENDIX 4 

13.4 Reliability Models and Calculations 

The array configurations defined during this study consist of building 

blocks which are interconnected by switches to provide the desired currents 

and voltages. 

shunted sections, shunting switches, a voltage regulator and a blocking 

diode. 

connected in series to produce the required voltage and power levels. 

submodule consists of a group of parallel-connected solar cells. Submodules 

are connected in series to form a module. Modules in the shunted section 

of the array are parallelled with shunting switches. 

consists of the logic elements that control the block voltage to meet the 

load requirements. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA blocking diode isolates a failed building block to 

prevent cascading or sequential failures. Shunt diodes are connected to 

bypass open-circuited submodules, thus eliminating open-circuited cells 

as a cause of catastrophic failure. 

Each building block has a primary voltage section, digital- 

The primary and shunted sections consist of solar cell submodules, 

A 

The voltage regulator 

Three levels of reliability models were developed to relate the above 

design elements to reliability. These models, which were used to calculate 

submodule, building block, and total array reliability, are defined in 

general terms as follows: 

1. Submodule Reliability (R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASM 

Rsm = 1 - (Qsc + Qoc) 

Where Qsc = Submodule short circuit unreliability 

= Submodule open circuit unreliability 
Qoc 

(44) 

The submodule short circuit unreliability can be expressed as a 

function of solar cell short circuit unreliability and shunting 

diode short circuit unreliability. Submodule open circuit 

unreliability is expressed as a function of solar cell open circuit 

unreliability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
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The submodule unreliability times the number of submodules per 

building block gives the average number of expected submodule failures 

per building block. We then assumed an additional shunt section 

consisting of (n) submodules such that the probability of more than 

(n) failures is 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. -8 

The voltage and current trimmer sections of the advanced configuration 

must also be provided with extra submodules to compensate for random 

submodule failures. The number of submodules (n) to be added per 

section is also assumed such that the probability of more than (n) 

failures is - < lom8 per section. 

2. Building Block Reliability (RBB) 

- 
R~~ - 
Where 

= 
QBB 

Where 

- QBB 

QBB is building block unreliability. 

= Primary section unreliability 

= Shunt section unreliability 

= Voltage regulator unreliability 

QP 

QSS 

Qvr 

Qd = Blocking diode unreliability 

Qt = Trimmer section unreliability 

Qt = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 for basic configuration 

(45  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

The primary section unreliability can be expressed as a function of 

primary section open-circuit unreliability and design-margin unrelia- 

bility. The primary section open-circuit unreliability is a function 

of the interconnection open-circuit unreliability, and the joint 

probability of solar cell open-circuit unreliability and shunting 

diode open-circuit unreliability. 

probability that the number of submodule failures experienced will 

exceed the additional submodules provided. 

Design margin unreliability is the 

1 2 3  
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The shunt section unreliability is a function of shunting switch 

unreliability and shunt section open-circuit unreliability. 

trimmer section unreliability is a function of trimmer switch 

unreliability and trimmer section open-circuit unreliability. 

The 

3. Solar Array Reliability (R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) 
SA 

Where QsA is the solar array unreliability. 

Q,A = (xQBB -t CQsw = CQ, -I- Qb) 

= Interblock switch unreliability Qsw 

Q,, = Building block unreliability 

Q, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABus connector unreliability 

Qb = Bus unreliability 

Table 27 shows the failure probabilities or unreliabilities which were 

developed for making reliability estimates of the solar array con- 

figurations . 
Fault Tree Analysis 

Reliability models relate the system elements in a manner that simplifies 

identification of critical reliability areas. A useful model in this respect 

is a fault tree diagram, constructed by postulating an undesired event, and 

identifying by a logical analysis the combination of occurrences which can 

lead to this undesired event. The undesired event for this program is 

failure of the array to produce 15 kW at 16 kV. This event should have a 

0.99 probability of not occurring in 5 years, or a 0.01 probability of 

occurring. 

Two basic logic operations, AND and OR, are used in a fault tree diagram 

to relate the events or combinations of events which result in the next 

higher level event. Their symbols are: 
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Logic Operat ion 

AND GATE 

OR GATE 

Symbol 

output  

i npu ts  

De f in i t i on  

A l o g i c a l  opera t ion  where t h e  

coexis tence of a l l  inpu t  events  

is  requ i red  t o  produce t h e  out- 

pu t  event .  

A s i t u a t i o n  where t h e  ou tpu t  

event  w i l l  e x i s t  i f  one o r  more 

of t h e  input  events  e x i s t .  

F a u l t  t ree events  t h a t  r e s u l t  from t h e  combination of f a u l t  events  through 

t h e  i npu t  l o g i c  g a t e  are represented  by rec tang les .  

b a s i c  f a u l t  event  t h a t  requ i res  no f u r t h e r  development. 

used t o  s imp l i f y  a f a u l t  tree f o r  numerical  ev lua t ion .  The causes of t h e  

events  are n o t  shown on t h e  f a u l t  tree. The house i n d i c a t e s  an event  t h a t  

is  normal ly expected t o  occur.  The t r i a n g l e  is  used t o  rep resen t  an  event  

t h a t  is t r a n s f e r r e d  t o  another  diagram, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, o r  has  been t r a n s f e r r e d  

from another  diagram 

F a u l t  tree diagrams were cons t ruc ted  a t  t h e  t h r e e  levels f o r  which r e l i a b i l i t y  

models were developed. Fau l t  tree cons t ruc t i on  proceeds downward through a 

con f igu ra t i on  u n t i l  w e  can i d e n t i f y  a l l  b a s i c  f a u l t  i npu ts  f c r  which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
probabflity-of-occurrence estimates can be made. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A c i rc le  descr ibes  a 

The diamond is  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A* 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA47 i s  a f a u l t  tree diagram f o r  t h e  High Vol tage So lar  Array. The 

top level undesi red even t ,  " f a i l u r e  t o  produce 15 kW a t  1 6  kV a f t e r  5 years  

of opera t ion , "  has  a numerical  p r o b a b i l i t y  of 0.01. This p r o b a b i l i t y  is  

t h e  sum of t h e  p r o b a b i l i t y  of occurrence of  t h e  8 immediate lower leve l  

events  i d e n t i f i e d .  The t rans fe r - i n  symbols f o r  b lock- fa i lu re  events i nd i -  

cate t h a t  t h e s e  p r o b a b i l i t i e s  are developed on o t h e r  f a u l t  tree diagrams. 
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The f a u l t  t ree i n  F igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA47 i s  t h e  same f o r  t h e  b a s i c  and advanced 

con f igu ra t i ons .  The d i f f e r e n c e s  appear i n  lower level tree diagrams. 

Table 27 shows t h e  p r o b a b i l i t y  of occurrence of each event on F igure  4 7 .  

The a n a l y s i s  of t h e  i n i t i a l  con f i gu ra t i on  produced r e l i a b i l i t i e s  lower than 

0.99. 

f a i l u r e  p r o b a b i l i t y  w a s  a t t r i b u t e d  t o  t h e  shunt ing  swi tches ,  and about 

80 percent  of t h e  advanced-configuration f a i l u r e  p r o b a b i l i t y  w a s  a t t r i b u t e d  

t o  t h e  t r i m m e r  switches and shunt ing switches. 

F igures  31 and 32 show t h a t  57.5 percent  of t h e  bas ic -conf igura t ion  

The improved b a s i c  con f igu ra t i on  has an e x t r a  128-volt shunt s e c t i o n  i n  

each bu i l d ing  block.  With t h i s  redundancy, f a i l u r e  of a s i n g l e  shunt ing  

switch w i l l  no t  r e s u l t  i n  f a i l u r e  of t h e  block t o  produce t h e  requ i red  

power and vo l tage.  The improved advanced conf igura t ion  a l s o  inc ludes  i n  

each b lock  t h e  e x t r a  s e c t i o n ,  p lus  one e x t r a  vo l tage  t r i m m e r  s e c t i o n  and 

cu r ren t  t r i m m e r  s e c t i o n  w i th  requ i red  switches. F a i l u r e  of t h e  block as a 

consequence of switch f a i l u r e  now requ i res  t h a t  one of t h e  fo l lowing events  

occur: (1) Two vo l tage  t r i m m e r  switches f a i l ,  (2) two cu r ren t  t r i m m e r  

swi tches  f a i l ,  o r  (3) two 128-volt shunt-sect ion switches f a i l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. .  

The ana lyses  show t h a t  con f igura t ions  w i th  t h e  above improvements can meet 

t h e  0.99 r e l i a b i l i t y  goa l .  

R e l i a b i l i t y  Ca lcu la t ions  

Bui ld ing Block Ca lcu la t ions  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA48 shows a f a u l t  tree diagram of bu i l d ing  b lock  1 of t h e  b a s i c  

con f igu ra t i on .  Block f a i l u r e  occurs i f  t h e  vo l tage  r e g u l a t o r  f a i l s ,  t he  

blocking diode f a i l s ,  o r  t he  primary s e c t i o n  o r  one o r  more shunt s e c t i o n  

f a i l s  t o  produce t h e  requ i red  vo l tage.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA shunt s e c t i o n  f a i l s  i f  one o r  

more shunt ing  swi tches  f a i l  o r  t he  s e c t i o n  s t r i n g  is  broken. 

A submodule f a i l s  i f  one o r  more cel ls i n  t h e  submodule f a i l  sho r ted ,  o r  

a shunt ing  diode f a i l s  sho r ted ,  o r  one o r  more ce l l s  f a i l  open. A sub- 

module f a i l u r e  becomes important only i f  t he  number of submodule f a i l u r e s  

exceeds t h e  design margin. The j o i n t  event of a l l  c e l l s  i n  a module f a i l i n g  

open and t h e  shunt ing  diode f a i l i n g  open, a 1.8 x 10 p o s s i b i l i t y ,  r e s u l t s  

i n  an open s t r i n g  i n  t h a t  s e c t i o n .  

i n te rconnec to rs  i n  a s e c t i o n  a l s o  r e s u l t s  i n  an open s t r i n g  i n  t h a t  sec t i on .  

-20 

Open c i r c u i t  f a i l u r e  of one o r  more 
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-4 The t o t a l  f a i l u r e  p r o b a b i l i t y  f o r  t h i s  block is shown as 6.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 10 

ev ident  from t h e  p r o b a b i l i t y  va lues  on t h e  tree t h a t  t he  shunt ing switch 

f a i l u r e  is  t h e  g r e a t e s t  hazard,  c o n s t i t u t i n g  69 percent  of t h e  f a i l u r e  

p r o b a b i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

. It i s  

Adding a 128-volt shunt s e c t i o n  and switch changes t h e  f a i l u r e  cr i ter ia 

from one o r  more shunting-switch f a i l u r e s  t o  two o r  more shunting-switch 

f a i l u r e s .  This reduces t h e  f a i l u r e  p r o b a b i l i t y  f o r  t h a t  event from 

4.6 x 

from 6.7 x t o  1.9 x which i s  3.5 t i m e s  b e t t e r .  

t o  1 . 2  x and reduces t h e  t o t a l  b lock  f a i l u r e  p r o b a b i l i t y  

A f a u l t  tree diagram f o r  an  advanced-configuration b u i l d i n g  b lock  (Figure 

49) shows b a s i c a l l y  t h e  same f a u l t  events  as shown i n  F igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 6 .  Voltage 

and c u r r e n t  trimmer s e c t i o n s  make t h e  diagram more complex. 

To ach ieve  0.99 p r o b a b i l i t y  of f u l l  ou tpu t  a f t e r  f i v e  y e a r s ,  two shunt ing 

diodes would have t o  be connected ac ross  t h e  s i n g l e - c e l l  submodules i n  t h e  

cu r ren t  trimmer s e c t i o n s .  With only one shunt ing  diode ac ross  each sub- 

module, t h e  p r o b a b i l i t y  of a break i n  t h e  s t r i n g  caused by f a i l u r e  of both 

ce l l  and diode w a s  ca lcu la ted  t o  be  2.9 x loe3, compared t o  the va lue  

9.1 x w i th  two diodes. Doubling t h e  diodes reduces the  block f a i l u r e  

p r o b a b i l i t y  from 5.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx t o  2.6 x lom3. 
performance estimate i n  Sec t ion  9.0 is based on one diode ac ross  every 50 

ce l ls  i n  series except i n  regu la ted  s e c t i o n s  where t h e r e  is  one diode 

ac ross  every 10 c e l l s  i n  series. The r e s u l t i n g  a r r a y  r e l i a b i l i t y  is  0.96 

f o r  f i v e  yea rs .  

It should be noted t h a t  t h e  

It i s  a l s o  ev ident  from t h e  p r o b a b i l i t y  va lues  shown i n  F igure  49 t h a t  

switch f a i l u r e s  account f o r  most of t h e  block f a i l u r e  p r o b a b i l i t y  (2.25/ 

2.55 = 88%). 

sw i t ch ,  an a d d i t i o n a l  v o l t a g e  trimmer s e c t i o n  and swi tches ,  and an addi- 

t i o n a l  c u r r e n t  trimmer s e c t i o n  and swi tches ,  t h e  t o t a l  b lock f a i l u r e  

p r o b a b i l i t y  can be  reduced t o  2.0 x 10 , a 13-fold improvement. 

By i nc lud ing  an  e x t r a  128-volt d i g i t a l  shunt s e c t i o n  and 

-4 

D i f fe rences  i n  f a i l u r e  p r o b a b i l i t i e s  among b u i l d i n g  blocks arise from 

d i f f e r e n c e s  i n  number of cells p e r  submodule, s t r i n g  l eng th ,  s i z e s  of t h e  

primary and shunt s e c t i o n s ,  and number of shunt s e c t i o n s .  
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S ubmodule Ca lcu la t ions  

A submodule f a i l s  i f  one o r  more c e l l s  f a i l  shor ted ,  o r  one o r  more ce l l s  

f a i l  open, o r  a shun t ing  diode f a i l s  sho r ted  (Figure 50). 

f a i l u r e  of a l l  cel ls and shunt ing  diode i s  shown on t h e  bui lding-block f a u l t  

tree, s i n c e  the  e f f e c t  of t h i s  f a i l u r e  i s  l o s s  of an e n t i r e  s e c t i o n  r a t h e r  

than f a i l u r e  of a s i n g l e  submodule. 

Open-circuit  

Voltage reversal occurs ac ross  a submodule w i th  one open ce l l  i f  t he  num- 

b e r  of p a r a l l e l  cells i s  f i v e  o r  less. 

c e l l s  w i l l  be down t o  0.12 v o l t s  a f t e r  one c e l l  f a i l s  open. 

are considered t o  be submodule f a i l u r e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA submodule w i th  e i g h t  p a r a l l e l  

Both cond i t ions  

Submodule f a i l u r e  p r o b a b i l i t i e s  were mul t i p l i ed  by t h e  submodule count t o  

give t h e  average expected number of submodule f a i l u r e s  (E) p e r  block.  The 

Poisson and normal d i s t r i b u t i o n  func t ions  were then used t o  determine t h e  

number of e x t r a  submodules zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(N) requ i red  t o  make t h e  p r o b a b i l i t y  of r > N  

f a i l u r e s  less than o r  equa l  t o  10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, where r is  the  a c t u a l  number of f a i l u r e s .  

I n  t h e  wors t  case f o r  t h e  b a s i c  conf igura t ion ,  1 . 3  percent  a d d i t i o n a l  sub- 

modules are requ i red .  I nc reas ing  the  p r o b a b i l i t y  of r > N t o  10 r e s u l t s  

i n  a des ign  margin requirement of a 1.1 percent .  For t h e  t o t a l  a r r a y ,  a 

design margin of 0.87 percent  achieves a 10 f a i l u r e  p r o b a b i l i t y  pe r  bu i ld -  

i ng  block.  I f  t he  goa l  were t h e  design margin is  0.75 percent .  These 

values do no t  i nc lude  t h e  margin provided by adding a 128-volt shunt s e c t i o n  

t o  each b u i l d i n g  block.  

is  about 3 percent .  

-8 

-4 

-8 

The a r r a y  design margin inc lud ing  t h i s  improvement 

Figure 51 shows a d e t a i l e d  f a u l t  tree f o r  a submodule w i th  only one c e l l  

and two shunt  diodes. Shor t  c i r c u i t  f a i l u r e  occurs i f  e i t h e r  diode f a i l s  

sho r ted  o r  t he  ce l l  f a i l s  shor ted .  Open c i r c u i t  f a i l u r e  occurs i f  t he  c e l l  

f a i l s  open. Again, open-c i rcu i t  f a i l u r e  of both diodes and t h e  c e l l  is  

considered a s e c t i o n  f a i l u r e  r a t h e r  than a submodule f a i l u r e .  The events  

whereby n e i t h e r  diode f a i l s  open are represented  by houses on t h e  f a u l t  tree. 

A s  an example of submodule f a i l u r e  p r o b a b i l i t y ,  cons ider  block 1 of t h e  

advanced con f igu ra t i on .  The cu r ren t  t r i m m e r  s e c t i o n s  of t h i s  b lock  have 

L240 s i n g l e - c e l l  submodules i n  series. The average expected number of 

f a i l u r e s  is (4.24 x 10 ) (1.29 x = 5.47. Assuming t h e  Poisson d i s t r i -  

bu t ion  func t ion ,  23 a d d i t i o n a l  submodules w i l l  r e s u l t  i n  a p r o b a b i l i t y  of 10 

t h a t  t h e  number of f a i l u r e s  w i l l  no t  exceed t h e  design margin. 

3 

-8 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA52 shows a d e t a i l e d  f a u l t  tree diagram f o r  submodules of 2 ,  5, and 8 

p a r a l l e l  cel ls. 

diode f a i l s  sho r ted  o r  i f  one o r  more cel ls f a i l  shor ted .  Submodule open 

c i r c u i t  f a i l u r e  occurs when one o r  more cel ls f a i l  open. The p r o b a b i l i t y  

va lues  shown rep resen t  t h e  two-para l le l -ce l l  submodules. To ta l  submodule 

f a i l u r e  p r o b a b i l i t i e s  are a l s o  shown f o r  t h e  f i v e  and e i g h t  p a r a l l e l - c e l l  

submodules zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Submodule s h o r t  c i r c u i t  f a i l u r e  occurs i f  t h e  shunt ing  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As an example, cons ider  aga in  b lock  1 of t h e  b a s i c  conf igura t ion ,  having 

f i v e  p a r a l l e l  cel ls  p e r  submodules. There are 7055 submodules i n  t h e  

bu i l d ing  b lock ,  each w i th  a f a i l u r e  p r o b a b i l i t y  of 4,38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx The aver- 

age expected number of f a i l u r e s  is  (7.055 x 10 ) (4.38 x z 31. Using 

the  Poisson d i s t r i b u t i o n  func t i on  f o r  E = 31, s i x t y - s i x  a d d i t i o n a l  submodules 

w i l l  r e s u l t  i n  a p r o b a b i l i t y  of t h a t  t h e  number of f a i l u r e s  w i l l  no t  

exceed t h e  design margin. 

3 

The approp r ia te  form f o r  t h i s  des ign  margin is an a d d i t i o n a l  shunt  s e c t i o n  

conta in ing  66 submodules. 

Mathematical Models 

The exponent ia l  f a i l u r e  frequency d i s t r i b u t i o n  w a s  assumed f o r  c a l c u l a t i n g  

i n d i v i d u a l  p a r t  r e l i a b i l i t y .  The r e l i a b i l i t y  is  ca l cu la ted  as R = e where 

R is t h e  average f a i l u r e  ra te of t h e  p a r t  and t i s  t h e  opera t ing  t i m e .  This 

d i s t r i b u t i o n  is a reasonable approximation, over normal use  per iods ,  f o r  

devices which have been s t a b i l i z e d  through burn-in procedures. 

d i s t r i b u t i o n  is descr ibed by t h e  equat ion:  

-t 

The frequency 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX rep resen ts  a cons tan t  average f a i l u r e  rate over t h e  t i m e  per iod  ( t ) .  

For elements whose r e l i a b i l i t y  i s  a f unc t i on  of t h e  product of t h e  r e l i a b i l i t y  

of s e v e r a l  p a r t s  t h e  fo l lowing approximation w a s  used f o r  ease of ca lcu la t i on :  

This is a c l o s e  approximation f o r  va lues  of A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50.01. For example, i f  

A t  = 0.01: 

R = e-At = 0 . 9 9 0 0 ~  

R = 1 - A t  = 0.99000 
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For A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0,001: 

- 
R = e  = 0.9990005 

R = 1 - A t  = 0.999000 

The r e l i a b i l i t y  of an element c o n s i s t i n g  of several series p a r t s ,  can then 

be approximated by: 

n 

= - = i = l  
(47) 

The u n r e l i a b i l i t y  ( p r o b a b i l i t y  of f a i l u r e )  is the re f  o re  approximated by : 

R e l i a b i l i t y  Data 

The p a r t  f a i l u r e  rates t h a t  were used i n  the  r e l i a b i l i t y  ana lyses  were based 

on the  fol lowing s e l e c t i o n ,  c o n t r o l  and a p p l i c a t i o n  procedures: 

o 

o Care fu l  p a r t s  s e l e c t i o n  

o P a r t s  sc reen ing  

o Parts d e r a t i n g  

o Burn-in 

o Q u a l i f i c a t i o n  tests 

Rigid design and procurement s p e c i f i c a t i o n s  

The s e l e c t i o n  of a b e s t  f a i l u r e  rate estimate from t h e  range of e l e c t r o n i c  

p a r t  f a i l u r e - r a t e  va lues  (Table 28) w a s  based on s i m i l a r i t y  of a p p l i c a t i o n ,  

da tes  of estimates, a n t i c i p a t e d  r e l i a b i l i t y  growth, and s ta te -o f - the-ar t  

development. Fa i l u re - ra te  estimates f o r  p a r t s  which have l i m i t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor no 

a p p l i c a t i o n  da ta  were based on t h e  assumption t h a t  f a i l u r e  rates comparable 

t o  cu r ren t  achievements could be  r e a l i z e d  by t h e  expected f l i g h t  da te .  

Table 29 shows the  p a r t  f a i l u r e  rates t h a t  w e  s e l e c t e d  f o r  t h e  r e l i a b i l i t y  

ana lyses .  

i n  developing these  estimates . 
Also l i s t e d  are t he  sources  of f a i l u r e  ra te d a t a  which were used 

137 



D180-10037-1 

FAILURE RATE 

PART (FAILURES PER l o 6  HOURS) 

Diode, s i l i c o n  less than 1 w a t t  0.002 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 0.016 
Diode, s i l i c o n  more than 1 w a t t  0.014 - 0.24 
Diode, zener 0.01 - 0.11 
R e s i s t o r ,  Fixed composition 0.001 - 0.005 
T r a n s i s t o r ,  s i l i c o n  low power 0.01 - 0.08 
T r a n s i s t o r ,  s i l i c o n  power 0.06 - 0.38 

Table 28: ELECTRONIC PART FAILURE RATES - RANGE OF ESTIMATES 

FAILURE RATE 

(FAILURES PER l o 6  HOURS) - PART 

T r a n s i s t o r ,  F ie ld  E f f e c t  
Up-down Counter 
Gat ing Logic 
Zener Diode 
T r a n s i s t o r ,  un i j unc t i on  
Cap ac i t o r  
Res is to r  
Trans is  t o r ,  NPN General. Purpose 
T rans is to r ,  Power 
Opera t iona l  Ampl i f ier  
Trans is  t o r ,  PNP General Purpose 
Diode, Light Emit t ing 
Photo - SCR 

0.06 
0.10 
0.02 
0.05 
0.06 
0.004 
0.002 
0.02 
0.06 
0.10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.04 
0.05 
0.05 

Table 29: ELECTRONIC PART FAILURE RATES USED I N  RELIABILITY ANALYSES 

FAILURE RATE DATA SOURCES 

1. MIL-HDBK-217AY " R e l i a b i l i t y  S t r e s s  and F a i l u r e  Rate Data f o r  E l e c t r o n i c  
Equipment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, I t  1 December 1965. 

2. Minuteman: D2-20473-1, "Minuteman F a i l u r e  R a t e ,  Mode, Cause, and Main- 
tenance Data," C. R. Henry and R. E. T i d b a l l ,  The Boeing Company, 
29 December 1964. 

3.  - NASA: " P a r t s  R e l i a b i l i t y  Problems i n  Aerospace Systems," zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW. M. Redler, 
R e l i a b i l i t y  and Qua l i t y  Assurance, NASA, Washington, D. C.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 .  Sate l l i te  (Hughes) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa "Design f o r  R e l i a b i l i t y , "  Frank A. Barta, Space 
Systems D iv is ion ,  Hughes A i r c r a f t  Company. 
"Hughes Sate l l i te  Operat ional  Data Analysis,"  E .  Long, O c t .  1968. 

5. B e l l  Telephone Labora tor ies :  "Operat ional  R e l i a b i l i t y  of Components i n  
Se lec ted  Systems," T. L. Tanner of B.T.L. 

6. Mart in-Marietta: "The Long L i f e  Spacecra f t  Problem," R. W .  Burrows, 
Mart in-Marietta Corporat ion,  Paper No. 67-880, AIM 4th  Annual Meeting 
and Technical  Display,  October 1967 (N-74). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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7. TRW Systems: E-7441.2-005, "Power System Conf igurat ion Study and 
R e l i a b i l i t y  Analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, I 1  TRW Systems, January-Apri l  1967 (ASTIC 051561) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

8. Nor t ron ics  : NORT 67-85, "Proposal f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAWACS Navigat ion Subsystem, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI' 

Volume I, pp 16-21, 22 May 1967 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(F/D G357-67-116). 
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