
NASA Technical Memorandum 102 108 
AIAA-89-2725 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5-kW Arcjet Power Electronics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
R.P. Gruber, R.W. Gott, and T.W. H a g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Lewis Research Center 
Cleveland, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOhio 

[HASA-TB-102108) THE 5-kW ARCJET POWEB N89-24446 

ELECTBONICS [NASA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, L e w i s  Research zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC e n t e r )  
CSCL 10B 

Unclas 26 P 

G 3 / 2 0  0217639 

Prepared for the 
25th Joint Propulsion Conference 
cosponsored by the AIAA, ASME, SAE, and ASEE 
Monterey, California, July 10-12, 1989 

+ 



5-kW ARCJET POWER ELECTRONICS 

R.P.  Gruber, R.W. Gott, and T.W. Haag 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C leve land,  Oh io  44135 

SUMMARY 

Fu tu re ,  l a r g e  E a r t h  o r b i t a l  s p a c e c r a f t  cou ld  b e n e f i t  from a r c j e t  s y s t e m s  
i n  t h e  2 t o  5 kW power range f o r  a v a r i e t y  o f  a p p l i c a t i o n s  i n c l u d i n g  
s t a t i o n k e e p i n g ,  o r b i t  ad jus tmen ts ,  and l o g i s t i c s .  The a r c j e t  power p rocessor  
rep resen ts  t h e  system element w i t h  the  l a r g e s t  mass and most i m p a c t i v e  system 
i n t e r f a c e s .  Th is  paper desc r ibes  t h e  i n i t i a l  des ign  and e v a l u a t i o n  o f  a 5 kW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 kW des ign  l a b o r a t o r y  a r c j e t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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w a r c j e t  power e l e c t r o n i c s  breadboard which as been i n t e g r a t e d  w i t h  a m o d i f i e d  

A s i n g l e  s tage,  5 kW f u l l  b r i d g e ,  p u l s e  w i d t h  modulated (PWM), power 
c o n v e r t e r  was developed which was phase s h i f t  r e g u l a t e d .  The c o n v e r t e r  used 
meta l  o x i d e  semiconductor  f i e l d  e f f e c t  t r a n s i s t o r  (MOSFET) power swi tches  and 
i n c o r p o r a t e d  c u r r e n t  mode c o n t r o l  and an i n t e g r a l  a r c j e t  p u l s e  i g n i t i o n  
c i r c u i t .  The unopt im ized power e f f i c i e n c y  was 93.5 and 93.9 pe rcen t  a t  5 kW 
and 50 A o u t p u t  a t  i n p u t  v o l t a g e s  o f  130 and 150 V ,  r e s p e c t i v e l y .  L i n e  and 
l o a d  c u r r e n t  r e g u l a t i o n  a t  50 A o u t p u t  was w i t h i n  1 p e r c e n t .  The c o n v e r t e r  
p r o v i d e d  up t o  6.6 kW t o  t h e  a r c j e t  w i t h  s imu la ted  ammonia used as a 
p r o p e l l a n t .  

INTRODUCTION 

Renewed i n t e r e s t  i n  a r c j e t s  has l e d  t o  t h e  r e c e n t  development and l i f e  
t e s t s  o f  bo th  1 and 30 kW a r c j e t  sys tems  for a p p l i c a t i o n  t o  North-South (N-S) 
s t a t i o n k e e p i n g  of geosynchronous s a t e l l i t e s  and pr ime p r o p u l s i o n ,  r e s p e c t i v e l y  
( r e f s .  1 to  4 ) .  F u t u r e  h i g h  power geosynchronous s a t e l l i t e s  c o u l d  have 
s i g n i f i c a n t l y  i nc reased  N-S and East-West s t a t i o n k e e p i n g  requ i rements  due t o  
i nc reased mass and/or  a rea  t o  mass r a t i o s  ( r e f .  5) .  Th rus t  l e v e l s  of 
i n te rmed ia te  power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2  t o  5 kW) a r c j e t s  appear advantageous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor these 
s a t e l l i t e s .  E a r t h - o r b i t  m iss ions  which r e q u i r e  d rag  make up or o r b i t  
ad justments m igh t  f i n d  t h e  performance o f  a h i g h  s p e c i f i c  impulse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 t o  5 kW 
a r c j e t  systems b e n e f i c i a l .  

The power p rocessor  rep resen ts  the  most massive a r c j e t  s y s t e m  component 
( r e f .  6). I n  a d d i t i o n ,  i t s  i n t e r f a c e s  a re  t h e  most impac t i ve  to  t h e  
spacec ra f t .  I t s  des ign  i s  t h e r e f o r e  v e r y  s e n s i t i v e  t o  t h e  a n t i c i p a t e d  power 
system requi rements of f u t u r e  s a t e l l i t e s ,  as w e l l  as t h r u s t e r  needs. Some o f  
t h e  power p rocessor  requ i rements  imposed by t h e  spacecra f t  a r e  t h e  i n p u t  
v o l t a g e  range, i n p u t - o u t p u t  e l e c t r i c a l  i s o l a t i o n ,  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  
( E M I ) ,  and h i g h  power e f f i c i e n c y ,  and low mass. 

A r c j e t  s y s t e m s  i n  t he  2 to  5 kW power range w i l l  l i k e l y  be energ i zed  from 
h i g h  vo l tage  0 2 8  V )  buses, s ince  h i g h  bus v o l t a g e  r e s u l t s  i n  low s p a c e c r a f t  
power system mass. I n  a d d i t i o n ,  a t y p i c a l  un regu la ted  s p a c e c r a f t  b a t t e r y  bus 
w i l l  r e q u i r e  o p e r a t i o n  around 210 pe rcen t  of t h e  nominal i n p u t  v o l t a g e .  
Furthermore, t h e  need t o  accommodate conven t iona l  s p a c e c r a f t  s i n g l e  p o i n t  
power grounding schemes w i l l  make i n p u t - o u t p u t  i s o l a t i o n  necessary t o  p r e v e n t  
the  p o s s i b i l i t y  o f  d e s t r u c t i v e  c u r r e n t s  be ing  i n i t i a t e d  by t h e  conduc t i ve  



plasma generated during arcjet operation. 
interference (EM11 requirements are usually very conservative and specify 
reflected ripple limitations that result in the need for power filters with 
significant mass. 
impact on the spacecraft thermal control system mass, since the power 
processor temperature must be kept low to achieve maximum reliability. 

Spacecraft electromagnetic 

Finally, high power efficiency is necessary to minimize the 

During steady state operation the arcjet requires fast response constant 
current regulation, as well as modest current ripple for stable operation 
(ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7). Ignition is accomplished with a high voltage pulse to breakdown the 
unionized gas. 
accomplished reliably without causing thruster damage or excessive wear 
(ref. 8). Therefore, maximum current must be limited during this transition. 

Startup and transfer to steady state operation must be 

For a high power thruster system operating from a high voltage bus, a 
full bridge pulse width modulated (PWM) power converter with transformer 
isolation was chosen for development because it has advantages over the 
parallel converter developed earlier (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7) .  An integral thruster pulse 
ignition function using the output current averaging inductor (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 )  was 
incorporated into the bridge converter. 

The laboratory 5 kW radiation cooled arcjet used for this work was an 
extension o f  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 K design detailed in reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 .  The primary purpose zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
this thruster was to provide a representative dynamic load to the power 
electronics. Specific differences from the 1 kW class laboratory arcjet were 
modifications to the constrictor, mixing chamber, and nozzle as well as 
operation at markedly higher temperatures. 

This paper describes the preliminary design, fabrication and evaluation 
of a single power stage 5 kW PWM full bridge power converter used to start up 
and control a laboratory arcjet operating on hydrogen nitrogen gas mixtures 
which simulated hydrazine decomposition products and ammonia. Power circuit 
waveforms and benchmark regulation, load transient response, ri 
power efficiency are provided for the breadboard power electron 
startup transient and initial steady state performance data are 
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NOMENCLATURE 

Boolean algebra expression for half cycle pulse width modu 

ple, mass and 
CS. System 
presented. 

ated signal A 

Boolean algebra expression for half cycle pulse width modulated signal B 

Constrictor diameter, mm 

Constrictor length, mm 

Boolean algebra expression for bridge reference side 01 turn on 
signal 

Boolean algebra expression for bridge phase shifted side 93 turn 
on signal 
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POWER ELECTRONICS REQUIREMENTS 

S ince  no s p e c i f i c ,  d e t a i l e d  s p a c e c r a f t  requ i rements  yet  e x i s t  for  5 kW 
a r c j e t  power e l e c t r o n i c s ,  c e r t a i n  assumptions based upon p r e v i o u s  exper ience 
must be made. For example, a nominal i n p u t  bus v o l t a g e  must be chosen. For 
t h i s  i n i t i a l  breadboard,  many i ssues  were n o t  addressed e i t h e r  because they  
a r e  s t r a i g h t f o r w a r d  (e .g . ,  i n t e r n a l  215 V s i g n a l  l e v e l  power s u p p l i e s )  or 
because d e t a i l e d  s p a c e c r a f t  or a r c j e t  requ i rements  w i l l  have a major  impact  on 
t h a t  p a r t  of power supp ly  (e .g . ,  i n p u t  EM1 f i l t e r ) .  I n  t h e  absence o f  
d e t a i l e d  s p e c i f i c a t i o n s ,  i n i t i a l  breadboard e f f o r t s  concen t ra ted  on t h e  
development o f  a power c i r c u i t  capable o f  h i g h  e f f i c i e n c y  and low mass. F i r s t  
e f f o r t s  were d i r e c t e d  towards p r o v i n g  5 kW power c i r c u i t  v i a b i l i t y ,  
accomp l i sh ing  t h r u s t e r  i n t e g r a t i o n ,  and a c h i e v i n g  some o f  t h e  f i r s t  s teps  
needed f o r  h i g h  power e f f i c i e n c y .  

Spacec ra f t  I n t e r f a c e  

A dc bus v o l t a g e  o f  140+10 V was chosen. The nominal i n p u t  v o l t a g e  o f  
140 V was judged t o  represen? a compromise between a h i g h  v o l t a g e ,  low mass 
power d i s t r i b u t i o n  system and t h e  need t o  be concerned about  p o t e n t i a l  Paschen 
breakdown. 
gas or from o u t g a s i n g  as spacec ra f t  s u r f a c e  temperatures r i s e .  A t  t h i s  
w r i t i n g ,  Space S t a t i o n  Freedom i s  now p r o v i d i n g  r e g u l a t e d  120 Vdc power t o  
use rs .  
I n p u t  v o l t a g e  v a r i a t i o n  o f  210 V was chosen t o  demonstrate l i n e  r e g u l a t i o n  
c a p a b i l i t y .  Wider v a r i a t i o n s  o f  i n p u t  v o l t a g e  c o u l d  be accommodated i f  
necessary,  b u t  power e l e c t r o n i c s  mass and/or  power e f f i c i e n c y  would be 
a d v e r s e l y  a f fec ted .  

C r i t i c a l  p ressu res  m igh t  occur  from t he  b l e e d i n g  o f f  o f  entrapped 

Vo l tage  r e g u l a t i o n  and o t h e r  bus parameters a re  be ing  determined.  

H igh  power e f f i c i e n c y  i s  needed t o  min imize  t h e  impact on the  s p a c e c r a f t  
thermal  c o n t r o l  system and t o  maximize p r o p u l s i o n  system per formance.  
Concent ra ted  waste hea t  genera ted  i n s i d e  a s i n g l e  s tage power supp ly  m igh t  
make s m a l l e r  m u l t i p l e  p a r a l l e l e d  power stages t h e r m a l l y  s imp le r ,  b u t  m u l t i p l e  
s tages add c i r c u i t  c o m p l e x i t y .  There fore  a s i n g l e  power s tage was chosen f o r  
t h i s  work. T h i s  approach e s t a b l i s h e s  a b u i l d i n g  b l o c k  o f  up t o  5 kW shou ld  
p a r a l l e l  power s tages zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe r e q u i r e d  l a t e r .  M u l t i p l e  phase s taggered PWM power 
s tages have been used p r e v i o u s l y  for  a 30 kW a r c j e t  ( r e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 )  and a 30 cm i o n  
t h r u s t e r  ( r e f .  10). I t  i s  judged t h a t  t h e  p a r a l l e l e d  s tage a r c j e t  i g n i t i o n  
p u l s e r  c o u l d  be e a s i l y  implemented by s imu l taneous ly  s w i t c h i n g  t h e  p r i m a r i e s  
o f  t h e  o u t p u t  ave rag ing  i n d u c t o r s / p u l s e  t rans fo rmers .  The conven t iona l  
spacecra f t  s i n g l e  p o i n t  power ground connected t o  spacecra f t  s t r u c t u r e  makes 
i n p u t - o u t p u t  c i r c u i t  i s o l a t i o n  necessary.  Th is  p reven ts  t h e  p o s s i b i l i t y  o f  
d e s t r u c t i v e  c u r r e n t s  from b e i n g  i n i t i a t e d  by t h e  conduc t i ve  plasma genera ted  
by an a r c j e t .  

Command and t e l e m e t r y ,  as w e l l  as i n t e r n a l  215 V s i g n a l  l e v e l  power 
c o n v e r t e r s ,  a r e  s t r a i g h t f o r w a r d  and were t h e r e f o r e  n o t  i n c l u d e d  i n  t h i s  work. 
I t  was a l s o  judged t h a t  an EM1 f i l t e r  cou ld  be added l a t e r ,  when requ i rements  
a re  known. 
addressed i n  t h i s  i n i t i a l  e f f o r t .  

Component d e r a t i n g  and use o f  f l i g h t  q u a l i f i e d  p a r t s  were n o t  
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T h r u s t e r  I n t e r f a c e  

T h r u s t e r  i n t e r f a c e  i ssues ,  such as c o m p a t i b i l i t y  w i t h  t h e  n e g a t i v e  
r e s i s t a n c e  t h r u s t e r  vo l t -ampere c h a r a c t e r i s t i c  and s t a r t u p  requ i rements ,  w e r e  
r e s o l v e d  e a r l i e r  f o r  t h e  1 kW t h r u s t e r  ( r e f s .  7 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8). T h r u s t e r  a r c  c u r r e n t  
r i p p l e  was about  215 p e r c e n t  average to  peak and any e f f e c t s  o f  r i p p l e  
amp l i t ude  and f requency  have n o t  y e t  been determined.  
c u r r e n t  r i p p l e  and c u r r e n t  r e g u l a t i o n  was a r b i t r a r i l y  chosen to  be 22 p e r c e n t  
average t o  peak and 21 p e r c e n t  a t  50 A ,  r e s p e c t i v e l y .  Fas t  response cons tan t  
c u r r e n t  r e g u l a t i o n  was r e q u i r e d  f o r  a r c  s t a b i l i z a t i o n ,  j u s t  as for t he  1 kW 
t h r u s t e r .  I n  a d d i t i o n ,  a c t i v e  c u r r e n t  overshoot  l i m i t i n g  a t  55 A ,  and s h o r t  
c i r c u i t  p r o t e c t i o n ,  were i n c o r p o r a t e d .  P r o v i s i o n s  t o  opera te  a t  a r c  c u r r e n t s  
from 10 t o  50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA were a l s o  i n c l u d e d .  

For t h i s  work, a r c  

The c o n s t r i c t o r  dimensions and t h e  gap s e t t i n g  o f  t h e  5 kW a r c j e t  were 

Peak p u l s e r  v o l t a g e  was s e t  a t  4 . 5  kV 
l a r g e r  than  f o r  t h e  1 kW a r c j e t ,  so t h e  p u l s e r  was des igned t o  hand le  more 
energy and p r o v i d e  a h i g h e r  v o l t a g e .  
and t h e  maximum c u r r e n t  a v a i l a b l e  a t  breakdown was a d j u s t e d  t o  12 A.  Because 
t h e  i n i t i a l  breakdown c u r r e n t  i s  a smal l  f r a c t i o n  o f  t h e  50 A o p e r a t i n g  
c u r r e n t ,  and shou ld  s t a y  t h e  same fo r  f u t u r e  5 kW a r c j e t s ,  t h e  p u l s e r  des ign  
w i l l  remain s t r a i g h t f o r w a r d .  

POWER ELECTRONICS DESIGN 

C i r c u i t  S e l e c t i o n  

E a r l i e r  success a t  1 kW w i t h  a PWM p a r a l l e l  conve r te r  i n c o r p o r a t i n g  an 
o u t p u t  c u r r e n t  ave rag ing  i n d u c t o r / p u l s e  s t a r t u p  t rans fo rmer  ( r e f .  8) l e d  t o  
r e t e n t i o n  o f  t h i s  b a s i c  scheme f o r  t he  5 kW des ign .  However, f o r  t h i s  e f f o r t ,  
a f u l l  b r i d g e  PWM c o n v e r t e r  ( f i g .  l ( a > >  was chosen over  t h e  p a r a l l e l  PWM 
c o n v e r t e r  used i n  t h e  1 kW work f o r  two p r i n c i p a l  reasons.  F i r s t  t he  h i g h e r  
c u r r e n t  l e v e l s  i n  h i g h  power PWM c o n v e r t e r s  r e s u l t  i n  s u b s t a n t i a l  energy 
s to rage i n  t h e  t r a n s f o r m e r  leakage induc tance d u r i n g  each h a l f  c y c l e .  A 
p a r a l l e l  c o n v e r t e r  must e i t h e r  d i s s i p a t e  t h i s  energy or t r a n s f e r  i t  t o  t h e  
source or l o a d  u s i n g  s p e c i a l  c i r c u i t s .  A b r i d g e  conver te r  can handle t h i s  
h i g h  energy each h a l f  c y c l e  w i t h o u t  t h e  need f o r  s p e c i a l  c i r c u i t s .  
i n  a f u l l  b r i d g e  c i r c u i t  t h e  power swi tches  see  o n l y  i n p u t  v o l t a g e  when o f f ,  
whereas para1 1 e l  c o n v e r t e r  swi tches  o p e r a t e  a t  t w i c e  i n p u t  v o l  t age .  
There fore ,  t h e  b r i d g e  power t r a n s i s t o r s  v o l t a g e  r a t i n g  need o n l y  be s l i g h t l y  
h i g h e r  than t h e  maximum i n p u t  v o l t a g e .  The major  d isadvantage o f  a f u l l  
b r i d g e  i s  t h a t  four  power swi tches ,  w i t h  t h e i r  assoc ia ted  d r i v e  c i r c u i t s ,  a r e  
r e q u i r e d  i n s t e a d  of two. Power t r a n s i s t o r s  a re  a h i g h l y  s t ressed  component 
and u s u a l l y  t h e  most l i k e l y  component to  f a i l ,  so r e l i a b i l i t y  i s  d im in i shed  
when more power t r a n s i s t o r s  a r e  needed. However, t he  p o t e n t i a l  f u l l  b r i d g e  
d isadvantage of two cascaded swi tches  i s  s u b s t a n t i a l l y  lessened when power 
MOSFET's a re  used. Because, for a g i v e n  MOSFET d i e  s i z e ,  ON r e s i s t a n c e  i s  
p r o p o r t i o n a l  t o  OFF s t a t e  breakdown v o l t a g e .  There fore ,  f o r  adequate ly  
vo l tage  r a t e d  swi tches ,  t h e  t o t a l  power s w i t c h  ON r e s i s t a n c e  w i l l  be n e a r l y  
the  same for e i t h e r  a f u l l  b r i d g e  (two "ON" MOSFETS i n  s e r i e s )  o r  p a r a l l e l  
conve r te r  (one h i g h e r  v o l t a g e  "ON" MOSFET). Another advantage o f  a b r i d g e  
conver te r  i s  t h a t  t h e  power t rans former  i s  s imp le r  and has l e s s  mass than t h e  
p a r a l l e l  c o n v e r t e r  power t rans former  s i n c e  o n l y  one p r imary  w ind ing  i s  needed. 

Secondly, 

I 

I 
i 
i 
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Three cho ices  o f  f u l l  b r i d g e  d r i v e  techn iques  were cons idered.  The 
c o n v e n t i o n a l  t echn ique  o f  s imu l taneous ly  t u r n i n g  ON and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOFF d iagona l  p a i r s  o f  
sw i t ches  was n o t  chosen because leakage induc tance energy i s  n o t  w e l l  
c o n t r o l l e d .  When a l l  f o u r  t r a n s i s t o r s  a r e  o f f ,  t h e  leakage induc tance c u r r e n t  
commutation causes e x t r a  power was t ing  s w i t c h  t r a n s i t i o n s  i n  the  o u t p u t  
r e c t i f i e r s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA second techn ique,  r e p o r t e d  by  Goldfarb ( r e f .  1 1 )  appeared t o  
c o n t r o l  leakage induc tance energy and reduce s w i t c h i n g  l osses  by  u s i n g  
c a p a c i t o r s  across  t h e  two sw i t ches  t h a t  t u r n  o f f  r e f l e c t e d  l o a d  c u r r e n t .  
However, t h i s  concept  was judged to  be more d i f f i c u l t  t o  implement due t o  t he  
more comp l i ca ted  l o g i c  and e x t r a  c u r r e n t  sens ing  than the  phase s h i f t  c o n t r o l  
scheme f i n a l l y  chosen. Two h i g h  power phase s h i f t  c o n t r o l l e d  PWM f u l l  b r i d g e  
power c o n v e r t e r s  were found i n  t h e  e a r l y  l i t e r a t u r e .  The f irst, i n  1965, was 
r e p o r t e d  by  Ernsberger  ( r e f .  12 ) .  Four v in tage ,  slow, s i l i c o n  b i p o l a r  
t r a n s i s t o r s  were opera ted  a t  800 Hz i n  a s i n g l e  power c i r c u i t  t o  p r o v i d e  2 kW 
a t  88 pe rcen t  power e f f i c i e n c y  w i t h  an i n p u t  v o l t a g e  o f  100+10 V .  
was accompl ished w i t h  a Ramey magnet ic  a m p l i f i e r .  The des ign  compr ised o n l y  
about  220 components w i t h o u t  u s i n g  i n t e g r a t e d  c i r c u i t s .  I n  1976, Ahrens and 
Cardwel l  ( r e f .  13) desc r ibed  a phase s h i f t  c o n t r o l l e d  PWM c o n v e r t e r  w i t h  which 
t h e y  were a b l e  t o  ach ieve  power e f f i c i e n c i e s  o f  93 pe rcen t  fo r  a 0 .6  kW s i n g l e  
s tage,  45 V o u t p u t  supp ly ,  and 96 pe rcen t  f o r  a 2 .4  kW f o u r  s tage,  

Phase s h i f t  

1100 V o u t p u t  supp ly  (0 .6  kW per  s tage ) .  For b o t h  suppl  
range was 200 t o  400 V and t h e  conver te rs  opera ted  a t  10 
c o n v e r t e r  s tage phase s taggered t o  min imize  i n p u t  f i l t e r  
a d i f f i c u l t  t a s k  because t h e  o n l y  f a s t ,  h i g h  v o l t a g e  med 
t r a n s i s t o r s  a v a i l a b l e  i n  t h e  e a r l y  1970 's  were a l s o  f r a g  
c o n v e r t e r  had f i v e  power s tages i n c l u d i n g  one s tage used 
redundancy. E l a b o r a t e  power t r a n s i s t o r  d r i v e  and p r o t e c  
o p e r a t i o n ,  and t h e  per formance and mass requ i rements  l e d  
power supp ly  compr i s ing  an es t ima ted  1000 components. 

es,  t he  i n p u t  v o l t a g e  
kHz w i t h  each 
mass. The des ign  was 
um c u r r e n t  b i  p o l a r  
l e .  The 2 .4  kH 
f o r  standby 
i o n ,  s tagger  phase 
t o  a v e r y  complex 

The low s w i t c h i n g  l osses  and h i g h  power e f f i c i e n c y  ach ieved f o r  t h e  
0.6 kW power s tage l e d  t o  t h e  cho ice  of the  phase s h i f t  r e g u l a t e d  f u l l  b r i d g e  
f o r  t h i s  5 kW work. The power c i r c u i t  c o n f i g u r a t i o n  w i t h  i t s  s i m p l i f i e d  
v o l t a g e  waveforms i s  shown i n  f i g u r e  1,  which was taken from r e f e r e n c e  13. I n  
t h i s  c i r c u i t ,  each s i d e  of t h e  b r i d g e  (91, 92) or (03, 94) i s  d r i v e n  
by  a square wave so each power s w i t c h  i s  on f o r  one h a l f  c y c l e  w h i l e  t h e  o t h e r  
s w i t c h  i n  t h a t  s i d e  i s  off.  R e g u l a t i o n  i s  achieved by s h i f t i n g  t h e  phase o f  
t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(03, Q4) s i d e  from 0" to  -180" w i t h  r e s p e c t  to  t h e  r e f e r e n c e  s i d e  
(01, Q2). 
v o l t a g e  waveforms for  an i n t e r m e d i a t e  o u t p u t  power a r e  shown i n  f i g u r e  l ( b ) .  
Cur ren t  waveforms a r e  more complex and w i l l  be d iscussed l a t e r .  

There i s  no o u t p u t  a t  0" and f u l l  o u t p u t  a t  -180". I d e a l i z e d  

For t h i s  work, p a r a l l e l e d  power MOSFET's were used as swi tches  i n s t e a d  of 
b i p o l a r  t r a n s i s t o r s .  Power MOSFET's a r e  e a s i e r  to  d r i v e  and opera te  i n  
p a r a l l e l  to  reduce ON r e s i s t a n c e .  
breakdown. I n  a d d i t i o n ,  a r e l a t i v e l y  new c o n t r o l  method, c u r r e n t  mode c o n t r o l  
( r e f s .  14 and 15) was used. C u r r e n t  mode c o n t r o l  l i m i t s  p u l s e  by  p u l s e  
c u r r e n t  so t h e  power swi tches  a r e  p r o t e c t e d  from o v e r c u r r e n t s .  Fur thermore,  
i n i t i a l  a r c j e t  s t a r t u p  c u r r e n t  overshoot  can be c o n t r o l l e d  t o  a p r e s e t  v a l u e  
by  t h i s  c o n t r o l  method. C u r r e n t  mode c o n t r o l  i s  u s u a l l y  used t o  c o n t r o l  
o u t p u t  v o l t a g e .  I ns tead ,  for t h i s  5 kW cohver te r  des ign ,  average o u t p u t  
c u r r e n t  was t h e  c o n t r o l l e d  parameter .  
convenience as t h e  c o n t r o l l e d  parameter f o r  t he  1 kW power supp ly  des ign  
( r e f .  6). There i s  a smal l  b u t  v a r i a b l e  d i f f e r e n c e  between peak and average 

MOSFET's a r e  f a s t  and f r e e  from second 

Peak o u t p u t  c u r r e n t  was used f o r  
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o u t p u t  c u r r e n t .  The re fo re ,  peak o u t p u t  c u r r e n t  c o n t r o l  r e s u l t s  i n  l e s s  
accura te  c u r r e n t  r e g u l a t i o n  than  t h e  average o u t p u t  c u r r e n t  c o n t r o l  used for 
t h e  5 kW c o n v e r t e r .  

Design D e t a i l s  

The i n i t i a l  c o n t r o l  c i r c u i t s  i n c o r p o r a t e d  t h e  c o n t r o l  c i r c u i t  board 
assembly p r e v i o u s l y  des igned and f a b r i c a t e d  f o r  a new 2 kW PWM a r c j e t  power 
supp ly .  The PWM power s w i t c h  d r i v e  was conver ted  t o  a phase s h i f t e d  power 
s w i t c h  d r i v e  hav ing  a r e f e r e n c e  s i d e  square wave d r i v e  and a 0 t o  -180" phase 

d i r e c t l y  from t h e  c u r r e n t  mode comparator s i g n a l  t o  the  phase s h i f t  f u n c t i o n  
i n  o r d e r  t o  save des ign  and f a b r i c a t i o n  t i m e .  The convers ion  f rom PWM t o  
phase s h i f t  power s w i t c h  d r i v e  was accomplished by deve lop ing  a l o g i c  c i r c u i t  
u s i n g  a f l i p  f l o p  f o r  t he  r e f e r e n c e  phase, and combina t iona l  l o g i c  c i r c u i t s  t o  
implement: 

I s h i f t e d  s i d e  d r i v e  and i s  shown i n  f i g u r e  2 .  Th is  was done i n s t e a d  o f  go ing  

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9, = $R . ( A  + B) + 4, . ( A  + B )  ( 1 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

For the condition where t h e  PWM o u t p u t  i s  zero ,  a l l  d r i v e  i s  removed from t h e  
b r  i dge . 

The remainder  of t h e  f u n c t i o n s  shown i n  f i g u r e  2 desc r ibe  t h e  
conven t iona l  c u r r e n t  mode c o n t r o l  and p u l s e r  c o n t r o l  l o g i c  used e a r l i e r  f o r  
t he  1 kW supp ly  ( r e f .  7 ) .  For c u r r e n t  mode c o n t r o l ,  t h e  s lope compensation 
f u n c t i o n  shown i n  f i g u r e  2 i s  necessary t o  preven t  u n c o n d i t i o n a l  i n s t a b i l i t y  
for PWM d u t y  r a t i o s  above 50 percen t .  Besides sav ing  des ign  t i m e ,  t h i s  
c o n t r o l  approach a l l owed  t h e  use o f  a c u r r e n t  mode PWM c o n t r o l l e r  i n t e g r a t e d  
c i r c u i t  which i n c o r p o r a t e s  most of  the  necessary c i r c u i t  f u n c t i o n s  for  c u r r e n t  
mode c o n t r o l .  However, f o r  f u t u r e  des igns i t  may be advantageous t o  go 
d i r e c t l y  from t h e  c u r r e n t  mode comparator s i g n a l  i n t o  a phase s h i f t  
c o n t r o l l e r ,  e l i m i n a t i n g  t h e  i n t e r m e d i a t e  PWM l o g i c  w i t h  i t s  a s s o c i a t e d  t ime  
de lay .  

The au tho rs  found no d e s c r i p t i v e  power s w i t c h  or t rans former  c u r r e n t  
waveforms i n  t h e  l i t e r a t u r e .  I n  a d d i t i o n ,  t h e r e  was a need to v e r i f y  t h e  
c o n t r o l  and l o g i c  c i r c u i t  des igned f o r  t h e  5 kW conver te r .  The re fo re ,  a 30 W 
model of  t h e  c o n v e r t e r  was f a b r i c a t e d  and t e s t e d  u s i n g  t h e  scheme shown i n  
f i g u r e  2.  The b r i d g e  was c o n f i g u r e d  as shown i n  f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl ( a )  except  t h a t  
IRF250 power MOSFETs i n s t e a d  o f  b i p o l a r  t r a n s i s t o r s  were used f o r  Q1 
through 94. Synchronized dra in -source  s w i t c h  vo l tages  f o r  Q1 t h rough  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
94 and t rans fo rmer  p r i m a r y  and secondary v o l t a g e s  a r e  shown t o g e t h e r  w i t h  
sw i t ch  d r a i n  and t rans fo rmer  c u r r e n t s  i n  f i g u r e  3. The phase s h i f t e d  s i d e  
c u r r e n t  waveforms, 93, 94, are  q u i t e  d i f f e r e n t  f r o m  the  r e f e r e n c e  s i d e  
waveforms, 91, 02. The re fe rence s i d e ,  91 o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA92 t u r n s  on the  t o t a l  
c u r r e n t  r e f l e c t e d  by t h e  l o a d  and t h e  t rans fo rmer  magnet iz ing  c u r r e n t .  
R e c t i f i e r  d iode r e v e r s e  recove ry  c u r r e n t  i s  l i m i t e d  by the  t r a n s f o r m e r  leakage 
and p a r a s i t i c  c i r c u i t  induc tances .  The r e f e r e n c e  s ide  t u r n s  o f f  o n l y  
t rans former  magne t i z ing  and leakage induc tance c u r r e n t s .  The phase s h i f t e d  
s ide ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA93 or 94, t u r n s  on, i n  t h e  reve rse  d i r e c t i o n ,  p a r t  o f  t h e  l o a d  
c u r r e n t ,  as w e l l  as t rans former  leakage induc tance and magne t i z ing  c u r r e n t ,  
b u t  t u r n s  o f f  r e f l e c t e d  l o a d  c u r r e n t  and t rans fo rmer  magnet iz ing  c u r r e n t  i n  

6 



t h e  f o r w a r d  d i r e c t i o n .  The phase s h i f t e d  s i d e ,  Q3 or Q4 conducts  
r e v e r s e  c u r r e n t  t h rough  t h e  power MOSFET source-dra in  w i t h  t h e  i n t r i n s i c  
a n t i - p a r a l l e l  d i o d e  n o t  conduct ing .  T h i s  p r o p e r t y  may n o t  be w i d e l y  known 
because t h e  a n t i - p a r a l l e l  d iodes  a r e  c o n v e n t i o n a l l y  used t o  conduct  r e v e r s e  
c u r r e n t s  as t h e  M O S F E T ' s  a r e  t u r n e d  o f f .  So d u r i n g  s teady s t a t e  o p e r a t i o n  o f  
t h i s  t y p e  b r i d g e ,  t h e  power MOSFET i n t r i n s i c  a n t i - p a r a l l e l  d iodes  do n o t  
conduct  as l o n g  as t h e  source d r a i n  v o l t a g e  i s  below about  0 . 7  V .  For t h e  
30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW model,  sou rce -d ra in  v o l t a g e  measured about  0 .1  V .  T h i s  i s  s i g n i f i c a n t  
because s w i t c h  d r o p  i s  w e l l  below t h e  0.7 V d iode f o r w a r d  v o l t a g e  drop .  
Therefore,  power e f f i c i e n c y  need n o t  be reduced by accep t ing  t h e  0.7 V d iode 
drop  and o p e r a t i o n  a t  low i n p u t  v o l t a g e  ( e . g . ,  50 V )  a t  h i g h  power should be 
p r a c t i c a l  w i t h  a phase c o n t r o l l e d  f u l l  b r i d g e  PWM c o n v e r t e r  u s i n g  lower  
v o l t a g e ,  lower  ON r e s i s t a n c e  power M O S F E T ' s .  There may be some d i o d e  
conduc t ion  on t h e  o r d e r  o f  1 p s e c ,  b u t  d ra in -source  v o l t a g e  waveforms show 
t h a t  t h e  power MOSFET and n o t  t h e  i n t r i n s i c  d iode q u i c k l y  conducts  v i r t u a l l y  
a l l  t h e  r e v e r s e  c u r r e n t .  

A d e t a i l e d  c i r c u i t  d e s c r i p t i o n  for t h e  5 kW power s u p p l y ,  as w e l l  as 
c i r c u i t  schemat ic  d iagrams,  a r e  g i v e n  i n  t h e  appendix .  A photograph o f  t h e  
5 kW power e l e c t r o n i c s  breadboard appears i n  f i g u r e  4 .  The photograph shows 
t h e  c o n t r o l  e l e c t r o n i c s  and l o g i c  c i r c u i t  boards enc losed i n  an aluminum 
c h a s s i s  s h i e l d .  The s m a l l e r  covered aluminum chass is  houses t h e  215 and 2 4  V 
c o n t r o l  c i r c u i t  power s u p p l i e s  which a r e  powered from 115 Vac. The o u t p u t  
d i o d e  heat  s i n k ,  a d r i v e  t rans former ,  main power t rans fo rmer ,  c u r r e n t  sens ing  
t r a n s f o r m e r ,  o u t p u t  averag ing  i n d u c t o r / p u l s e  t rans fo rmer  can be seen i n  l a r g e r  
assembly. Two c o o l i n g  f a n s  w e r e  a l s o  i n c l u d e d  i n  t h e  power supp ly .  

TESTS 

The 5 kW power e l e c t r o n i c s  breadboard was t e s t e d  w i t h  a r e s i s t i v e  l o a d  
and w i t h  a l a b o r a t o r y  t h r u s t e r  load .  The l a b o r a t o r y  a r c j e t  t h r u s t e r  used f o r  
i n i t i a l  5 kW t e s t i n g  was i d e n t i c a l  t o  a 1 kW d e s i g n  used i n  a 1000 h r  c y c l e d  
l i f e  t e s t  ( r e f .  9 > ,  except  t h a t  t h e  c o n s t r i c t o r  d iameter  i n  t h e  anode was 
en la rged  t o  accommodate h i g h  gas f low r a t e s .  A c u t  away v iew o f  t h e  a r c j e t  i s  
shown i n  f i g u r e  5 .  The upst ream converg ing  c o n i c a l  h a l f  ang le  was 30" and t h e  
downstream d i v e r g i n g  h a l f  ang le  was 20". The o r i g i n a l  0.64 mm d iameter  by 
0.41 rnm l o n g  c o n s t r i c t o r  was inc reased t o  0.89 mm d iameter  and 0.89 mm i n  
l e n g t h .  The cathode used was a 3.18 mm d iameter  t h o r i a t e d  tungs ten  r o d ,  20 c m  
i n  l e n g t h .  The cathode end of t h e  cathode was ground t o  a c o n i c a l  t i p  w i t h  a 
30" h a l f  ang le .  The a r c  gap was s e t  by w i thd raw ing  t h e  cathode 0.76 mm from 
c o n t a c t  w i t h  t h e  anode. A pho to  o f  t h i s  a r c j e t  i n  o p e r a t i o n  on a t h r u s t  s tand 
i s  shown i n  f i g u r e  6. 

Loadbank Tests  

R e s i s t i v e  l o a d  t e s t s  were per formed t o  o b t a i n  t y p i c a  
conver te r  o p e r a t i n g  waveforms, and t o  e s t a b l i s h  benchmark 
r e g u l a t i o n ,  l o a d  t r a n s i e n t  response, r i p p l e  and power eff 

s teady  s t a t e  
p u l s e r  v o l t a g e ,  
c i e n c y .  

Conver te r  waveforms. - B r i d g e  c o n v e r t e r  power s w i t c h  d r a i n  t o  source 
v o l t a g e  waveforms f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ4 ( c i r c u i t  l o c a t i o n  i s  g i v e n  i n  f i g .  1 )  
a r e  synchronized w i t h  and shown w i t h  t h e  t rans fo rmer  p r i m a r y  c u r r e n t  i n  
f i g u r e  7 f o r  a 5 kW r e s i s t i v e  l o a d .  Q1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ3 waveforms a r e  n o t  shown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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s ince  v o l t a g e  waveforms f o r  each t r a n s i s t o r  i n  t h e  r e f e r e n c e  s ide  o f  t he  
b r i d g e ,  Q1 and 92 look t he  same, b u t  a re  180" o u t  o f  phase. The same i s  
t r u e  f o r  Q3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ4. The r e f e r e n c e  s ide ,  Q1 or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ2 t u r n s  on i n t o  
t r a n s f o r m e r  magne t i z ing  c u r r e n t ,  t h e  r e f l e c t e d  l o a d  c u r r e n t ,  and the  reve rse  
recove ry  c u r r e n t  o f  one o u t p u t  r e c t i f i e r  d iode p a i r .  C u r r e n t  r i s e  i s  l i m i t e d  
by the  power t r a n s f o r m e r  leakage induc tance and a smal l  c u r r e n t  l i m i t i n g  
i n d u c t o r .  The r e f e r e n c e  s ide ,  Q1 or 02 a l s o  t u r n s  o f f  r e s i d u a l  c u r r e n t  
f l o w i n g  i n  t h e  t r a n s f o r m e r  leakage induc tance and c u r r e n t  l i m i t i n g  i n d u c t o r ,  
as w e l l  as t h e  t r a n s f o r m e r  magne t i z ing  c u r r e n t .  Th is  r e s i d u a l  c u r r e n t  decays 
s l o w l y  f o r  t h i s  h i g h  power c i r c u i t ,  m a i n l y  because the  r a t i o  o f  c u r r e n t  
l i m i t i n g  i nduc tance  and leakage induc tances  t o  s w i t c h  r e s i s t a n c e  i s  h i g h .  The 
phase s h i f t e d  s i d e  o f  t h e  b r i d g e  (Q3 
c u r r e n t  and t r a n s f o r m e r  magne t i z ing  c u r r e n t  and i s  a l r e a d y  tu rned  on when load  
c u r r e n t  i s  swi tched on by t h e  r e f e r e n c e  s i d e .  Due t o  r i n g i n g  a t  s w i t c h  
t r a n s i t i o n s ,  t h e  power swi tches  which a re  r a t e d  f o r  200 V s e e  about  170 V a t  
an i n p u t  v o l t a g e  o f  150 V and an o u t p u t  power of 5 kW. The t rans former  
p r imary  c u r r e n t  reaches n e a r l y  60 A peak. The r m s  t r ans fo rmer  p r imary  c u r r e n t  
va lue  remains c l o s e  t o  50 A even though the  d u t y  r a t i o  i s  near 213 .  Pr imary  
r m s  c u r r e n t  changes l i t t l e  w i t h  d u t y  r a t i o .  

or Q4) t u r n s  o f f  r e f l e c t e d  l oad  

O c c a s i o n a l l y ,  a t  i n i t i a l  t u r n  on i n t o  a 5 kW load ,  t he  b r i d g e  would 
s t a r t u p  w i t h  a n o n d e s t r u c t i v e ,  s t a b l e  c u r r e n t  imbalance where the  main 
t rans fo rmer  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcore would beg in  t o  s a t u r a t e  once each c y c l e .  Al though t h e  smal l  
c u r r e n t  l i m i t i n g  i n d u c t o r  reduced t h e  t rans fo rmer  p r i m a r y  a p p l i e d  vo l t -seconds 
d u r i n g  t h e  s a t u r a t i n g  h a l f  c y c l e  and would be expected to c o r r e c t  t he  
imbalance, t h e  n e x t  h a l f  c y c l e  showed a no tch  on the  l e a d i n g  edge o f  t he  
t rans fo rmer  v o l t a g e .  T h i s  c o n d i t i o n  o n l y  occu r red  w i t h  a r e s i s t i v e  l o a d  and 
never happened d u r i n g  t h r u s t e r  i n t e g r a t i o n .  Th is  s t a b l e  imbalance d i d  n o t  
occur  when a molybdenum-permalloy powder (MPP) power t rans fo rmer  co re  w i t h  a 
markedly  l e s s  pronounced s a t u r a t i o n  c h a r a c t e r i s t i c  was used w i t h  no c u r r e n t  
l i m i t i n g  i n d u c t o r .  Th i s  s t a b l e  c o n d i t i o n  was n o t  i n v e s t i g a t e d  a t  t h i s  t i m e  
because f u r t h e r  c i r c u i t  m o d i f i c a t i o n s  w e r e  be ing  p lanned t o  improve power 
e f f i c i e n c y .  

Pu lse r  o u t p u t .  - The p u l s e r  produces a h i g h  v o l t a g e  pu lse  e v e r y  h a l f  
second u n t i l  a r c  c u r r e n t  i s  sensed. Th is  i s  t he  same scheme desc r ibed  i n  
re fe rences  7 and 8. The p u l s e r  t r a n s f o r m e r / c u r r e n t  ave rag ing  i n d u c t o r  p r i m a r y  
c u r r e n t  i s  a l l owed  t o  reach  about  120 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA before t h e  p r i m a r y  power MOSFET's are  
swi tched o f f .  Since t h e  p u l s e r  t r a n s f o r m e r / c u r r e n t  ave rag ing  i n d u c t o r  t u r n s  
r a t i o  i s  about  l O : l ,  t h e  maximum c u r r e n t  a v a i l a b l e  a t  a r c j e t  i g n i t i o n  i s  near 
12 A .  Open c i r c u i t  p u l s e r  v o l t a g e  reaches 4 . 6  kV i n  about  3 ps and i s  shown 
i n  f i g u r e  8.  

Regu la t i on .  - C u r r e n t  r e g u l a t i o n  da ta  a re  g i v e n  i n  t a b l e  I f o r  10 and 50 
A re fe rence  s e t p o i n t s  w i t h  i n p u t  v o l t a g e s  o f  130 and 150 V a t  each s e t p o i n t .  
S t a t i c  c u r r e n t  r e g u l a t i o n  was w i t h i n  1 percen t  o f  t he  50 A s e t p o i n t  once the  
load r e s i s t a n c e  was s e t  low enough t o  pass s u f f i c i e n t  c u r r e n t .  Accura te  
s t a t i c  l o a d  c u r r e n t  r e g u l a t i o n  was expected s ince  a shunt  was used t o  sense 
average l o a d  c u r r e n t  which was fed back t o  an i n t e g r a l  c u r r e n t  c o n t r o l  l oop .  

T r a n s i e n t  response. - F i g u r e  9 shows load  c u r r e n t  t r a n s i e n t  response 
measured a t  50 A o u t p u t  f o r  s tep  l o a d  changes from 1 t o  2 Q and from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 t o  
1 Q us ing  a s o l i d  s t a t e  s w i t c h .  Vo l tage waveforms r e s u l t i n g  from t h e  l o a d  
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t r a n s i e n t s  e x h i b i t  t h e  e f f e c t s  o f  p a r a s i t i c  s e r i e s  induc tance i n  t h e  30 kW 
loadbank and i t s  connect ions .  R e s u l t a n t  l o a d  c u r r e n t  ove rshoo t  and undershoot  
were about  10 p e r c e n t  and o f  n e a r l y  300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA)IS d u r a t i o n .  

des i r e d  
decreas 
about  3 
c o n t a i n  
power e 
f i  1 t e r  

R i p p l e .  - Load c u r r e n t  r i p p l e  a t  an o u t p u t  c u r r e n t  o f  50 A can be seen i n  
f i g u r e  9. R i p p l e  measured approx ima te l y  2 A peak t o  peak a t  16.7 kHz. 

ng t h e  ave rag ing  induc tance.  
A peak t o  peak a t  16.7 kHz and the  o s c i l l o s c o p e  t r a c e  appeared t o  
no sp ikes  and no s i g n i f i c a n t  h i g h  f requency  components. The 5 kW 

I f  
r i p p l e  c o u l d  be i nc reased  by  l o w e r i n g  t h e  o p e r a t i n g  f requency  or by 

R e f l e c t e d  i n p u t  c u r r e n t  r i p p l e  measured 

e c t r o n i c s  breadboard i n p u t  filter was a l a r g e  c a p a c i t o r  and no i n p u t  
nduc to rs  were used. 

Power e f f i c i e n c y .  - A t  5 kW power e f f i c i e n c y  measured 92.2 p e r c e n t  w i t h  
150.6 V i n p u t  and 92.0 p e r c e n t  a t  130.1 V i n p u t .  
0.25 p e r c e n t  were used t o  measure i n p u t  and o u t p u t  c u r r e n t s .  
v o l t m e t e r  a t  t h e  same p o l a r i t y  was used t o  measure i n p u t  and o u t p u t  shunt  and 
c o n v e r t e r  v o l t a g e s .  Measurements were made w i t h  and w i t h o u t  a 100 pF low 
e q u i v a l e n t  s e r i e s  r e s i s t a n c e  c a p a c i t o r  across t h e  o u t p u t .  Power e f f i c i e n c y  
measured 0.1 p e r c e n t  h i g h e r  w i t h o u t  t h e  c a p a c i t o r .  A l a r g e  c a p a c i t o r  to  
reduce r i p p l e  f o r  t h e  power e f f i c i e n c y  measurement r e p o r t e d  f o r  t h e  1 kW 
supp ly  ( r e f .  7)  had t h e  e f f e c t  o f  reduc ing  t h e  measured power e f f i c i e n c y  by  
about  1 112 pe rcen t  from t h e  measurement w i t h o u t  t he  c a p a c i t o r .  However, t h e  
c u r r e n t  r i p p l e  f o r  t h e  1 kW power supp ly  was an o r d e r  o f  magnitude more 
percentage than t h a t  o f  t h e  5 kW power supp ly .  
f i l t e r  used t o  f i l t e r  t he  c u r r e n t  s i g n a l  from t h e  shunt  r e s u l t e d  i n  
s u f f i c i e n t l y  accu ra te  measurements ( w i t h i n  0.5 pe rcen t )  w i t h o u t  r e s o r t i n g  t o  
t h e  use o f  a l a r g e  c a p a c i t o r  across t h e  o u t p u t .  
RC f i l t e r  was used across  t h e  i n p u t  shunt  to  reduce r i p p l e  e f f e c t s .  Th i s  
reduced t h e  measured power e f f i c i e n c y  by  about  1.5 pe rcen t .  
e f f i c i e n c y  r e p o r t e d  here  i s  es t ima ted  t o  be accu ra te  w i t h i n  21 p e r c e n t .  I t  i s  
judged t h a t  a power e f f i c i e n c y  n e a r l y  95 pe rcen t  a t  5 kW c o u l d  be ach ieved 
w i t h  t h i s  t y p e  c o n v e r t e r .  An e f f i c i e n c y  i nc rease  o f  2 p e r c e n t  i s  a v a i l a b l e  by 
reduc ing  t h e  s w i t c h  t r a n s i s t o r  ( f o u r  p a r a l l e l  IRF250 MOSFET's f o r  each s w i t c h )  
conduct ion  l osses  which a r e  about  110 W i n  t h e  p r e s e n t  des ign .  T r a n s i s t o r  
conduct ion  losses  c o u l d  be reduced t o  20 W by u s i n g  h y b r i d  MOSFET swi tches  
c o n t a i n i n g  24 I R F  250 c h i p s .  
t rans former  to  reduce copper and core  losses  and decreas ing  s w i t c h i n g  l osses  
by  e l i m i n a t i n g  t h e  c u r r e n t  l i m i t i n g  i n d u c t o r  and improv ing  t h e  d r i v e  c i r c u i t s  
c o u l d  add another  1 or 2 p e r c e n t  t o  t h e  power e f f i c i e n c y .  However, about  
0 .5 p e r c e n t  power e f f i c i e n c y  would be l o s t  by add ing  i n d u c t o r s  t o  t h e  i n p u t  
f i l t e r  t o  meet EM1 requ i rements .  

C u r r e n t  shunts matched t o  
The same d i g i t a l  

For t h e  1 kW work an R-C 

For the  5 kW measurements an 

The power 

O p t i m i z i n g  t h e  o u t p u t  i n d u c t o r  and power 

Subsequent t o  a l l  t h e  t e s t s  desc r ibed  i n  t h i s  r e p o r t ,  t h e  power c i r c u i t  
was m o d i f i e d  and t h e  power MOSFET's were r e p l a c e d  w i t h  f o u r  power h y b r i d s  
c o n t a i n i n g  24 p a r a l l e l  t r a n s i s t o r  d i e s  s i m i l a r  or equal to  an IRF250 d i e  w i t h  
each d i e  hav ing  a 10 ga te  r e s i s t o r .  B u i l t  i n  zener d iodes  p r o v i d e d  ga te  
o v e r v o l t a g e  p r o t e c t i o n .  Power e f f i c i e n c y  was remeasured under t h e  c o n d i t i o n s  
s t a t e d  e a r l i e r  and a t  5 kW i n p u t  and 96 V, 50 A o u t p u t ,  was 93.5 p e r c e n t  a t  
130 V i n . ,  and 93.9 pe rcen t  a t  150 V i n .  A t  2.5 kW i n p u t  and 93 V ,  25 A 
o u t p u t ,  power e f f i c i e n c y  was 94.6 pe rcen t  a t  130 V i n  and 94.4 p e r c e n t  a t  
150 V i n .  . 
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- Mass. - The two h e a v i e s t  breadboard components were t h e  1 mH o u t p u t  
choke/pu lse  t r a n s f o r m e r ,  which weighed 2.7 kG and the  power t rans fo rmer  a t  
2 .9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkG. T h i s  5.6 kG mass i s  t h e  l a r g e s t  f r a c t i o n  of t h e  t o t a l  component mass 
and r e p r e s e n t s  o n l y  a s t a r t i n g  p o i n t  towards t h e  development o f  an e n g i n e e r i n g  
model. Choke induc tance and s i z e  can be reduced i f  o p e r a t i n g  f requency  i s  
i nc reased  and o u t p u t  r i p p l e  i s  a l l owed  t o  i nc rease .  Choice of o p e r a t i n g  
f requency ,  power eff i c i  ency and thermal  des ign  w 
Fur thermore ,  a f l i g h t  t ype  t rans fo rmer  des ign  a t  
thermal  shunts  t o  min im ize  i n t e r n a l  temperatures 

E l e c t r o n i c s - T h r u s t e r  

1 1  impact  t rans fo rmer  mass. 
t h i s  power l e v e l  may r e q u i r e  
and ex tend o p e r a t i n g  l i f e .  

e s t s  

S t a r t - u p  t r a n s i e n t  and s teady s t a t e  da ta  were taken f o r  the  i n i t i a l  
des ign  l a b o r a t o r y  a r c j e t  and breadboard power e l e c t r o n i c s .  P r o p e l l a n t s  for  
these f i r s t  t e s t s  were hydrogen-n i t rogen gas m ix tu res  s i m u l a t i n g  decomposed 
hyd raz ine  or ammonia. A l l  t e s t s  were conducted i n  the  Tank 8 vacuum f a c i l i t y  
desc r ibed  i n  r e f e r e n c e  16. D i f f u s i o n  pumps were tu rned  o f f  and the  tank  
p ressu re  was on the  o r d e r  o f  1 t o r r .  

S t a r t i n g  and Steady S t a t e  Tests  

Thrus ter /power  e l e c t r o n i c s  s t a r t u p  c u r r e n t  and v o l t a g e  t r a n s i e n t s  were 
reco rded  u s i n g  an o s c i l l o s c o p e  camera and s t r i p  c h a r t  r e c o r d e r .  P r o p e l l a n t  
flow was ma in ta ined  a t  2.5 SLM N2 and 5.0 SLM H2 
hyd raz ine ,  f o r  these t e s t s .  The conven t iona l  techniques and equipment used 
a r e  d e t a i l e d  i n  an e a r l i e r  paper ( r e f .  7 ) .  F i g u r e  10 shows i n i t i a l  c u r r e n t  
and v o l t a g e  t r a n s i e n t s  f o r  c u r r e n t  c o n t r o l  s e t p o i n t s  o f  50, 30, and 10 A w i t h  
135 V i n p u t  t o  t h e  power supp ly .  Th rus te r  t r a n s i e n t  v o l t a g e  was measured a t  
t h e  vacuum chamber f l a n g e  and inc ludes  any e f f e c t s  o f  i nduc tance i n  t h e  leads  
to  t he  t h r u s t e r .  I n i t i a l  c u r r e n t  a t  breakdown was always near  1 1  A .  For a l l  
t h r e e  s t a r t s  shown, t h e  c u r r e n t  i nc reased  t o  about  55 A i n  app rox ima te l y  1 mS 
and remained t h e r e  f o r  5 mS where i t  was be ing  l i m i t e d  by the  p u l s e  by  p u l s e  
c u r r e n t  mode c o n t r o l l e r  p r e s e t  maximum c u r r e n t  l i m i t .  Then t h e  i n t e g r a l  
c o n t r o l  l o o p  g r a d u a l l y  reduced t h e  c u r r e n t  to  t he  s e l e c t e d  c o n t r o l  r e f e r e n c e  
s e t p o i  n t  . 

s i m u l a t i n g  decomposed 

E v i d e n t l y  t h i s  t h r u s t e r  can s t a r t  a t  c u r r e n t s  much lower  than s teady  
s t a t e  o p e r a t i n g  c u r r e n t  l e v e l s .  I f  t h i s  c h a r a c t e r i s t i c  remains a f t e r  f u r t h e r  
t h r u s t e r  development, then t h e  i n d u c t o r / p u l s e  t rans fo rmer  cha rg ing  c i r c u i t  
need supp ly  o n l y  1 /20  o f  t he  energy s t o r e d  i n  the  i n d u c t o r  a t  t he  50 A 
o p e r a t i n g  c u r r e n t .  

Typ ica l  l onger  d u r a t i o n  vo l tage ,  c u r r e n t ,  and t h r u s t  t r a n s i e n t s  a r e  shown 
i n  f i g u r e  11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor a 50 A s e t p o i n t  and 5 kW o p e r a t i o n .  There were no 
s i g n i f i c a n t  events  between 3 and 32 minutes a f t e r  s t a r t u p ,  so t h a t  p o r t i o n  o f  
t h e  r e c o r d i n g  was o m i t t e d  from f i g u r e  1 1 .  Immedia te ly  a f t e r  i g n i t i o n ,  t h e  a r c  
c u r r e n t  reaches 50 A and remains cons tan t .  Th rus te r  v o l t a g e  s t a r t s  a t  93 V 
and c l imbs t o  100 V i n  about  35 sec. ,  f i n a l l y  reach ing  103 V a f t e r  34 min.  
Thrus t  measured 0.40 N a f t e r  35 sec and 0.42 N a f t e r  34 minutes.  For t h i s  
t e s t ,  the  t h r u s t e r  anode was coated w i t h  Cr02 to  i nc rease  e m i s s i v i t y  which 
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l i m i t e d  t h e  anode sur face maximum temperature to  about  1400 "C measured w i t h  
an o p t i c a l  pyrometer .  P r e v i o u s l y ,  t h e  uncoated anode s u r f a c e  tempera ture  
reached about  1870 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C under these c o n d i t i o n s .  

D u r i n g  t h r u s t e r  s teady  s t a t e  o p e r a t i o n  a t  100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV ,  50 A, 2.5  SLM N2 and 
5.0 SLM H2, s i m u l a t i n g  hyd raz ine ,  a r c  c u r r e n t  r i p p l e  and t h r u s t e r  v o l t a g e  
r i p p l e  were measured a t  t h e  vacuum tank  f l a n g e .  An a r c  c u r r e n t  r i p p l e  o f  
2 A peak t o  peak r e s u l t e d  i n  t h r u s t e r  v o l t a g e  r i p p l e  o f  about  1 V peak t o  
peak, 1800 o u t  o f  phase w i t h  a r c  c u r r e n t  r i p p l e  a r e  recorded i n  f i g u r e  12. 
T h i s  same n e g a t i v e  r e s i s t a n c e  c h a r a c t e r i s t i c  was observed w i t h  a 1 kW system 
t e s t e d  e a r l i e r  ( r e f .  7 ) .  

Maximum s teady  s t a t e  t h r u s t e r  power achieved was 6.56 kW f o r  3.7 SLM N2 
and 11.2 SLM H2, s imu la ted  ammonia. Th rus te r  v o l t a g e  was 131.2 a t  50.0 A 
a r c  c u r r e n t  w i t h  a power supp ly  i n p u t  v o l t a g e  o f  about 150 V .  
0.645 N. 

Thrus t  was 

CONCLUSIONS 

A s i n g l e  s tage,  5 kW a r c j e t  power conver te r  was des igned f a b r i c a t e d  and 
eva lua ted  on b o t h  r e s i s t i v e  and a r c j e t  loads .  The c i r c u i t  was a f u l l  b r i d g e  
p u l s e  w i d t h  modulated c o n v e r t e r  t h a t  was phase s h i f t  r e g u l a t e d  t o  p r o v i d e  
cons tan t  a r c  c u r r e n t .  The c o n v e r t e r  des ign  employed MOSFET power swi tches ,  
c u r r e n t  mode c o n t r o l ,  and i n c l u d e d  an i n t e g r a l  h i g h  v o l t a g e  p u l s e  i g n i t o r .  
A r c j e t  s t a r t  up and o p e r a t i o n  was v e r i f i e d  ove r  a wide range o f  f low r a t e s  
w i t h  h y d r o g e n l n i t r o g e n  m i x t u r e s  s i m u l a t i n g  b o t h  ammonia and hyd raz ine .  

R e s i s t i v e  l o a d  power e f f i c i e n c y  a t  5 kW and 50 A o u t p u t  was 93.5 and 
93.9 pe rcen t  f o r  i n p u t  v o l t a g e s  o f  130 and 150 V r e s p e c t i v e l y .  
t h a t  power e f f i c i e n c y  can be inc reased t o  a t  l e a s t  95 pe rcen t  by r e d u c i n g  t h e  
induc tance and copper l osses  o f  t he  o u t p u t  i n d u c t o r / p u l s e  t r a n s f o r m e r ,  by 
reduc ing  t h e  co re  and copper losses  i n  the  power t r a n s f o r m e r ,  and by improv ing  
t h e  power c i r c u i t  to  reduce s w i t c h i n g  l o s s e s .  

I t  i s  j udged 

C u r r e n t  mode c o n t r o l  l i m i t e d  t h e  i n i t i a l  s t a r t u p  c u r r e n t  ove rshoo t  t o  
about  55 A. I n i t i a l  s t a r t u p  c u r r e n t  was about  11 A and t h i s  low s t a r t u p  
c u r r e n t  w i l l  p e r m i t  t h e  p u l s e r  des ign  and packaging t o  remain s t r a i g h t f o r w a r d ,  
w i t h  no need t o  have semiconductors p laced i n  a h i g h  v o l t a g e  assembly. 

The power s tage w i t h  power MOSFET's i s  a h i g h  e f f i c i e n c y ,  low mass 
approach for  c i r c u i t s  r e q u i r i n g  low i n p u t  v o l t a g e  and h i g h  i n p u t  c u r r e n t s .  
The major  f e a t u r e s  o f  t h i s  approach a re :  
energy i s  w e l l  c o n t r o l l e d ;  ON r e s i s t a n c e  o f  cascaded swi tches  can be a lmost  
t h e  same as for  p a r a l l e l  c o n v e r t e r  s i n g l e  switch-ON r e s i s t a n c e ;  and t h e  
i n t r i n s i c  a n t i - p a r a l l e l  d iodes  do n o t  conduct  d u r i n g  normal o p e r a t i o n  i f  ON 
r e s i s t a n c e  i s  k e p t  low by p a r a l l e l i n g  enough t r a n s i s t o r  d i e s .  

t h e  t rans fo rmer  leakage induc tance 

APPENDIX-CIRCUIT DETAILS 

The 5 kW breadboard power e l e c t r o n i c s  breadboard i s  d e t a i l e d  i n  t h r e e  
schematic diagrams t h a t  r e p r e s e n t  f u n c t i o n a l l y  d i f f e r e n t ,  as w e l l  as 
p h y s i c a l l y  separated component assembl ies.  F i g u r e  A1 i s  t he  b r i d g e  power 
stage and p u l s e r  schemat ic .  These power components were  l o c a t e d  i n  t h e  main 
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chass i s  ( f i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  and were coo led  by f a n s .  A l l  o f  t h e  magnet ic  components for  
t h e  breadboard a r e  desc r ibed  i n  t a b l e  I 1  and a r e  p a r t  o f  t h i s  assembly. 
F i g u r e  A2 shows t h e  analog,  PWM and p u l s e r  c o n t r o l s ,  which a re  l o c a t e d  on 
t h e i r  own p r i n t e d  c i r c u i t  boards i n  a s h i e l d e d  assembly, shown w i t h  i t s  cover  
o f f  i n  f i g u r e  4. The PWM to  b r i d g e  r e f e r e n c e  and phase s h i f t e d  b r i d g e  d r i v e  
l o g i c  c i r c u i t  board schematic i s  shown i n  f i g u r e  A3. Th is  c i r c u i t  board i s  
l o c a t e d  i n  t h e  same s h i e l d e d  box as t h e  c o n t r o l  c i r c u i t  board, f i g u r e  A 2 .  

The f o u r  i d e a l  power swi tches  shown i n  f i g u r e  1 a r e  each made up of f o u r  
p a r a l l e l e d  IRF250 MOSFET's to  p e r m i t  h i g h  c u r r e n t ,  modest power loss 

c o n t a i n i n g  24 IRF250 d i e s  t o  save component cost and procurement t i m e  because 
s w i t c h  f a i l u r e s  w e r e  expected t o  occur  d u r i n g  i n i t i a l  development. Eventual  
use o f  h y b r i d  MOSFET's was a n t i c i p a t e d .  

I s w i t c h i n g .  Four p a r a l l e l  t r a n s i s t o r s  were used i n s t e a d  o f  h y b r i d  c i r c u i t s  

I t  was e x p e r i m e n t a l l y  determined t h a t  low induc tance s t r i p  l i n e  
connect ions  from a low ac impedance v o l t a g e  source were  necessary t o  p r e v e n t  
excess ive  r i n g i n g  because 50 A c u r r e n t  pu lses  were  f l o w i n g  i n t o  the  b r i d g e .  
Convent iona l  c i r c u i t  l a y o u t  u s i n g  s h o r t  leads was e x p e r i m e n t a l l y  found t o  be 
inadequate.  I n  a d d i t i o n ,  r e s i s t o r - c a p a c i t o r - d i o d e  v o l t a g e  clamps and an R-C 
snubber w e r e  used t o  p r o t e c t  t h e  power s w i t c h  dra in -source  f r o m  p o t e n t i a l  
o v e r v o l t a g e  t r a n s i e n t s .  The power s w i t c h  gate-source was p r o t e c t e d  from 

I o v e r v o l t a g e  by back t o  back zener d iodes .  

To p r o t e c t  t h e  power MOSFETs from d e s t r u c t i v e  c u r r e n t s  due t o  main 
t rans fo rmer ,  TI, core  s a t u r a t i o n  or d u r i n g  f a u l t s ,  a smal l  i n d u c t o r ,  L2, 
was p laced  i n  s e r i e s  w i t h  the  T1 p r imary .  L2 was necessary f o r  t h i s  
p a r t i c u l a r  des ign  because t h e  c u r r e n t  mode c o n t r o l  has a de lay  o f  one or two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ps and t h e  s a t u r a t i o n  c h a r a c t e r i s t i c  o f  T1 
c u r r e n t  r i s e .  S w i t c h i n g  t r a n s i s t o r  c u r r e n t  sens ing  was i m p o r t a n t  f o r  p u l s e  by 
pu lse  c u r r e n t  c o n t r o l  and h i g h  no ise  l e v e l s  compl ica ted  t h i s  t a s k .  I n s t e a d  o f  
u s i n g  resources  t o  develop a sh ie lded ,  h i g h  f i d e l i t y  c u r r e n t  t r a n s f o r m e r ,  t h e  
breadboard i n c o r p o r a t e d  a commercial c u r r e n t  t rans fo rmer ,  T4, w i t h  i t s  
d i s t r i b u t e d  50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ burden r e s i s t a n c e ,  t oge the r  w i t h  a s i g n a l  t r a n s f o r m e r ,  
T 5 ,  used t o  i s o l a t e  t h e  c u r r e n t  t rans fo rmer  r e t u r n .  

e x h i b i t s  a h i g h  r a t e  of 

The p u l s e r  used t h e  same low v o l t a g e  w ind ing  i n d u c t o r  cha rg ing  scheme 
d e t a i l e d  elsewhere ( r e f .  8) .  except  t h a t  t h r e e  IRF460 t r a n s i s t o r s  r a t e d  a t  

I 500 V were used i n s t e a d  o f  two 400 V IRF350 dev ices .  The IRF460's  ON t i m e  was 
ad jus ted  to  p r o v i d e  about 120 A peak cha rg ing  c u r r e n t  t o  t h e  L1 

I i n d u c t o r / p u l s e  t rans fo rmer  p r imary .  
ave rag ing  

The c o n t r o l  c i r c u i t s  i n  f i g u r e  A2 a r e  s i m i l a r  t o  those used i n  t h e  1 kW 
power supp ly  and a re  d e t a i l e d  i n  re fe rences  7 and 8. A UC1846 p u l s e  w i d t h  
modu la t ion  c u r r e n t  c u r r e n t  mode c o n t r o l  i n t e g r a t e d  c i r c u i t  forms t h e  b a s i s  f o r  
implementing t h e  c o n t r o l  scheme f u n c t i o n  shown i n  f i g u r e  2. However, t h i s  
design used an e x t e r n a l  error a m p l i f i e r  i n s t e a d  o f  t he  UC1846 e r r o r  a m p l i f i e r  
to ease i n s e r t i o n  o f  ramp compensation and t o  p r o v i d e  more f l e x i b i l i t y  should 
f u t u r e  c o n t r o l  l oop  changes be des i red .  I n  a d d i t i o n ,  t h i s  des ign  i n c o r p o r a t e d  
the  UC1846 shutdown-recycle f u n c t i o n  t o  p r o v i d e  p r o t e c t i o n  i n  the  u n l i k e l y  
event o f  s h o r t  c i r c u i t s ,  where no energy i s  d e l i v e r e d  t o  t he  l o a d  and c u r r e n t  
bu i l dup  can occur  as desc r ibed  i n  o t h e r  work ( r e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 3 ) .  A t  t h i s  w r i t i n g ,  t he  
shutdown-recycle f u n c t i o n  was n o t  ye t  t e s t e d  under a s h o r t '  c i r c u i t  a t  50 A ,  so 
the component va lues  may need f u r t h e r  ad jus tment .  The s i g n a l  conve rs ion  
f u n c t i o n  o f  PWM t o  re fe rence and phase s h i f t e d  b r i d g e  d r i v e  i s  shown i n  
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func t ion  of PWM t o  re fe rence and phase shif ted br idge dr ive  is shown in 
f igure  2 and the  schematic in f i gu re  A 3  detai ls the  implementat ion of: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

$s = 6, . (A + B) + $R . (A + B) (A-1 1 

T w o  AND gates identi f ied by ou tpu t  pins 10 and 1 1  of integrated circui t  4061 
were connected t o  provide a small de lay  needed t o  correct  a potential race  
problem. Br idge dr ive  was provided by N and P channel power MOSFET's ac 
coupled t o  d r ive  t ransformers T 2  and T3. 
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c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA S e t p o i n t  
150 V I n w t  

50 A S e t p o i n t  
130 V I n w t  

10 A S e t p o i n t  
130 V I n w t  

Vol t a g e ,  
V 

150 V 

Vol t a g e ,  
A 

205 
150.0 
149.1 
148.0 
147.2 
131.3 
106.7 
90.3 
74.4 
49.3 
37.0 
29.6 
19.0 
17.4 
16.0 
14.4 
12.03 
9.26 
4.06 

184.8 

128.3 

130.1 
129.3 

127.6 
127.0 
126.3 
125.7 
124.9 
122.4 
120.1 

96.2 
118.0 

87.6 
80.6 
72.8 
61 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O 
46.9 
20.4 

1.35 

I n p u t  

C u r r e n t ,  
A 

0.0 
1.3 
2.6 
6.1 
8.6 

10.0 
9.9 
9.9 
9.9 
9.9 

10.0 
10.0 
10.0 
10.0 
10.0 
9.9 
9.9 
9.9 
9.9 

Component 

I 184.5 

129.8 

128.0 

130.6 

128.7 

127.3 
109.6 
91.2 

~ 75.0 

37.3 
29.9 
19.2 
17.7 
16.3 
14.7 
12.27 

9.47 

49.8 

4. i a  

Cor e 

"C" core, Arnold C1202 
PIAA with 0.46 mm gap/leg 

C u r r e n t ,  
A 

Windings 

Primary: Two 21T  No. 9 AWG square HML 
f i rs t  layer each leg; parallel connected 
Secondary: Four 22T  No. 10 AWG square, 
HML Two layers, two  windings bif i lar 
on each leg 

0.0 
1.1 
2.2 
5.3 
7.5 
9.6 

11.7 

16.7 
24.7 
32.4 

50.1 
50.1 
50.1 
50.2 
50.2 
50.1 
50.2 
50.3 

13.8 

39.8 

Model 410, 0.1 VIA. 50 n 
source impedance 

1 : l  turns rat io  

"C" core AM-57 with 
3.8 rnm gap/leg 

55252 Mag. Inc. 

Function 

Main winding: 
HML 2 layers each leg 
Pulser winding: 8 T  copper  braid. 
4T each leg 

7 8 T  No.8 AWG square 

4 turns copper briad 

Power 
t ransformer 

Dr ive 
t ransformer 

Current  
t ransformer 
with burden 
resi s tance 

Signal 
t ransformer 

Output inductor/ 
pulse transformer 

Current  l imit ing 
inductor 

Vol t a g e ,  
V 

206 
150.1 

147.7 
146.9 
146.2 
145.5 

148.9 

144.8 
143.8 

138.6 

95.8 

80.3 

46.8 

141.1 

136.2 

87.3 

72.5 
60.7 

20.3 
1.36 

C u r r e n t ,  I Vol iage.  I C u r r e n t ,  
A A 

0 
1.3 
2.5 
6.1 
8.6 

11.1 
13.5 
15.9 
19.2 

37.6 
46.2 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 
50.1 

28.5 

0.0 
1.2 
2.3 
5.3 
7.5 
9.6 

10.1 
10.0 
10.0 
10.0 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.1 
10.2 

TABLE 11. - MAGNETIC COMPONENTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ferri t e  Toroid 

19 mm i.d., 
37 nun o.d., 
12 mm hight 
unknown material 

Approximately 40 T No. 2 6  AWG, Ul-1422 
Tri f i lar,  o n e  layer about 330" 
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TRANSFORHER 
SECONDARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

+ DC 

Q1 

50% ON TRANSFORMER 50% ON 

REFERENCE PHASE SHIFTED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SIDE SIDE 

50% ON 50% ON 
Q2 

( a )  FULL BRIDGE CONVERTER. 

Q, VOLTAGE I I -0  REFERENCE SIDE- 

RQ VOLTAGE - 
PHASE SHIFTED SIM 

VOLTAGE AT 0 

E O  
VOLTAGE AFTER 
RECTIFICATION 

( b) VOLTAGE WAVEFORMS. 

FIGURE 1. - FULL BRIDGE CONVERTER WITH VOLTAGE WAVEFORMS (REF. 13). 
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0- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0- 

0- 

0- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ADJUSTABLE 
CURRENT 
REFERENCE 

SLOPE 
COPIPEN- CLOCK 
SATION 

SLOPE COWENSATION 
SIGNAL /vlfl/l 

S 

R 

E LATCH 

REF. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASIDE 
P M  SIGNAL 

FULL BRIDGE 

LOGIC STAGE 

SIDE DRIVE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
INSTANTANEOUS TRANSISTOR CURRENT 

I d A R C  CURRENl 

- 
FIGURE 2. - POWER ELECTRONICS FUNCTIONAL DIAGRM. 

Q1 Q3 TRANSFORMER PRIMARY 

Q2 TRANSFORMER 1/2 SECONDARY 

FIGURE 3.  - SYNCHRONIZED WAVEFORMS FROM 30 W MODEL CONVERTER. Q1 THROUGH Qq TOP TRACES ARE DRAIN TO SOURCE VOLTAGES (20 V/ 
DIv): BOTTOM TRACES ARE DRAIN CURRENTS (1 A/DIv). TRANSFORMER PRIMARY AND TRANSFORMER 1/2 SECONDARY TOP TRACE I S  VOLTAGE 
(20 V/DIV) AND BOTTOM TRACE IS CURRENT (1 A/DIv). 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- POWER ELECTRONICS 5 KW BREADBOARD. 

L c  = CONSTRICTOR LENGTH = 0.89 M 

DC = CONSTRICTOR DIAPETER = 0.89 nn 
,---. 

FRONT INSULATORy i, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' / - T j  
\ \  

CATHODE7 \ ' Dc ,' 
-r -' MODIFIED REAR 

SWAGELOK INSULATOR7 I. '. 
FITTING 7 \% ANODE 

\ 
PROPELLAV- ' 

'-IN-LINE 
OR I F 1  CE 

II LlNt  

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  - CUTAWAY VIEW OF ARCJET THRUSTER WITH ANODE DIMENSIONS DESCRIBED. 



ORIGINAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPAGE 
BLACK AND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWHITE PI Jr)TOC,RAPH 

FIGURE 6 .  - LABORATORY 5 KW ARCJET I N  OPERATION ON THRUST STAND. 

REFERENCE SIDE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(Q2) SWITCH 
VOLTAGE 

TRANSFORMER 
PR IMARY 
CURRENT 

PHASE SHIFTED 
SIDE (Qq) 
SWITCH VOLTAGE 

TRANSFORPER 
PRIMARY 
CURRENT 

2 ~ E C / D I V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt- 
FIGURE 8. - OPEN CIRCUIT PULSER VOLTAGE WITH M I N  

CONVERTER TURNED OFF. 

FIGURE 7. - MOSFET VOLTAGE AND TRANSFORMER PRIMARY CURRENT 
FOR 150 V INPUT, 96 V. 50 A OUTPUT. 
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ORiSlNAC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPAGE 
BLACK AND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWHITE PHOTOGRAPH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ S E C / D I V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt- 
FIGURE 9. - POWER SUPPLY TRANSIENT REPSONSE TO STEP 

LOAD CHANGES FROM 1 TO 2 n AND FROM 2 TO 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 AT 
150 V INPUT. 

5 MS/DIV 

( a )  50 A SETPOINT 

5 MS/DIV 

( b )  30 A SETPOINT. 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 MS/DIV 

t c )  10 A SETPOINT. 

t- 
FIGURE 10. - THRUSTER STARTUP CURRENT AND VOLTAGE AT THE 

VACUUM TANK FLANGE FOR ( a )  50 A. ( b )  30 A. AND ( C )  10 A 
SETPOINTS UNDER CONDITIONS OF 2.5 SLM N2, 5.0 SLM H2 
AND 135 V INPUT TO POWER SUPPLY. 
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ARC 
CURRENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

THRUSTER 
VOLTAGE 

0 t 
THRUST 

0.663 N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

0 1 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 33 34 35 
MINUTES AFTER STARTUP 

FIGURE 11. - TYPICAL THRUSTER STARTUP AND STEADY STATE CURRENT, VOLTAGE, AND THRUST UNDER CONDITIONS OF 
2.5 SLM Ng AND 5.0 SLM Hq. 

FIGURE 12. - THRUSTER STEADY STATE ARC CURRENT AND 
VOLTAGE AT THE VACUUM TANK FLANGE RIPPLE UNDER 
CONDITIONS OF 2 . 5  SLM N2, 5.0 SLM H2, 150 V 
INPUT. AND 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV. 50 A OUTPUT. 
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FIGURE A2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- CONTROL CIRCUITS SCHEIU\TIC. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L-  I PRINTED CIRCUIT BOARD - V I  

FIGURE A3. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALOGIC AND DRIVE CIRCUIT SCHEMATIC. 
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