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The e n t i r e  program "Para l l e l  Operation of S t a t i c  I nve r te rs  and 
Converters and Evaluation of Magnetic Materials" is repor ted i n  
four repo r t s  and a summary repor t .  

"Inverter-Converter Paral le l  Operation" ( r e f .  1) def ines and 
experimental ly v e r i f i e s  the  c i r c u i t  condi t ions t h a t  must e x i s t  fo r  
operat ing s ta t i c  i nve r te rs  and s ta t i c  converters i n  p a r a l l e l .  

" Inverter-Converter Automatic Pa ra l l e l i ng  and Protect ion"  
( re f .  2 )  def ines and experimental ly v e r i f i e s  the  electr ical con t ro l  
and pro tec t ion  c i r c u i t s  necessary f o r  i s o l a t i n g  f a u l t e d  i n v e r t e r s  
and converters from a p a r a l l e l  system while maintaining cont inu i ty  
of high-quali ty electric power t o  load equipment. 

"Evaluation of Magnetic Materials f o r  S t a t i c  I nve r te rs  and 
Converters" (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3)  def ines t h e  magnetic c h a r a c t e r i s t i c s  of i m -  
proved mater ia ls  fo r  magnetic components as appl ied i n  advanced 
s t a t i c  i n v e r t e r s  o r  s t a t i c  converters.  

"Load Programmer, S t a t i c  Switches and Annunciator for  Inver- 
ters and Converters" ( r e f .  4 )  assesses t h e  c h a r a c t e r i s t i c s  of 
s ta t i c  e l e c t r i c a l  switches f o r  both ac and dc systems; def ines 
the  c h a r a c t e r i s t i c s  of a load programmer f o r  maintaining power 
t o  t h e  cr i t i ca l  system loads, and provides an annunciator funct ion 
f o r  d isp lay ing i n v e r t e r  and/or converter operat ing condi t ions.  

" P a r a l l e l  Operation of Stat ic Inver te rs  and Converters and 
Evaluation of Magnetic Mater ia ls,  summarizes t h e  four  repo r t s  of 
t h i s  program (NASA CR-1224, 1225, 1 2 2 6 ,  and 72454). 
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P A R A L L E L  O P E R A T I O N  OF S T A T I C  I N V E R T E R S  
AND C O N V E R T E R S  AND E V A L U A T I O N  OF 

MAGN E T  I C MAT E R I A L S  

B y  C.  L .  Doughman 

A B S T R A C T  

This repor t  summarizes the  design, ana lys is ,  and development 
work of four o ther  repo r t s  r e l a t i n g  t o  t h e  a b i l i t y  to  operate s ta t i c  
i nve r te rs  or converters as p a r a l l e l  electr ic power systems. I n  
addi t ion,  da ta  on severa l  magnetic materials are generated for  
square-wave exc i ta t i on  a t  frequencies ranging from 400- t o  3200-Hz. 
A r e a s  described are the  ana lys is  and design of load-div is ion cir- 
c u i t s  f o r  i nve r te rs  and conver ters ,  t he  establ ishment of automatic 
cont ro l  and pro tec t ion  philosophy and c i r c u i t s ,  t h e  development of 
stat ic-power contactors ,  and the  i n i t i a l  study of load programming 
as a means of improving load capaci ty of p a r a l l e l  electr ic power 
sys t e m s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
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P A R A L L E L  O P E R A T I O N  O F  S T A T I C  I N V E R T E R S  
AND C O N V E R T E R S  AND E V A L U A T I O N  OF 

M A G N E T I C  M A T E R I A L S  

By C .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. D o u g h m a n  

SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The results of this program may be separated into two general 

categories. The first category is the establishment of design 
information on various magnetic materials as they are applied to 
circuits in static conversion equipment, Materials evaluated were: 
4%M0-79%Ni-l7%Fe, 50%Fe-50%Ni, magnetically annealed 49%Co-2%V-49%Fe, 
singly and doubly oriented silicon steel. 
tested under dc excitation and 400- to 3200-Hz square-wave excita- 
tion. The data presented include hystersis loops, core loss, 
apparent power, and magnetization curves, at temperatures ranging 
from -55O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC to +250° C. Constant-current flux reset data were 
obtained at room ambient. In addition to these data, the effects 
of vacuum exposure at 250° C and the effects of several conven- 
tional processing steps on magnetic properties are evaluated. 
These data represent the first comprehensive compilation of data 
on magnetic materials operating under the above conditions. 

These materials were 

The second category is the development of complete static ac 
and dc parallel electric power systems. The development included 
the following system components: automatic control and protection 
circuits, visual annunciators, load programmers, and static circuit 
breakers. In addition to these system components, circuits for 
paralleling and load division among paralleled conversion equipment 
were developed for previously developed inverters and converters. 
The results of the paralleling and load division circuits include 
the methodology of determining both analytically and experimentally 
the internal impedance of a static inverter, the necessary condi- 
tions to establish parallel operation, and the actual circuits 
required to force division of load among paralleled inverters and 
converters. These concepts were tested on two 750-volt-ampere 
inverters and two 750-watt converters. The results of the test 
program verified the analytical work. 

Using the characteristics of the conversion equipment, addi- 
tional system components were developed. These components included 
automatic paralleling, contactor control, visual annunication, and 
protection features, The protection circuits included frequency 
reference protection, over- and underfrequency (for ac systems only), 
over- and undervoltage, load-division protection, overcurrent, and 
differential-current protection, In addition, two new control 
features were developed. One was a zero-impedance, static switch 
and the other was an automatic synchronizer. The zero-impedance 



switch w a s  developed f o r  t h e  very l o w  d i f f e r e n t i a l  vo l tages i n  t h e  
load-division cont ro l  c i r c u i t s  of p a r a l l e l e d  conver ters .  The switch 
performs t h e  funct ion of d isab l ing  t h e  load-div is ion c i r c u i t  when 
converters are not  operat ing i n  p a r a l l e l .  The automatic synchronizer 
forces an on-coming i n v e r t e r  i n t o  phase w i t h  t h e  p a r a l l e l  system 
so t h a t  no frequency t r a n s i e n t s  are introduced when t h e  i n v e r t e r  
i s  para l l e led  t o  t h e  system. A l l  these systems components w e r e  
tested i n  a two-channel p a r a l l e l  system. A l l  funct ions operated 
s a t i s f a c t o r i l y .  A load-programming concept i s  developed t o  work 
i n  conjunction w i t h  the  developed cont ro l  and p ro tec t i on  c i r c u i t s .  
The concepts developed appear f e a s i b l e  w i t h  either r e l a y  o r  so l i d -  
state cont ro l ;  however, no hardware w a s  b u i l t  and tested. 

Characteristics and experimental test  r e s u l t s  of a three-phase 
s ta t i c  swi tch and a dc swi tch  are analyzed. C i r c u i t  i n te r rup t i on  
t i m e s  of less than three mil l iseconds a r e  obtained f o r  cu r ren t  
loads up t o  250 percent  of r a t e d  value. The r e s u l t s  o f  t he  develop- 
ment program showed the  s ta t i c  switch exh ib i ted  faster response, 
repeated cycl ing,  no arc ing,  longer l i f e ,  and higher r e l i a b i l i t y  
than an equivalent electro-mechanical re lay.  However, t h e  s ta t i c  
sw i t ch  i s  heavier,  l a r g e r ,  and less e f f i c i e n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

INTRODUCTION 

T h i s  repo r t  summarizes t h e  four  repo r t s  which describe t he  
development of a p a r a l l e l  ac and a p a r a l l e l  dc s ta t i c  electric 
power system and t h e  evaluat ion of magnetic ma te r ia l s  f o r  stat ic  
i nve r te rs  and converters.  The need f o r  p a r a l l e l  systems is the 
consequence of l a r g e r  power demands due t o  more complex and longer- 
durat ion space missions. The longer durat ion of space missions 
a l s o  demands a more rel iable source of power f o r  c r i t i ca l  space- 
craf t  loads. Rather than m e e t  these demands w i t h  s ta t i c  power 
condi t ioning equipment of ever- increasing capaci ty  and complexity, 
methods of p a r a l l e l i n g  already-developed conversion equipment w e r e  
developed. 

Because it w a s  not  known whether the present  technology of 
p a r a l l e l i n g  electromechanical generators appl ied d i r e c t l y  t o  
s ta t ic  i nve r te rs ,  it was f i rst necessary t o  determine t h a t  stat ic  
i nve r te rs  and converters could be r e l i a b l y  pa ra l l e led .  The r e s u l t s  
of t h i s  inves t iga t ion  are described i n  repo r t  NASA CR-1224, 
"Inverter-Converter P a r a l l e l  Operation" ( r e f .  1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

In  o rder  t o  e l iminate the need f o r  continuous manual su rve i l -  
lance and cont ro l  of t he  power system, a means of automat ical ly 
con t ro l l ing  and pro tec t ing  the p a r a l l e l  system w a s  needed. C i r c u i t  
concepts developed and tested t o  accomplish t h i s  end are descr ibed 
i n  repo r t  NASA CR-1225, "Inverter-Converter Automatic Pa ra l l e l i ng  
and Protect ion"  (ref. 2 ) .  A f u r t h e r  extension of system cont ro l  
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and monitoring i s  provided with concepts of load programming, 
s t a t i c  power switches, and v i sua l  annuciat ion. These concepts 
are described i n  repo r t  NASA CR-72454, "Load Programmer, S t a t i c  
Switches, and Annunciator fo r  Inver te rs  and Converters" (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Because magnetic components s u b s t a n t i a l l y  con t r i bu te  t o  t h e  
s i ze ,  weight, and losses of stat ic  conversion systems, t h e  mag- 
n e t i c  materials of these components w e r e  i n tens ive ly  inves t iga ted  
t o  determine the  poss ib le  means for  improving performance. The 
inves t iga t ion  included the  e f f e c t s  of waveform, frequency, temper- 
a tu re ,  vacuum, and fab r i ca t i on  var iab les  on the  performance char- 
acterist ics of f i v e  ferro-magnetic a l l oys .  The r e s u l t s  of t h i s  
inves t iga t ion  a re  descr ibed i n  repor t  NASA CR-1226, "Evaluation 
of Magnetic Materials f o r  Stat ic  I nve r te rs  and Conver ters"( re f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  

These inves t iga t ions  have advanced t h e  state of t h e  a r t  of 
spacecraf t  electr ic power systems. O f  espec ia l  s ign i f i cance is 
t he  p a r a l l e l  operat ion of s ta t i c  converters and inve r te rs ,  t h e  
obta in ing of da ta  on ferro-magnetic mater ia ls  a t  high frequencies,  
and the  development of methodology f o r  t he  ana lys i s  of t h i s  type 
system. 

I N V E R T E R - C O N V E R T E R  P A R A L L E L  O P E R A T I O N  

The object ive of t h i s  program (ref.  1) w e r e  t o  mathematical ly 
develop the  means and cr i ter ia  fo r  p a r a l l e l i n g  s ta t ic  i n v e r t e r s  
and converters with equal load d iv is ion  among the  p a r a l l e l e d  u n i t s .  
And t o  prove the  concept by operat ing t w o  i n v e r t e r s  and t w o  convert- 
ers i n  t w o  separate p a r a l l e l  systems. 

The s ta t i c  i nve r te rs  can be pa ra l l e led  i f  the  fol lowing four  
cri teria are m e t :  

1) a l l  i nve r te rs  must operate a t  the  same frequency; 
2 )  t he  i n t e r n a l  voltages must be i n  phase; 
3 )  t h e  nominal regulated vol tages must be equal; 
4 )  a means of ensuring proper load d iv is ion  must be avai lab le.  

To  determine t h e  c i r c u i t s  necessary f o r  
pa ra l l e led  i nve r te rs ,  t h e  c h a r a c t e r i s t i c s  of 
of the  i nve r te r  must be defined. Therefore, 
descr ib ing these impedances are presented i n  
lowing t w o  equations show how the  unbalanced 
ren ts  are a f fec ted  by the  i n t e r n a l  impedance 

d iv id ing load among 
t h e  i n t e r n a l  impedances 
severa l  approaches t o  
re ference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 .  The fo l -  
real and reactive cur- 
of t he  i nve r te r .  
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. . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEOAO AE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~(11 - I ~ )  - s i n  (00 - 01) - - cos ( e o  - e l )  
Z 1  Z 1  

where . . 
R ( I 1  - IO) is t h e  component of unbalanced cu r ren t  among 

p a r a l l e l e d  i nve r te rs  t h a t  is i n  phase with t h e  
bus voltage. 

i s  the component of unbalanced cu r ren t  among 
pa ra l l e led  i n v e r t e r s  t h a t  is i n  quadrature wi th  
the  bus voltage. 

. 
Q(I1 - IO) 

EO is the magnitude (rms) of i n t e r n a l  voltage of an 
i n v e r t e r  ad justed so t h a t  d i f f e r e n t i a l  cu r ren t  
i s  zero. 

is the  angle between a referenced terminal  vo l tage 
and the i n t e r n a l  vo l tage,  EO. 

Z 1 =  Z l f i  is t h e  magnitude and phase angle of i n v e r t e r  
i n t e r n a l  impedance. 

AE and A0 are incremental quan t i t i es .  

I f  t h e  d i f fe rence angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 0 0  - 0 1 )  w e r e  zero degrees, t h e  phase 
angle of Eo would cont ro l  the reactive component of the load current .  
I f  ( e o  - 0 1 )  w e r e  90 degrees, the  magnitude of Eo would con t ro l  t h e  
reactive component of load current .  However, i n  t h e  genera l  case of 
s t a t i c  i nve r te rs ,  n e i t h e r  condi t ion e x i s t s .  In  order t o  compensate 
f o r  t h i s ,  a reference phasor w a s  developed t o  fo rce  a 90 degree 
re la t ionsh ip .  The angle of t he  re ference vector ,  0 2 ,  i s  approxi- 
mately equal t o  90 + 00 - 0 1  degrees. Since 90 degrees w a s  chosen, 
t he  phase angle of Eo determines the d iv i s ion  of real load (equa- 
t i o n  l ) ,  and the magnitude of Eo determines the d iv i s ion  of reactive 
load (equation 2 ) .  

Figure 1 shows the i n t e r n a l  impedance, Z l ,  of the  test 
i nver te rs .  Figure 2 shows the  complete react ive- load-div is ion 
c i r c u i t s  f o r  t w o  para l l e led  i nve r te rs .  The t ransformers T27 and 
T28 and impedances R 6 4 ,  R65, R66,  and C 2 1  provide the re ference 
vector angle, 82. 

Because the frequency of i n v e r t e r s  is usua l ly  determined by 
reference osci l lators, it is an easy matter to  opera te  several 
i n v e r t e r s  f r o m  a s ing le  o s c i l l a t o r .  Hence, a l l  i n v e r t e r s  would 
operate a t  the  same frequency, e l iminat ing t h e  need fo r  feedback 
c i r c u i t s  among severa l  osci l lators.  Since the  phase of t h e  in- 
t e r n a l  vol tage cont ro ls  the real por t ion of t h e  load, a means of 
assur ing phase re la t i onsh ip  of the para l l e led  i n v e r t e r s  must be 
incorporated. The reference osci l la tor  and countdown c i r c u i t  

4 
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Figure 1. - The Equivalent C i r c u i t  f o r  I n t e r n a l  Impedance of a 
Stat ic  I nve r te r  Under Balanced Load Conditions 

determines the phase within a s i n g l e  i n v e r t e r ,  so a synchronizing 
s igna l  w a s  estab l i shed t o  force o r  lock t h e  pa ra l l e led  i n v e r t e r s  
i n  phase. T h i s  removed the need f o r  analog feedback s igna ls  t o  
e s t a b l i s h  real load d iv is ion .  

The s ta t i c  converters can be p a r a l l e l e d  i f  t h e  fol lowing two 
cr i ter ia  are m e t :  

1) the nominal regulated vol tages must be equal;  

2)  a means of ensur ing proper load d i v i s ion  must be ava i lab le .  

Pa ra l l e l i ng  s ta t i c  converters is somewhat simpler than  para l -  
l e l i n g  s ta t i c  i nve r te rs  because no frequency o r  phase r e l a t i w s h i p s  
must be established. The shar ing of load among p a r a l l e l e d  convert- 
ers i s  accomplished by sensing the bus vo l tage and the cu r ren t  from 
each converter. The unbalanced cur ren t  is determined and the  un- 
balance information cont ro ls  the magnitude of i n t e r n a l  vo l tage t o  
r e s t o r e  balance. The converter load-div is ion c i r c u i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s ,  there fore ,  
very s i m i l a r  t o  the  react ive- load-div is ion c i r c u i t  of the i nve r te r .  
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 shows the load-division c i r c u i t s  f o r  t w o  p a r a l l e l  conver ters ,  

The load-div is ion c i r c u i t s  developed are appl icable t o  any num- 
ber of pa ra l l e led  u n i t s ,  and any reasonable load-div is ion requirement 
can be m e t ,  The r e s u l t s  of t he  developed technology provide a frame- 
work f o r  applying any conf igurat ion of stat ic  i n v e r t e r  o r  converter 
t o  a p a r a l l e l  system. The technology e i t h e r  w i l l  be d i r e c t l y  appl i -  
cable t o  s p e c i f i c  types o r  w i l l  provide a good b a s i s  f o r  whatever 
va r ia t i ons  i n  converters o r  i nve r te rs  occur. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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inverter #I. 

the voltage re& 
Mor mac-amu in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 

Figure 2. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATwo Inverter Block Diagrams Connected in Parallel 
with AC Load Division Circuits Shown 
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Both pa ra l l e led  converters and i n v e r t e r s  were tested using 
two 750-VA un i t s .  Each system w a s  t e s t e d  under balanced and un- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
balanced loading, motor s t a r t i n g ,  and load-bus f a u l t s .  The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsys-  
t e m s  operated wi th in  spec i f i ca t ions .  
load w e l l  within the  1 0  percent  i n i t i a l l y  spec i f ied.  The good 
co r re la t i on  between t h e  experimental da ta  and ca l cu la ted  values 
ind ica tes  t h a t  t he  a n a l y t i c a l  techniques developed dur ing t h i s  
study are valid. 

The p a r a l l e l e d  u n i t s  divided zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I N V E R T E R - C O N V E R T E R  A U T O M A T I C  P A R A L L E L I N G  A N D  P R O T E C T I O N  

The ob jec t ive  of t h i s  program w a s  t he  development of p rac t i -  
c a l  c i r c u i t s  f o r  con t ro l l i ng  and p ro tec t i ng  i n v e r t e r s  and convert- 
ers i n  a para l l e led  electrical system ( r e f .  2 ) .  

I f  r e l i a b l e  p a r a l l e l  operat ion of a mult i-channel electric 
power system is t o  be achieved, a means must be r e a l i z e d  f o r  
interconnect ing these channels so t h a t  channels can be added or  
removed with minimum d is rup t ion  t o  the  system loads. Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
shows t h e  interconnect ion scheme chosen. 

The cont ro l  and pro tec t ion  c i r c u i t s  are automatic, thus mini- 
mizing human error i n  t h e  operat ion of t h e  system. The cont ro l  
and pro tec t ion  c i r c u i t s  a re  arranged so t h a t  each channel has i t s  
own cont ro l  and pro tec t ion  c i r c u i t s .  Sequencing c i r c u i t s  w i th in  
each channel provides the  means t o  operate i n  unison, This f e a t u r e  
a l s o  al lows each channel t o  operate i n  either an isolated or  a 
para l l e led  mode of operat ion.  Provis ions are also included t o  
allow a system operator  t o  operate the  p a r a l l e l  system independ- 
e n t  of t he  cont ro l  and pro tec t ion  c i r c u i t s ,  

Control fea tures  included i n  t h e  cont ro l  and p ro tec t i on  cir- 
c u i t s  are automatic p a r a l l e l i n g  and c losure  of t h e  cont rac tors  
shown i n  f i gu re  4 .  For t h e  i n v e r t e r  system, automatic p a r a l l e l i n g  
includes the  assurance t h a t  system frequency i s  proper,  t h a t  t h e  
vol tages are i n  phase, and t h a t  t h e  magnitude of t h e  vo l tages i s  
with in  nominal l i m i t s .  For the  converter system, automatic para l -  
l e l i n g  includes t h e  assurance t h a t  the  magnitude of t h e  voltages 
is with in  nominal l i m i t s  as w e l l  as provis ions t o  connect t h e  
i n i t i a l  converter t o  t h e  system t i e  bus. 

The bas i c  funct ion of t h e  pro tec t ion  c i r c u i t s  i s  n o t  t o  
correct a f a u l t y  condi t ion,  but  to isolate t he  f a u l t  from the 
rest of the system. Because such t r a n s i e n t  d is turbances as 
load switching, system s t a r t u p ,  and operat ion of secondary pro- 
t ec t i on  ( fuses and thermal c i r c u i t  breakers)  r e s u l t  i n  temporary 
abnormal condi t ions,  t he  pro tec t ion  c i r c u i t s  are designed t o  
overr ide them. Hence, ac t i on  is taken only on f a u l t s  p e r s i s t i n g  
beyond normal system t rans ien ts .  
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DC SOURCE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABUS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T 
ZONE 1 

i CONTROL & zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALBC & LBC 

T I E  BUS 

Symbols 
ICC/CCC - DC Input Contactor 
LBC - Load Bus Contactor 
TBC - Tie Bus Contactor 
MLC - Manual Load-Control Switch 

ZONE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

i 
ZONE 3 

1 

Figure 4. - Parallel System Line Diagrams 
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Fau l ts  occuring wi thin the  i n v e r t e r  o r  converter affect t h e  
q u a l i t y  of power de l i vered  t o  t h e  loads, 
over- and undervoltage and, f o r  t h e  i n v e r t e r ,  over- and under- 
frequency. 
caused by sho r t  c i r c u i t s ,  ground f a u l t s ,  o r  severe overloads 
on t h e  load busses. These abnormal cu r ren t  f a u l t s  inc lude 
d i f f e ren t i a l - cu r ren t  f a u l t s ,  load-bus overcurrent ,  and t ie-bus 
overcurrent. The current-sensing and l o g i c  c i r c u i t s  wi th in  the  
protect ion c i r c u i t s  monitor cur ren ts  i n  each of t h r e e  zones 
(see f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4) t o  determine the  l oca t ion  of an abnormal cur ren t .  
Zone 1 is monitored by d i f f e ren t i a l - cu r ren t  p ro tec t i on ,  zone 2 
by load-bus overcurrent p ro tec t ion ,  and zone zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 by a combination 
of inver ter /conver ter  overcurrent p ro tec t ion  and load-bus over- 
cur ren t  protect ion.  A t h i r d  class of f a u l t  is the  load-div is ion 
f a u l t .  T h i s  f a u l t  occurs when the regu la t ion  o r  load-div is ion 
cont ro l  c i r c u i t s  wi th in  the u n i t  f a i l  t o  maintain load d i v i s ion  
wi thin a spec i f i ed  l i m i t .  A four th  type f a u l t  f o r  i n v e r t e r  sys- 
t e m s  is  the f a i l u r e  of t h e  reference o s c i l l a t o r  c i r c u i t s ,  Since 
t h e  reference o s c i l l a t o r  affects the frequency of a l l  i n v e r t e r s ,  
it i s  monitored i n  add i t ion  t o  t h e  output frequency of each in -  
ver te r .  The ac t ion  when a f a i l u r e  occurs is t o  t r a n s f e r  imme- 
d i a t e l y  t o  a standby reference o s c i l l a t o r .  

These f a u l t s  include: 

Fau l ts  occuring on t h e  in terconnect ing system are 

To determine when one of the above f a u l t  condi t ions e x i s t s ,  
the system vol tages,  cur ren ts ,  and frequency are converted t o  
sensed vol tages by var ious c i r c u i t s  which include cu r ren t  t rans-  
formers, vol tage d iv iders ,  p o t e n t i a l  t ransformers,  magnetic- 
ampl i f ier  c i r c u i t s ,  and res is to r -capac i to r  charging c i r c u i t s ,  
The output of these c i r c u i t s  provide a vol tage s i g n a l  propor t ional  
t o  the  sensed parameter. These analog s igna ls  are converted t o  
d i g i t a l  s igna ls  by comparing the  sensed vo l tage t o  a re ference 
voltage. These d i g i t a l  s igna ls  are then processed by t he  l o g i c  
c i r c u i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

The log ic  funct ions include combinational l o g i c  (AND's and 
O R ' s ) ,  sequent ia l  l og i c  ( t i m e  de lays ) ,  and memory funct ion (cir- 
c u i t s  capable of a susta ined s igna l  when the s e t t i n g  s i g n a l  i s  
removed, such as a f l i p - f l op ) .  The proper arrangement of these 
l og i c  funct ions w a s  determined by analyzing t h e  types of system 
f a u l t s  and t h e  prescr ibed act ion,  This information w a s  tabu la ted  
i n  the form of a t r u t h  table which resu l ted  i n  the  f i n a l  l o g i c  
c i r c u i t s .  Tables 1 and 2 are the t r u t h  tables used t o  develop 
the complete cont ro l  and pro tec t ion  c i r c u i t s  f o r  the p a r a l l e l  
i n v e r t e r  and p a r a l l e l  converter systems. 

t o  test  t h e  theory, w e r e  i n s t a l l e d  i n  t h e  p a r a l l e l  conver ter  and 
p a r a l l e l  i n v e r t e r  systems described i n  NASA CR-1224 (ref. 1). 
Each c i r c u i t  funct ion w a s  t e s t e d  by ac tua l  f a u l t s  appl ied t o  the  
p a r a l l e l  system. 
m e t  t h e  requirements set f o r th .  

Two models of each cont ro l  and pro tec t ion  c i r c u i t ,  f ab r i ca ted  

The cont ro l  and pro tec t ion  c i r c u i t s  genera l l y  
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Table 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 Truth Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor Inverter Control and Protection 

COl l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 7 1  

1 1  

0 
0 
0 

1 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

0 
0 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c, 

+J v1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rl 

m 

; 
s 

- 

Independent va r iab le  

Svmboll Variable 

ler 

11 1 

1 1  
-- 

1 
1 

1 1  

0 0  
1 1  

0 0  

0 0  
4 4  

h E  

& E  
0 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$ 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj 0 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
P 
Q 
R 
s 
U 
V 
W 
X 
Y 
2 

MOS-AUTO 
ICS-CLOSE 

Ig 1 Protect ion 

Tb1 (DO power ready 
LBC-CLOSE (memory) 
TD7 - i n i t i a t e d  by 
TBC-CLOSE (memory) 
ICC & LBC-TRIP (memory) 
TBC-TRTP (memory) 
TD2 
LDP 
TD6 - i n i t i a t e d  by 0 
DP 
LOAD OCP 
TD5* - i n i t i a t e d  by R 
i N V  OCP 

::::) i n i t i a t e d  by u 
Tuning Fork Fa i lu re  
LBC-TRIP (memory) 
Reset Tr ip  Elenories 

* TDS < TD4 < TD3 

0 

1 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

Column Number Dependent Var iable 

Symbol Variable l!ijl 
1 2 3 4 5  

T 1  
T2 
T3 
T4  
T5 
T6 
T7 
T8 

T9 
T10 

ICC-CLOSE 
LBC-CLOSE & set memory 
TBC-CLOSE & set  memory 
ICC-TRIP & set memory 
LBC-TRIP & set memory 
TRC-TRIP & set memory 
Load Division Control 
Sync Bus Signal  

To H Bus 
Switch t o  Tuning Fork 

connected t o  Sync Bus 

NO. 2 - 
LEGEND I IIOTES 

1 - i nd ica tes  t h a t  the condi t ion must 
e x i s t  t o  perform the  function. 

0 - i nd i ca tes  t h a t  the  condi t ion must 
e x i s t  t o  perform the  function. 

1 - System Control  and Pro tec t ion  is 
accomplished on a subsystem bas is .  
Subsystem is  considered pa ra l l e led  
when both LBC and TBC are closed. 

2 - A l l  funot ions reading hor izonta’ ly 
a re  OR func t ions ,  whi le a l l  func t ions  
reading v e r t i c a l l y  are AND funct ions.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 - see f i gu re  4 ,  i n  re fe rence 2 ,  f o r  
de f i n i t i on  of  o the r  terms. 

0 - i nd i ca tes  tha t  e i t h e r  1 o r  0 may 
e x i s t  (don’ t  care condi t ion).  

(a)-T number i s  TRANSMISSION o r  
ac t ion  resu l t i ng  from a spec i  
combination of Independent Va 
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Table 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Truth T a b l e  f o r  Converter Automatic 
Control and Pro tec t ion  

I 1  - 
_symbo 

A 
B 
C 
D 

. E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F 
G 
H 
I 
J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
K 
L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M 

N 
0 
P 
Q 
R 
s 
T 
U 
V 
W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x 
Y 
2 

ependent Var iable 

Variable 

MOS-AUTO 
CCS-CLOSE 
CCS-TRIP 
ov 
uv 
TD1 
N o  Power Ready-Memory 
TD2 
CC-TRIP (memory) 
LBC-CLOSE (memory) 
LBC-TRIP (memory) 
DTB (no Voltage 

AP 
TD7 - i n i t i a t e d  by M 
TBC-TRIP (memory) 
LDC & LDP-TRIP (memory) 
TD3 
DP 
COCP 
TD4 - i n i t i a t e d  by S 

TD5 - i n i t i a t e d  by T 
T9 OC 
TD6 - i n i t i a t e d  by V 
LDP 
TD8 - i n i t i a t e d  by X 
TRIP  Memory C i r cu i t -  

on t i e  bus) 

Reset 

Dependent Variable 

Symbol Variable 

T 1  CC-CLOSE 
T2 N o  Power Ready Memory 
T3 LBC-CLOSE & set memory 
T4 TBC-CLOSE 
T5 CCC-TRIP & set memory 
T6 LBC-TRIP & set memory 
T7 TBC-TRIP & set memory 
T8 LDP & LDC-CLOSE & 

set memory 
T9 LDP & LDC-TRIP & 

set memory zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

LEGEND 

+J I ln 

COlL 

4 5 6  

1 1 1  

0 
0 

0 
1 

1 

1 
0 

1 
1 

0 0  

a 
u 

CI 
[I] 

4 

m 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z 

- 
IC 

1 

1 

1 

C 

3 

I 

u rl 

d 
E 

Column Plumber 

1 1 1 1  

I NOTES 

1 - i nd ica tes  t h a t  the  condi t ion must 1 - System Control  and Pro tec t ion  i s  
e x i s t  t o  perform khe funct ion accomplished on a subsystem bas is .  A 

0 - i nd i ca tes  t h a t  the  condi t ion must zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEEEyE:E ~ ~ c c ~ ~ ~ i , " ~ ~ ~ r ~ a ~ ~ ~ ~ ~ ~ ~ d  
not e x i s t  t o  uerform t h e  funct ion 

2 - A l l  funct ions reading ho r i zon ta l l y  
are OR funct ions,  whi le a l l  func t ions  
reading v e r t i c a l l y  are AND funct ions.  

3 - See f i gu re  6, i n  reference 2, f o r  
d e f i n i t i o n  of o the r  terms. 

p - i nd i ca tes  t h a t  e i t h e r  a 1 o r  0 
may e x i s t  (don' t  care) 

(a)-T(n) is transmission o r  ac t ion  
resu l t i ng  from a specific 
of independent var iables.  
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The c i r c u i t s  developed may be appl ied t o  any p a r a l l e l  inverter 
or  converter system by simply matching each sensing c i rcu i t  t o  the 
actual  r a t i n g  of t h e  system, This would inc lude such i t e m s  as 
tu rns  r a t i o s  f o r  t ransformers,  wattage values f o r  resistors, 
t iming f o r  changes i n  frequency, r a t i n g  of power contac tors  and 
the  l i k e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E V A L U A T I O N  O F  M A G N E T I C  M A T E R I A L S  FOR 
S T A T I C  I N V E R T E R S  A N D  C O N V E R T E R S  

The ob jec t ive  of t h i s  study w a s  t o  ob ta in  design information 
and test da ta  t o  improve the  performance of magnetic components 
as they are appl ied i n  s ta t i c  i n v e r t e r s  and conver ters  (ref 3) .  
L i t t l e  o r  no information w a s  previously ava i l ab le  t o  adequately 
evaluate materials f o r  high-frequency, square-wave exc i ta t i on ,  
The fol lowing i s  a l i s t  of materials i nves t iga ted  and test para- 
meters. 

Frequencies: 400, 800, 1600 and 3200 Hz (Square Wave) 

Temperatures: -55O C, +25O C ,  and -I-250° C a t  sea level,  
and 1000 hours i n  vacuum a t  250' C 

Materials: 

Code zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Descr ipt ion 

A 2 and 4 m i l ,  Square Hysteres is  Loop 
4%Mo- 79 %Ni-l7%Fe 

B 2 and 4 m i l ,  Grain Oriented 50%Ni-50%Fe 

C 2 and 4 m i l ,  Magnetic F ie ld  Annealed 
49%Co-2%V-49%Fe 

D 2 and 6 m i l ,  Singly Grain Oriented S i l i con  
Steel 

E 2 and 6 m i l ,  Doubly Grain Oriented S i l i c o n  
S t e e l  

The following tests w e r e  run: 

Core l o s s  and apparent power measurement per  ASTM A343-60T. 

Major ac hys te res i s  loop determination per ASTM A343-60T. 

Direct Current magnetization and hys te res i s  loop determina- 
t i o n  per  ASTM A341-64. 
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Constant Current Flux R e s e t  (CCFR) tests w e r e  performed 
per  AIEE Bu l le t i n  No. 432, Jan. 1959 except t h a t  square- 
wave e x c i t a t i o n  w a s  used a t  t he  above test  f requencies.  

I n  add i t ion  t o  the above tests, degradat ion due t o  manufactur- 
i ng  processes w a s  evaluated. 
dc magnetization p roper t i es  and core l o s s  wi th 400- and 3200-Hz 
square-wave e x c i t a t i o n  w a s  evaluated. 
included c o i l  winding w i t h  and without core boxes, core cu t t i ng ,  
d ip  and baking, f l u i d i z i n g ,  and var ious core bonding procedures. 

The effect of these processes on t h e  

Manufacturing processes 

The r e s u l t s  of the tests showed the  fol lowing genera l  charac- 
teristics: 

1) I n  CCFR tests, the best gain values a t  400 Hz w e r e  exhib- 
i ted by to ro ids  of materials A,  E,  and B (see materials l ist above). 
The best squareness rat io w a s  shown by B. There appears t o  be no 
general  change i n  squareness with inc reas ing  frequency. Toroids 
of material A are best s u i t e d  for app l ica t ions  requ i r ing  a high 
gain. Toroids of material C are best s u i t e d  f o r  those requ i r ing  
a high value of sa tura t ion .  
ties, material B (g ra in  o r ien ted  SO%Ni-SO%Fe) appears b e s t  followed 
by material E (doubly g ra in  o r ien ted  s i l i c o n  steel) when h igher  
s a t u r a t i o n  values are desired. 

For an optimum combination of proper- 

2)  For low core l o s s  requirements using square-wave exc i ta -  
t i on ,  to ro ids  of materials C and E disp lay optimum c a p a b i l i t i e s  a t  
high induct ions;  whereas, materials A and E are best s u i t e d  for  low 
induct ions.  

3) Materials C ,  D ,  and E of t h e  ferro-magnetic a l l oys  tested zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 )  Except f o r  core cu t t i ng ,  core processing procedures have 

5)  The magnetic p roper t ies  and in te r laminat ion  r e s i s t a n c e  of 

are the least a f fec ted  by temperature. 

only minor e f f e c t s  on magnetic p roper t ies .  

the  materials are not affected by vacuum a t  250° C. 

6) T h i s  magnetic materials study f u r t h e r  subs tan t i a tes  t h e  
work of o thers  by showing that  square-wave e x c i t a t i o n  r e s u l t s  i n  
lower core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss than sine-wave exc i ta t i on .  A t  3200 Hz, a 15-per- 
cen t  reduct ion i n  core 1oss.was realized f o r  materials A and E. 

7) Singly and doubly g ra in  o r ien ted  s i l i c o n  steels (materials 
D and E)  are compared f o r  750-VA power transformer cores i n  a har- 
monic-neutralized i nve r te r .  S ign i f i can t  reduct ion i n  core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss 
o r  transformer weight can be rea l i zed  i f  doubly g ra in  o r i en ted  
s i l i c o n  steel is used f o r  the transformer cores.  
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L O A D  PROGRAMMER,  S T A T I C  S W I T C H E S ,  AND A N N U N C I A T O R  F O R  
I N V E R T E R S  AND C O N V E R T E R S  

The ob jec t ive  of t h i s  program (ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  w a s  t o  i n v e s t i g a t e  t h e  

1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA load programmer t o  f u l l y  u t i l i z e  t h e  a v a i l a b l e  capaci ty  

fol lowing system components: 

of t h e  p o w e r  system by automat ical ly adding and removing loads on 
a p r i o r i t y  bas i s ;  

2 )  A c  and dc s ta t i c  switches t o  e l im ina te  electromechanical  
contactors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA; and 

3) An annunciator t o  provide v i s u a l  information as t o  t h e  

The fol lowing summarizes t h e  r e s u l t s  of these ind iv idua l  

state of each channel of a p a r a l l e l  system. 

development areas. 

L o a d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAProgrammer  

A design concept is def ined f o r  a load programmer which 
monitors system capaci ty  r e l a t i v e  t o  load power demands and 
automat ical ly adds o r  removes lower p r i o r i t y  loads whenever 
higher p r i o r i t y  loads o r  changes i n  system capac i ty  warrant, 
The programmer concept is appl icable t o  e i t h e r  ac systems o r  
dc systems cons is t ing  of mul t ip le  s ta t i c  i n v e r t e r s  o r  conver ters  
operat ing e l e c t r i c a l l y  i n  p a r a l l e l .  Mathematical equat ions and 
c i r c u i t  concepts are presented for  both i s o l a t e d  and p a r a l l e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsys- 
t e m s .  Four l eve l s  o r  p r i o r i t i e s  of loads are used i n  t h e  develop- 
ment of t h e  load programmer concept. 

S t a t i c  S w i t c h e s  

A c  and dc stat ic  power switches are developed and tes ted .  
Each type is ra ted  for  a two-channel, 1500-VA o r  1500-watt 
p a r a l l e l  power system of t h e  type descr ibed i n  re ference 1. 
Figures 5 and 6 are schematic diagrams of each type of switch. 
The r a t i n g  of the  dc switch is single-pole,  28 vol ts,  40 amperes 
continuous with a 250 percent  cur ren t - in te r rup t ing  capab i l i t y .  
The fu l l - load  e f f i c i ency  i s  96.9 percent.  The r a t i n g  of t h e  ac 
switch is three-pole, 115/2.00-volt, 2.2 amperes continuous with 
a 250 percent i n t e r r u p t i n g  capdb i l i t y .  The fu l l - load  e f f i c i ency  
is 95.9 percent. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASCRl 

26 TO 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VDC 

TURN OFF 
SIGNAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 5. - Static Inverter Control Contactor/Converter 
Control Contactor Circuit 

Static switches exhibit such advantages as faster response, 
repeated cycling, no arcing, long life and higher reliability. 
However, the static switch is heavier, larger, and less efficient 
than its electromechanical counterpart. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A n n u n c i a t o r  

The annunciator provides a visual indication of the state 
of the electric power system. Figure 7 shows a typical layout 
of an annunciator for one channel of a parallel system. Lamps 
provide an indication as to the type of fault, the conditions 
of the various contacts and the operating mode (isolated or 
parallel) of the channel. The lamps are controlled either by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
16 



C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

22-30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VDC 

TURN OFF 
SIGXAL 

' I  

T1 

T2 

T3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0. 

A SCRl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Scm 
2 

0 
B scR3  

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApl E 

SC R4 
0 

3 

0 
C SCR5 

I lu D 
0 

scR6 

L1 

L2 

L3 

1 A  2 B  3 c  4 D  5 E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 F  

T1 

I I  I I 

Figure 6. - I nve r te r  System Static Load Bus, Load Control,  
and Tie-Bus Contactor C i r c u i t  
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- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Isolated Pa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FAULTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0 0 0 0 0 0 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W LD DP LB TB 

- . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8:. 

1 
ICs/ 
ccs 

MAN 

L 

I-1: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
Figure 7. - Annunciator Fron t -Pane l  

aux i l i a ry  contacts  of t h e  contactors  o r  by s i l i c o n  con t ro l l ed  
rectifiers (SCRs) as i n  the  case of f a u l t  i nd i ca to r  lamps. Fiq- 
ure 8 is  a schematic of an SCR lamp dr iver .  The diodes-connected 
t o  the  ga te  of t h e  SCR provide an AND l o g i c  funct ion such t h a t  the 
lamp is turned on only when a l l  s i g n a l s  from t h e  con t ro l  and pro- 
t ec t i on  c i r c u i t  (NASA CR-1225, ref. 2 )  are present .  T h e  SCR i s  
used t o  maintain the lamp on u n t i l  t he  series switch (MOS of f i g -  
ure 8 )  is opened which a l s o  serves t o  restart the channel. The 
annunciator c i r c u i t  developed is compatible w i t h  both ac and dc 
cont ro l  and pro tec t ion  c i r c u i t s  described i n  NASA CR-1225 (ref. 2 ) .  
The annunciator c i r c u i t s  w e r e  verif ied by operat ing t w o  u n i t s  
(one f o r  each channel) i n  a two-channel ac p a r a l l e l  system and i n  
a two-channel dc system. 

C O N C L U D I N G  R E M A R K S  

In  developing methods t o  improve t h e  performance of stat ic 
i nve r te rs  and converters of h igher  power r a t i n g s  (1 kW), two genera l  
paths w e r e  followed. 
system f r o m  t he  power source to  t h e  load busses. The evaluat ion 

One w a s  t h e  eva lua t ion  of a complete p a r a l l e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 
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included stat ic  i nve r te rs ;  s t a t i c  converters;  ac and dc system con- 
t r o l ,  p ro tec t ion ,  and v i s u a l  annunciators; load programming; and 
s ta t i c  power switches (ac and dc ) .  T h e  second path w a s  t o  improve 
the  performance of s ta t i c  conversion systems by evaluat ing several 
ferro-magnetic a l loys  as they are appl ied t o  s ta t i c  conversion 
equipment. The most s i g n i f i c a n t  r e s u l t  of t h i s  por t ion  of t h e  
study is t h a t  t h i s  represents  the f i r s t  comprehensive ana lys is  
of magnetic a l loys  operated w i t h  high-frequency, square-wave 
voltages. 

While a s p e c i f i c  type of i n v e r t e r  w a s  used fo r  t h e  develop- 
ment t e s t i n g ,  t he  c i r c u i t s  developed for cont ro l ,  p ro tec t ion ,  
annunciat ion, load programming and s ta t i c  power switches are 
d i r e c t l y  appl icable t o  any ac or  dc p a r a l l e l  electric power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsys-  
t e m .  The load-division cont ro l  c i r c u i t s  developed f o r  t h e  har- 
monic neut ra l i zed  i n v e r t e r  are also d i r e c t l y  appl icable t o  s ta t i c  
i nve r te rs  having complex i n t e r n a l  impedance and u t i l i z i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa cen- 
t r a l  frequency reference and countdown c i r c u i t s  capable of being 
synchronized. For o the r  types of i nve r te rs ,  t h e  information and 
methodology provided i n  t h e  de ta i l ed  ana lys is  of NASA CR-1224 
( re f .  1) may be used t o  develop s i m i l a r  c i r c u i t s  f o r  t h e  s p e c i f i c  
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case. For i nve r te rs  not  using c e n t r a l  re ferences and synchroniz- 
ible countdown c i r c u i t s ,  an add i t i ona l  feedback c i r c u i t  would be 
necessary t o  ad jus t  the phase re la t i onsh ip  of the i n t e r n a l  vo l tage 
of the  para l l e led  i nve r te rs  i n  accordance with the real- load-divi- 
s ion  e r ro r .  The c i r c u i t  would be q u i t e  s i m i l a r  t o  the reactive- 
load-division c i r c u i t  except the  e r r o r  s igna l  would be added i n  
phase rather than i n  quadature w i t h  t h e  sensed vo l tage across the 
system loads. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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A t t e n t i o n :  R .  Schae lch lSn  
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Genera l  E l e c t r i c  Company ( 2 )  
Space Power & P r o p u l s i o n  S stem 
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