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©  X-ray  generator  with  voltage  feedback  control. 
  A  high-frequency  transistor  inverter  operates  from  a 
fixed  d.c.  source  to  feed  a  high-voltage  transformer  whose 
output  is  filtered  and  rectified  for  application  to  an  X-ray 
tube.  The  output  voltage  at  the  tube  is  sensed  and  a  voltage 
feedback  signal is  compared  with  a  voltage-demand  signal  to 
obtain  a  voltage-error  signal  which  is  applied  to  a  control 
network  for  the  inverter.  The  controller  responds  to  the 
voltage  error  signal  and  to  various  protective  and  synchro- 
nizing  signals  to  control  the  individual  transistors  of  the 
inverter,  in  a  pulse-width-modulated  mode,  to  obtain  a 
desired  voltage  output  to  the  tube. 





Cross  Reference  to  Rela ted   A p p l i c a t i o n s  

This  a p p l i c a t i o n   is  r e l a t e d   to  the  fo l lowing   commonly  a s s i g n e d ,  

c o n c u r r e n t l y   f i l e d   U.S.  a p p l i c a t i o n s :   S e r i a l   No.  564  603  of  Dec.22,  1983 

" P r o t e c t i v e   C i r c u i t   for  X-Ray  G e n e r a t o r " ;   S e r i a l   No.  564  582  of  Dec.22,  1983 

" A n t i s a t u r a t i o n   Control   for  X-Ray  Genera tor   I n v e r t e r   Transformer" ;   S e r i a l   No. 

564  550  of  Dec.22,1983  "High-Vol tage   Bleeder  for  X-Ray  Genera tor" ;   and  S e r i a l  

No. 564  621  of  Dec.22,1983  "X-Ray  Genera tor   With  Phase-Advance  V o l t a g e  

Feedback";   and  S e r i a l   No.  564  622  of  Dec.22,1983  "Current  Limit  C i r c u i t   I n  

X-Ray  G e n e r a t o r . "  

Background  of  the  I n v e n t i o n  

This  i nven t ion   r e l a t e s   g e n e r a l l y   to  X - r a y - g e n e r a t i o n   systems  and,  more 

p a r t i c u l a r l y ,   to  a  v o l t a g e - f e e d b a c k   network  for  the  cont ro l   of  the  o u t p u t  

vo l t age   to  an  X-ray  t u b e .  

It  is  common  in  the  g e n e r a t i o n   and  use  of  X-rays  to  se lec t   a  p a r t i c u l a r  

vo l tage   and  c u r r e n t   l eve l   to  f i t   the  p a r t i c u l a r   a p p l i c a t i o n   or  p rocedure   a t  

hand.  For  example,  in  the  f i e l d   of  medical   X-ray  imaging,  a  t y p i c a l   v o l t a g e  

level   tha t   may  be  app l i ed   in  c o n v e n t i o n a l   r ad iog raphy   might  be  in  the  range  o f  

50  kv  to  150  kv,  whereas  in  a  f l u o r o g r a p h i c   a p p l i c a t i o n   the  vol tage   is  more 

l i k e l y   to  be  in  the  50  kV  to  120  kV  range ,   and  for  use  in  mammographic  X- r ay  

a p p l i c a t i o n s   i t   is  more  l i k e l y   to  be  in  the  range  between  24  kV  and  50  kV. 

S i m i l a r l y ,   the  l eve l   of  cu r r en t   which  is  app l i ed   may  vary  from  0.1  mA  f o r  

f l u o r o g r a p h i c   a p p l i c a t i o n s   to  1250  mA  for  c e r t a i n   r ad iog raph ic   p r o c e d u r e s .  

T r a d i t i o n a l l y ,   these   vo l t age   and  c u r r e n t   l e v e l s   have  been  c o n t r o l l e d   by  t h e  

use  of  c i r c u i t   des ign  f e a t u r e s   which  al low  the  opera to r   to  p rese t   the  d e s i r e d  



kVp  and  mA  s e t t i n g s   that   were  d e s i r e d .   Because  of  system  v a r i a t i o n s   which  can  

occur  during  an  exposure,   such  as,  for  example,  a  change  in  the  load,  a  change 

in  the  l ine   v o l t a g e ,   or  a  change  in  the  f i l ament   t empe ra tu r e ,   i t   has  been 

imposs ib le   to  p r e c i s e l y   ma in ta in   the  kVp  and  mA  values   at  the  p r e f e r r e d  

l e v e l s .   The  manufac tu re r s   of  X-ray  g e n e r a t o r s   have  t r a d i t i o n a l l y   t r i e d   t o  

a n t i c i p a t e   the  changes  tha t   may  occur  and  to  i n c o r p o r a t e   c i r c u i t   d e s i g n  

f e a t u r e s   which  would  compensate  for  those  v a r i a t i o n s   in  a  manner  s u f f i c i e n t   t o  

hold  the  kvp  and  mA  wi th in   p r e d e t e r m i n e d   t o l e r a n c e s :  

Recent  developments   have  occur red   along  the  l ines   of  a  c l o s e d - l o o p  
feedback  system  which  would  overcome  the  d i s advan t ages   of  the  open-loop  sys tem 
d i scus sed   above.  One  such  system  is  that   for  a  c l o s e d - l o o p   feedback  system  t o  
con t ro l   mA  in  an  X-ray  g e n e r a t o r   system.  This  system  is  de sc r i bed   in  U.S .  

Pa tent   A p p l i c a t i o n   No.  375,088,  f i l e d   on  May  5,  1982  and  ass igned   to  t h e  

a s s ignee   of  the  p r e sen t   i n v e n t i o n .  

In  the  area  of  kVp  c o n t r o l ,   t h e r e   has  been  no  development  of  a 

s a t i s f a c t o r y   c l o s e d - l o o p   system  which  senses  the  output  vo l tage   and  uses  t h a t  

feedback  s i gna l   to  d i r e c t l y   modulate   the  output   vo l tage   in  a  quick,   e f f e c t i v e ,  

and  r e s p o n s i v e   manner  to  ma in ta in   a  p r ede t e rmined   vo l tage   l e v e l .  

The  c o n v e n t i o n a l   approach  for  m a i n t a i n i n g   a  s u b s t a n t i a l l y   cons tan t   v o l t a g e  

leve l   with  the  v a r i a t i o n s   tha t   may  occur  in  the  l ine  is  to  use  the  s o - c a l l e d  

v o l t - p a c   which  is  a  v a r i a b l e   i n p u t / o u t p u t   t r ans fo rmer   dr iven  by  a  motor  t o  

obta in   a  v a r i a b l e   ou tput .   A  pr imary   d i sadvan tage   of  the  v o l t - p a c   is  tha t   i t  
is  r e l a t i v e l y   slow  in  o p e r a t i o n ,   i . e . ,   the  v o l t - p a c   has  a  response   time  o f  
about  1  second.   For  th i s   r eason ,   the  v o l t - p a c   con t ro l   is  used  only  to  set  up 
the  c o r r e c t   v o l t a g e s   at  the  s t a r t   of  exposure  and  is  not  t h e r e a f t e r   a d j u s t e d  

except  during  long  ( i . e . ,   f l u o r o s c o p i c )   exposures .   This  is  to  be  compared 
with  a  d e s i r e d   r esponse   time  in  the  m i l l i s e c o n d   range  for  an  X-ray  g e n e r a t o r  
system  which  is  able  to  provide  a  shor t   power  pulse   of  good  d e f i n i t i o n   for  a 
la rge   v a r i e t y   of  p rocedures   and  a p p l i c a t i o n s .   For  example,  i t   is  d e s i r a b l e   t o  
have  a  h i g h - v o l t a g e   pulse   w i t h  a   very  quick  r i s e   t ime,  i . e . ,   as  shor t   as  1 

m i l l i s e c o n d ,   a  f l a t   peak  for  an  exposure  as  shor t   as  1  m i l l i s e c o n d ,   and  a 



quick  f a l l   t ime.  Hence,  c o r r e c t i o n s   need  to  be  accomplished  in  less   than  one 

m i l l i s e c o n d .  

The  use  of  an  i n v e r t e r   in  an  X-ray  gene ra to r   c i r c u i t   to  provide  an  

a l t e r n a t i n g   c u r r e n t   to  the  primary  of  a  h i g h - v o l t a g e   t r ans fo rmer   is  known. 

However,  due  p r i m a r i l y   to  the  fact   t ha t   they  are  r e l a t i v e l y   d i f f i c u l t   t o  

c o n t r o l ,   t r a n s i s t o r s   have  g e n e r a l l y   not  been  used  for  t h i s   purpose .   R a t h e r ,  

it  has  been  the  t h y r i s t o r   which  has  been  used  for  the  swi tch ing   device   i n  

these  a p p l i c a t i o n s .   Although  t h y r i s t o r s   are  cons ide red   to  be  g e n e r a l l y   rugged  
and  r e l a t i v e l y   easy  to  c o n t r o l ,   they  have  the  inheren t   d i s advan tage   o f  

r e q u i r i n g   the  use  of  forced  commutating  c i r c u i t r y .   Thus,  not  only  is  there   a 

need  for  ex t ra   components,   but  a l so ,   the  added  capac i t ance   tends  t o  

s u b s t a n t i a l l y   slow  down  the  response  time  of  the  c i r c u i t .   For  example,  when 

using  a  t h y r i s t o r   i n v e r t e r ,   it  would  be  d i f f i c u l t   to  obta in   a  s h o r t ,  

h i g h - v o l t a g e   pulse  in  the  range  of  1  msec.  du ra t i on   while  at  the  same  t i m e  

m a i n t a i n i n g   a  r e a s o n a b l e   level   of  r e p r o d u c i b i l i t y .  

For  the  c o n t r o l   of  the  a .c .   output  from  an  i n v e r t e r ,   there   are  a  number  o f  

p o s s i b l e   t echn iques   for  c o n t r o l l i n g   the  d .c .   vol tage   supply  to  the  i n v e r t e r :  

p h a s e - c o n t r o l l e d   r e c t i f i e r s ,   t r a n s i s t o r   s e r i e s   or  shunt  r e g u l a t o r s ;   and 

semi -conduc to r   s w i t c h i n g - t y p e   d .c .   vo l t age   c o n t r o l s ,   to  name  a  few.  Of  t h e s e ,  

the  semi -conduc to r   swi tch ing   device  commonly  known  as  the  chopper  c a n  

g e n e r a l l y   provide   more  e f f i c i e n t   and  f a s t e r   response  d.c.   vo l tage   c o n t r o l s  

than  the  other   t e c h n i q u e s .   However,  because  of  the  s u b s t a n t i a l   f i l t e r i n g  

requi rement   in  the  d .c .   c i r c u i t ,   i t   is  much  too  slow  in  response  time  f o r  

o p e r a t i o n   in  a  complete  c l o s e d - l o o p   vo l t age   r e g u l a t e d   i n v e r t e r   power  s u p p l y .  
With  such  an  i n d i r e c t   approach,   t he re   are  f u r t h e r   c i r c u i t   losses   tha t   a r e  
caused  by  the  forced  commutation  c i r c u i t r y   tha t   must  be  used  to  accoamodate  
the  la rge   vo l t age   and  cu r r en t   v a r i a t i o n s   tha t   are  necessa ry   in  the  o p e r a t i o n  

of  an  X-ray  g e n e r a t i o n   system.  Moreover,  with  such  an  a r rangement ,   i t   wi l l   be 

recogn ized   tha t   the  power  d e l i v e r e d   by  the  i n v e r t e r   is  handled  twice,   once  by 
the  d .c .   vo l t age   c o n t r o l   and  once  by  the  i n v e r t e r .  

In  a d d i t i o n   to  the  inheren t   v a r i a t i o n s   tha t   occur  in  the  source  and  in  t h e  

load,  t he re   are  a lso  c e r t a i n ,   o c c a s i o n a l ,   unplanned  c o n d i t i o n s ,   such  as  an  a r c  

in  the  tube,   which  occur  an  the  high  vo l t age   side  which,  if  not  c o n t r o l l e d ,  

may  lead  to  harm  to  the  components.  Fu r the r e ,   in  any  con t ro l   network,  t h e r e  



is  a  p o s s i b i l i t y   of  ma l func t ion   or  f a i l u r e   in  the  low  v o l t a g e   c o n t r o l  

c i r c u i t r y   which,  i f   not  d e t e c t e d   and  a t t ended   to,  may  cause  u n d e s i r a b l e  

consequences  at  the  output   or  w i th in   the  c o n t r o l   network  i t s e l f .   Thus,  w i t h  

any  c o n t r o l   or  pe r fo rmance -enhanc ing   f e a t u r e s   that   may  be  added  to  a  

conven t iona l   system,  the re   are  r e l a t e d   moni tor ing   and  r e g u l a t i n g   f e a t u r e s  

which  must  be  p rov ided   to  accommodate  these   enhancements .   Accord ing ly ,   in  t h e  

f i e l d   of  X-ray  g e n e r a t o r s   for  use  in  medical  d i a g n o s t i c   equipment ,   there   has  

been  a  r e l u c t a n c e   to  i n t roduce   any  s i g n i f i c a n t   change  to  c o n v e n t i o n a l  

s y s t e m s .  

Although  it  has  long  been  the  d e s i r e   of  X - r a y - g e n e r a t i o n   manufac tu r e r s   t o  

provide  a  c l o s e d - l o o p   vol tage   feedback  system,  the  t y p i c a l   r equ i r emen t s   f o r  

X-ray  a p p l i c a t i o n s   ( i . e . ,   v a r i a b l e   loads  in  the  range  of  .1-1250  mA,  v a r i a b l e  

vo l t ages   in  the  range  of  24-150  kVp,  and  mAs  as  low  as  .25) ,   a  s u i t a b l e   such  

system  has  been  d i f f i c u l t   to  make.  The  task  is  made  more  d i f f i c u l t   by  t h e  

var ious   performance  r equ i r emen t s   such  as  good  r i p p l e   c o n t r o l ,   h i g h  

r e p r o d u c i b i l i t y ,   good  l i n e a r i t y ,   and  a  c o n t r o l l e d   shape  of  the  power  waveform 

with  a  f a s t   r i s e   t ime,  a  s t e a d y - s t a t e ,   shor t   exposure  time,  and  a  shor t   f a l l  

t i m e .  

Objects   of  the  Present   I n v e n t i o n  

It  is ,   t h e r e f o r e ,   a  primary  ob jec t   of  the  p resen t   i nven t ion   to  provide   an 

improved  X-ray  g e n e r a t o r   system  with  means  for  c o n t r o l l i n g   the  ou tput   v o l t a g e  

to  be  app l i ed   to  an  X-ray  tube  by  way  of  a  c l o s e d - l o o p   c i r c u i t .  

A n o t h e r   o b j e c t  o f  t h e  p r e s e n t   i n v e n t i o n   is  the  p r o v i s i o n   in  a n  X - r a y  

gene ra to r   system  for  a  c l o s e d - l o o p   v o l t a g e   feedback  loop  which  is  e f f e c t i v e  

for  r a p i d l y   and  a c c u r a t e l y   responding  to  f l u c t u a t i o n s   in  the  input  vo l tage   and 

in  the  load  so  as  to  main ta in   the  d e s i r e d   vo l t age   o u t p u t .  
Yet  another   ob jec t   of  the  p r e s e n t   i n v e n t i o n   is  the  p r o v i s i o n   in  an  X- ray  

gene ra to r   system  for  a  con t ro l   network  which  is  s u f f i c i e n t l y   f a s t   and  

r e s p o n s i v e   over  a  wide  range  of  o p e r a t i n g   c o n d i t i o n s   to  provide   a  g e n e r a t e d  

power  pulse  having  a  rapid   r i s e   time  fol lowed  by  a  r e l a t i v e l y   shor t   e x p o s u r e  
time  of  s u b s t a n t i a l l y   cons t an t   vo l t age ,   and  a  r e l a t i v e l y   fas t   f a l l   t i m e .  

These  o b j e c t s   and  other   f e a t u r e s   and  advantages   wi l l   become  more  r e a d i l y  

apparent   upon  r e f e r e n c e   to  the  fo l lowing   d e s c r i p t i o n   when  taken  in  c o n j u n c t i o n  

with  the  appended  d r a w i n g s .  



Sumnary  of  the  I n v e n t i o n  

B r i e f l y ,   in  accordance   with  one  aspect   of  the  i n v e n t i o n ,   an  X - r a y  

g e n e r a t i o n   system  is  provided  with  a  h i g h - v o l t a g e   feedback  from  the  tube,  and 

a  con t ro l   network  which  is  r e s p o n s i v e   to  that   feedback  to  con t ro l   t h e  

o p e r a t i o n   of  the  system  i n v e r t e r   in  such  a  way  as  to  ma in t a in   a  p r e d e t e r m i n e d  

vol tage   l eve l   to  the  X-ray  tube.   In  t h i s   way,  the  feedback  s igna l   is  a p p l i e d  

to  d i r e c t l y   c o n t r o l   the   output  of  the  i n v e r t e r   so  tha t   the  system  can  q u i c k l y  

and  a c c u r a t e l y   respond  to  v a r i a t i o n s   in  both  the  l ine  vo l t age   and  the  l o a d .  

The  c o o p e r a t i n g   components,   such  as  the  h igh -vo l t age   t r a n s f o r m e r ,   h i g h - v o l t a g e  

output  f i l t e r ,   and  h i g h - v o l t a g e   b l eede r   c i r c u i t r y ,   are  des igned  to  b e  

compat ible   wi th ,   and  c o n t r i b u t e   to,   the  quick  response  f e a t u r e s   of  t h e  

system.  The  r e s u l t i n g   con t ro l   network  provides   a  system  which  is  capable   o f  

providing  to  the  X-ray  tube  a  high  vo l t age   output  which  has:  a  r i s e   time  a s  

short   as  one  m i l l i s e c o n d ;   a  s t e a d y - s t a t e ,   h igh -vo l t age   per iod   as  shor t   as  one 

mi l l i s econd   with  minimal  r i p p l e ;   and  a  f a s t   f a l l   time,  p a r t i c u l a r l y   for  v e r y  

low  mAs  such  as  0.25  mAs. 

By  ano ther   aspec t   of  the  i n v e n t i o n ,   a  t r a n s i s t o r   i n v e r t e r   o p e r a t i n g   a t  

r e l a t i v e l y   high  f r e q u e n c i e s   ( i . e . ,   in  the  range  of  s eve ra l   k i l o h e r t z )   i s  

adapted  to  p rov ide   a  square  wave,  p u l s e - w i d t h - m o d u l a t e d   output   whose  r e c t i f i e d  

output  v o l t a g e   l eve l   is  c o n t r o l l e d   by  s e l e c t i v e l y   vary ing ,   not  only  t h e  

mark/space  r a t i o ,   but  a lso  the  f requency  of  the  output  waveform.  The  i n v e r t e r  

is  c o n t r o l l e d   in  response   to:  ope ra to r   s e t t i n g s ;   the  output   vo l t age   f e e d b a c k ;  

and  to  gene ra t ed   s i g n a l s   r e p r e s e n t a t i v e   of  c e r t a i n   o p e r a t i n g   c o n d i t i o n s   of  t h e  

sys t em.  
Another  aspec t   of  the  i nven t ion   r e l a t e s   to  the  sensing  of  a  s a t u r a t i n g  

cond i t i on   in  the  t r an s fo rmer   core  and  for  r e s p o n s i v e l y   i n i t i a t i n g   c o r r e c t i v e  

ac t ion   to  a l l e v i a t e   the  problem.  Means  are  provided  to  sense  the  cu r r en t   i n  

the  t r a n s f o r m e r   and  to  i n t e g r a t e   the  r e s u l t i n g   s igna l   to  ob ta in   an  i n d i c a t i o n  

of  an  approaching  c o r e - s a t u r a t i o n   c o n d i t i o n .   The  s igna l   is  then  app l ied   to  a 

sawtooth  g e n e r a t o r   to  genera te   c o n t r o l   s i g n a l s   which  act  to  s e l e c t i v e l y  
unbalance  the  c u r r e n t   flow  in  the  two  d iagona l s   in  such  a  way  as  to  a l l e v i a t e  

the  s a t u r a t i n g   c o n d i t i o n .  

In  the  vo l t age   feedback  loop,  a  phase-advance   network  is  inc luded  t o  

dynamical ly   vary  the  gain  of  the  system  in  such  a  way  as  to  provide  for  a  h i g h  

gain  during  the  i n i t i a l   s tage  so  as  to  ob ta in   a  short   r i s e   t ime,  w h i l e  



s u b s e q u e n t l y   r educ ing   the  gain  so  as  to  clamp  the  kV  overshoot   at  the  end  o f  

the  r i se   t ime.   This  e f f e c t   is  p rov ided   by  applying  the  vo l t age   f eedback  

s ignal   to  a  phase-advance   c i r c u i t   p r i o r   to  i t s   being  app l i ed   to  the  v o l t a g e  

demand  s i g n a l   at  the  input  to  an  a m p l i f i e r .   The  a t t e n d a n t   noise   tha t   i s  

in t roduced   by  the  phase-advance   network  is  a l l e v i a t e d   by  a  phase - l ag   network 

which  is  p rov ided   in  the  feedback  loop  of  the  a m p l i f i e r .  

A  h i g h - v o l t a g e   d iv ide r   c i r c u i t   is  p rov ided   to  obta in   a  l ow-vo l t age   c o n t r o l  

s ignal   r e p r e s e n t a t i v e   of  the  output   vo l t age   for  u s e  i n   the  c o n t r o l   ne twork .  

Ins tead  of  adding  a  s e p a r a t e   c a p a c i t o r   for  the  h i g h - v o l t a g e   p o r t i o n   of  t h e  

d i v i d e r ,   the  f i l t e r   c a p a c i t o r   is  used  for  tha t   purpose  and,  as  such,  is  u s e f u l  

in  a  d u a l - p u r p o s e   mode.  This  leads  to  a  s u b s t a n t i a l   r e d u c t i o n   in  the  number 

of  conponents   and,  when  used  with  the  p r e s e n t   h i g h - f r e q u e n c y  

p u l s e - w i d t h - m o d u l a t e d   ou tpu t ,   p r o v i d e s   a  c l o s e d - l o o p   v o l t a g e - f e e d b a c k   sys tem 

with  good  t r a n s i e n t   r e s p o n s e .  
In  order  to  p r o t e c t   the  system  from  u n d e s i r a b l e   c o n d i t i o n s   which  may 

r e s u l t   from  p o s s i b l e   m a l f u n c t i o n s ,   vo l t age   sp ikes ,   f l a s h - o v e r s ,   and  the  l i k e ,  

a  m i c r o p r o c e s s o r   is  i n c o r p o r a t e d   to  monitor   the  system  and,  on  the  bas i s   o f  

s t a tu s   s i g n a l s   which  i t   r e c e i v e s ,   to  modulate  the  system  o p e r a t i o n   and/or  s h u t  

down  the  system  a c c o r d i n g l y .   Some  of  the  s p e c i f i c   c o n d i t i o n s   aga in s t   which 

the  p r o t e c t i o n   system  acts  to  reduce ,   p r e v e n t ,   or  stop  the  system  o p e r a t i o n  

are:  o v e r - v o l t a g e   at  the  ou tpu t ,   unbalance   between  the  anode  and  the  ca thode  

with  r e s p e c t   to  ground,  excess ive   c u r r e n t   flow,  and  excess  of  k i l o v o l t  

u n c o n t r o l l e d   demand.  P rov i s ion   is  a lso   made  to  begin  t iming  of  X - r a y  

exposures  only  a f t e r   the  output   vo l t age   l eve l   has  reached  75%  of  the  demand  or 

equipment  set   p o i n t ,   the reby   ensu r ing   improved  performance,   and  m e e t i n g  

p r e s c r i b e d   r e g u l a t i o n s .  

In  the  drawings  as  h e r e i n a f t e r   d e s c r i b e d ,   the  p r e f e r r e d   embodiment  i s  

dep ic ted ;   however,  var ious   other   m o d i f i c a t i o n s   and  a l t e r n a t e   c o n s t r u c t i o n s   can 
be  made  t h e r e t o   wi thout   d e p a r t i n g   from  the  t rue   s p i r i t   and  scope  of  t h e  

i n v e n t i o n .  

Brief  D e s c r i p t i o n   of  the  Drawings  
FIGURE  1  is  a  schemat ic   i l l u s t r a t i o n   of  an  X-ray  gene ra to r   system  i n  

accordance  with  the  p r io r   a r t ;  



FIGURE  2  is  a  schematic   i l l u s t r a t i o n   of  an  X-ray  g e n e r a t i o n   system  i n  

a c c o r d a n c e   with  the  p re sen t   i n v e n t i o n ;  

FIGURES  3a,  and  3b  are  schematic   i l l u s t r a t i o n s   of  the  vol tage  feedback  and 

c o n t r o l   p o r t i o n   of  the  p resen t   i n v e n t i o n   in  accordance   with  the  p r e f e r r e d  

embod imen t ;  

FIGURE  4  is  a  schemat ic   i l l u s t r a t i o n   of  the  a n t i s a t u r a t i o n   c i r c u i t   p o r t i o n  

of  the  p resen t   i n v e n t i o n ;  

FIGURES  5a  and  5b  show  r e p r e s e n t a t i v e   pu lses   tha t   are  generated  in  t h e  

c o n t r o l   of  the  i n v e r t e r   of  the  p resen t   i n v e n t i o n ;  

FIGURE  6  shows  the  var ious   p r o t e c t i o n   c i r c u i t s   tha t   are  employed  in  t h e  

p r e s e n t   i n v e n t i o n ;  

FIGURE  7  shows  the  d i g i t a l   p o r t i o n   of  the  p r o t e c t i o n   c i r c u i t s   of  t h e  

p r e s e n t   i n v e n t i o n ;  

FIGURE  8  is  a  diagram  of  the  vo l tage   d i v i d e r   c i r c u i t r y   in  accordance  w i t h  

the  p r e f e r r e d   embodiment  of  the  p resen t   i n v e n t i o n ;  

FIGURE  9  is  a  schemat ic   i l l u s t r a t i o n   of  the  feedback  con t ro l   po r t i on   o f  

the  p r e s e n t   i n v e n t i o n ,   inc lud ing   the  mixer  a m p l i f i e r   and  i t s   a s s o c i a t e d  

phase -advance   n e t w o r k ;  

FIGURE  10  is  a  Nichols   char t   graphic   i l l u s t r a t i o n   of  the  k i l o v o l t s  

feedback  of  the  p resen t   inventon;   and 

FIGURES  l l a  -   l l f   are  o s c i l l o s c o p e   t r a c i n g s   which  show  the  p e r f o r m a n c e  

c h a r a c t e r i s t i c s   of  a  p r e sen t   i n v e n t i o n .  



D e s c r i p t i o n   of  the  P r e f e r r e d   Fmbodiment 

A  t y p i c a l   p r i o r - a r t   X-ray  g e n e r a t o r   system  is  shown  in  FIG.  1  to  comprise 

a  t h r e e - p h a s e   power  source  11,  connected   by  way  of  an  a u t o t r a n s f o r m e r   12,  t o  

the  t h r e e - p h a s e   t r ans fo rmer   13.  The  a u t o t r a n s f o r m e r   12  i nc ludes   taps  14  t h a t  

can  be  s e l e c t i v e l y   var ied   with  r e s p e c t   to  the  pr imary  c o i l   16  so  as  to  vary  
the  c o n n e c t i o n   of  the  pr imary  to  the  incoming  l i n e   to  t he reby   compensate  f o r  

va ry ing   l i n e   c o n d i t i o n s .   The  power  t r an s fo rmer   13  w i l l   t y p i c a l l y   have  a 

Y-primary  17  and  a  A  Y-connected  secondary  winding  1B,  producing  an  ou tpu t  
waveform  with  e i t he r   12  or  6  p u l s e s .   The  ou tpu ts   are  then  connected  t o  

f u l l - w a v e   r e c t i f i e r   b r idges   19  and  21,  which  in  turn  p rov ide   high  voltage  t o  

the  X-ray  tube  22.  The  power  l eve l   to  the  X-ray  tube  22  is  var ied  by  way  o f  

the  v a r i a b l e   i n p u t / o u t p u t   t r a n s f o r m e r   13,  whose  pr imary  windings  17  a r e  

s e l e c t i v e l y   c losed  by  way  of  s t a t i c   c o n t a c t o r s   23,  normal ly   by  way  of  SCRIS. 

Such  a  c o n v e n t i o n a l   system  is  s u b j e c t   to  the  va r ious   d i s a d v a n t a g e s   d i s c u s s e d  

h e r e i n a b o v e .  

The  X-ray  genera to r   system  of  the  p resen t   i n v e n t i o n   is  shown  in  FIG.  2  t o  

comprise   a  t h r e e - p h a s e   power  source  23,  an  a . c .   to  d .c .   t h r e e - p h a s e  

n o n - c o n t r o l l e d   r e c t i f i e r   24,  an  LC  f i l t e r   26,  and  a  d .c .   to  a .c .   p u l s e - w i d t h  

modula tor   i n v e r t e r   27  o p e r a t i n g   at  v a r i a b l e   h i g h - f r e q u e n c y   c o n d i t i o n s ,   i . e . ,  

in  the  range  of  severa l   k i l o h e r t z .   The  output  of  the  i n v e r t e r   27  i s  

c o n t r o l l e d   by  way  of  p u l s e - w i d t h   modula t ion   with  p r o v i s i o n s   for  varying  b o t h  

the  mark-space   r a t i o   and  the  f r equency   by  way  of  a  kVp  feedback  c o n t r o l l e r ,   a s  

wi l l   be  d e s c r i b e d   more  f u l l y   h e r e i n a f t e r .   The  output   from  the  PWM  i n v e r t e r   27 

passes   to  a  h i g h - t e n s i o n   t r a n s f o r m e r   28,  through  a  s i n g l e - p h a s e   r e c t i f i e r   29 

and  is  f i n a l l y   appl ied   to  an  X-ray  tube  31.  The  tube  31,  which  operates   a t  

v o l t a g e   l e v e l s   up  to  150  kV,  p r e s e n t s   a  load  of  anywhere  from  .1  mA  to  1250 

mA,  depending  on  the  p a r t i c u l a r   a p p l i c a t i o n   and  p r o c e d u r e ,   and  must  be  c a p a b l e  
of  p r o v i d i n g   a  wide  range  of  exposure   times  from  1  msec.  to  s eve ra l   seconds  i n  

order  to  accommodate  the  v a r i o u s   r a d i o g r a p h i c   a p p l i c a t i o n s .   The  p r e s e n t  
i n v e n t i o n   p rov ides   for  such  a  wide  range  of  ope ra t i ng   c o n d i t i o n s   and 

per formance   pa ramete r s   by  c o n t r o l l i n g   the  X-ray  output   in  a  f a s t   and  a c c u r a t e  

manner,  as  w i l l   -be  desc r ibed   in  more  d e t a i l   h e r e a f t e r .   It  wi l l   be  seen  by 

r e f e r e n c e   to  the  FIG.  2  t ha t   a  pr imary  f e a t u r e   of  t h i s   f a s t   response  system  i s  

the  c l o s e d - l o o p   feedback  c o n t r o l   which  senses ,   by  way  of  the  vol tage   d i v i d e r  

32,  the  v o l t a g e   across  the  X-ray  tube  31  and  provides   a  r e p r e s e n t a t i v e   s i g n a l  



to  the  h i g h - v o l t a g e   feedback  c o n t r o l   33,  which  in  turn  p rov ides   a  c o n t r o l  

s igna l   to  the  PWM  i n v e r t e r   27 .  

It  should  be  mentioned  here  t h a t ,   while  the  power  source  is  descr ibed   as  a 

t h r e e - p h a s e   i npu t ,   i t   may  as  well   be  a  s i n g l e - p h a s e   i n p u t .   Since  the  sys tem 

of  the  p resen t   i n v e n t i o n   is  des igned   to  opera te   at  f r e q u e n c i e s   which  a r e  

s u b s t a n t i a l l y   higher  than  those   of  a  conven t iona l   g e n e r a t o r ,   the  c o m p l i c a t i o n s  

of  wave-form  r i p p l e   are  s u b s t a n t i a l l y   reduced.   For  t h i s   r e a son ,   where 

s i n g l e - p h a s e   o p e r a t i o n   is  not  p r a c t i c a l   in  a  c o n v e n t i o n a l   X-ray  g e n e r a t o r ,   i t  

is  p r a c t i c a l   when  used  with  the  acconnoda t ing   f e a t u r e s   of  the  p r e s e n t  

i n v e n t i o n .  

The  square-wave  p u l s e - w i d t h - m o d u l a t e d   i n v e r t e r  a n d   c o n t r o l   system  of  t h e  

p r e s e n t   i nven t ion   is  shown  s c h e m a t i c a l l y   in  FIGS.  3A  and  3B  as  compris ing  t h e  

fo l lowing   e lements :   a  Cen t ra l   Cont ro l   Microprocessor   K i l o v o l t s   Demand  C o n t r o l  

33,  omploying  a  m i c r o p r o c e s s o r   30;  a  Mixer  Amplif ier   and  Feedback  C o n t r o l l e r  

34;  a  Sawtooth  Genera tor   and  Comparator  36;  a  Logic  C o n t r o l l e r   Unit  37;  Power 

T r a n s i s t o r   C o n t r o l l e r s   38;  the  square-wave  p u l s e - w i d t h   modulated  t r a n s i s t o r  

i n v e r t e r   27;  an  I n v e r t e r   Monitor  40  with  i ts   ded ica ted   microcomputer   41  which  

c o n t r o l s   the  i n t e r l o c k   for  s a f e t y   s i g n a l s   from  the  power  t r a n s i s t o r   i n v e r t e r  

27  back  to  the  Logic  C o n t r o l l e r   Unit  37;  the  high  v o l t a g e   t r a n s f o r m e r   28;  t h e  

high  vo l t age   r e c t i f i e r   29;  the  High  Vol tage   Bleeder  32;  a  High  Voltage  D i v i d e r  

Feedback  C i r c u i t r y   46;  an  A n t i s a t u r a t i o n   Ci rcu i t   47  which  works  with  the  e r r o r  

s igna l   and  the  Sawtooth  Generator   and  Comparator  36;  a  Cur ren t   Limit  C i r c u i t  

48;  a  Display  Console  and  o p e r a t o r   c o n t r o l s   49,  with  i t s   i n s t a l l e d  

m i c r o p r o c e s s o r s ;   and  an  Imaging  Device  51,  which  may  be  of  the  c o n v e n t i o n a l  

type.   The  o v e r a l l   system  as  shown  in  FIG.  3  will   now  be  d e s c r i b e d   in  g e n e r a l  

terms,   and  the  i n d i v i d u a l   canponents   wi l l   be  de sc r ibed   in  more  d e t a i l  

h e r e i n a f t e r .  

The  o v e r a l l   con t ro l   system  is  c o o r d i n a t e d   by  the  microcomputer   41  and 

c o n t r o l   m ic rop roces so r   30,  the  i n v e r t e r   microcooputer   41  being  ded ica t ed   t o  

c o n t i n u o u s l y   monitor  and  check  the  high  vol tage   power  t r a n s i s t o r   i n v e r t e r   27 

and  the  c e n t r a l   con t ro l   m i c r o p r o c e s s o r   30  ac t ing   to  c o n t r o l   the  demand  p r i o r  

to  and  during  exposure .   The  c o n t r o l   mic roprocesso r   30  a lso  reads   t h e  

k i l o v o l t s   coming  from  the  feedback  to  p rov ide ,   dur ing  exposure ,   an  a c c u r a t e  

c o n t r o l   of  what  is  happening  on  the  high  vol tage  s ide .   Any  of  a  number  of  

commercia l ly   a v a i l a b l e   m i c r o p r o c e s s o r s   and/or  microcomputers   may  be  used  wi th  



the  p resen t   i n v e n t i o n .   For  example,  the  I n t e l   8085  m ic rop roces so r   may  be  used 

for  the  c e n t r a l   c o n t r o l   f u n c t i o n ,   whereas  the  I n t e l   8749  microcomputer  may  be 

employed  for  moni to r ing   the  i n v e r t e r   o p e r a t i o n .  

The  c e n t r a l   m ic rop roces so r   30,  in  r e sponse   to  s i g n a l s   from  the  D i s p l a y  

Console  49,  g e n e r a t e s   the  K i l o v o l t s   Demand  and  passes   tha t   s i g n a l ,   by  way  o f  

the  D/A  c o n v e r t e r   52,  to  the  Mixer  A m p l i f i e r   and  Feedback  C o n t r o l l e r   34.  The 

K i l o v o l t s   Acknowledge  s igna l   comes  to  the  c e n t r a l   m i c r o p r o c e s s o r   30  by  way  o f  

the  A/D  c o n v e r t e r   53.  The  K i l o v o l t s   Demand  and  K i l o v o l t s   Acknowledge  s i g n a l s  

should  be  main ta ined   very  c lose  t o g e t h e r   and,  in  a d d i t i o n   to  being  moni tored  

by  the  c e n t r a l   m ic rop roces so r   30  for  tha t   purpose ,   are  a lso  used  as  inputs   f o r  

p r o t e c t i o n   i f ,   on  the  high  vo l t age   s ide ,   an  arc ing  occurs  or  a  component  i s  

damaged.  In  such  case ,   the  K i l o v o l t s   Demand  s igna l   wi l l   not  be  fol lowed  by 

the  K i l o v o l t s   Acknowledge  s igna l   and  the  c e n t r a l   m i c r o p r o c e s s o r   30  w i l l ,  

t h e r e f o r e ,   shut  down  the  sy s t em.  

The  c e n t r a l   mic roprocesso r   30  is  connected   to  Display  Console  49  by  a  d a t a  

l ink  54,  to  the  i n v e r t e r   microcomputer   41  by  l ines   56  and  57  and  to  the  High 

Voltage  Feedback  C i r c u i t s   46  by  l ine   58.  The  data  handling  and  communica t ion  

s t a r t s   at  the  Console  49  where  the  o p e r a t o r   en t e r s   the  exposure  times  and  

other  p a r a m e t e r s .   Those  parameters   are  analyzed  and  c o n t r o l l e d   by  the  sys tem 

m i c r o p r o c e s s o r ,   such  as  an  I n t e l   8088  m i c r o p r o c e s s o r ,   in  c o n j u n c t i o n   with  an 

a r i t h m e t i c   c o - p r o c e s s o r ,   such  as  an  I n t e l   8087,  which  handles   a l l   of  t h e  

a r i t h m e t i c a l   c a l c u l a t i o n s   for  x- ray   p r o t e c t i o n   and  exposure  p a r a m e t e r s .  
Communication  between  the  Console  49  and  the  cab ine t   33,  or  between  the  8088 

and  8085  m i c r o p r o c e s s o r s ,   is  made  along  the  data  l ink  54  by  the  two  data  l i n k  

p r o t o c o l   c o n t r o l l e r s   59  and  61  which,  in  me  embodiment,  are  I n t e l   8273 

ch ips .   These  c o n t r o l l e r s   gua ran tee   a  very  high  r e l i a b i l i t y   in  the  d a t a  

t r a n s m i s s i o n   in  a  b i d i r e c t i o n a l   way  with  c y c l i c   redundancy  checkword,  NR2I 

p r o t e c t i o n   systems.   The  Console  49  has  the  f u r t h e r   c a p a b i l i t y   of  s e r v i n g  
another   data  l i nk   62  to  the  Image  Systems  51  so  tha t   the  communication  i s  

comple te ly   d i g i t a l   to  provide  high  r e l i a b i l i t y   during  i t s   o p e r a t i o n .  

The  communicat ion  between  the  c e n t r a l   microcomputer  30  on  the  cabinet   s i d e  

and  the  i n v e r t e r   microcomputer  41  is  a lso   done  in  a  b i d i r e c t i o n a l   way  by  l i n e s  
56  and  57.  Hence,  the  opera tor   c o n t r o l   s t a t e   is  such  that   k i l o v o l t s   and 

exposure  time  are  being  provided  to  the  c e n t r a l   con t ro l   m i c r o p r o c e s s o r   30  and 

from  there   to  the  i n v e r t e r   microcomputer   41,  which  c o n t r o l s   the  output  v o l t a g e  



during  exposure ,   the  i n v e r t e r   o p e r a t i o n ,   and  the  exposure  t ime,   such  t h a t ,  

during  the  X-ray  exposure ,   the re   are  th ree   m i c r o p r o c e s s o r s   c o n t r o l l i n g  

exposure   time,  ( i . e . ,   the  c e n t r o l   c o n t r o l   m i c r o p r o c e s s o r   30  and  i n v e r t e r  

microcomputer   41  on  the  cab ine t   s ide   and,  as  a  backup,  the  Display   Console 

m i c r o p r o c e s s o r   8088  on  the  console   s i de .   Such  a  combina t i on   p r o v i d e s  

redundant   p r o t e c t i o n   aga ins t   an  exces s ive   dose  of  r a d i a t i o n   during  exposu re .  
One  advan tage   of  using  the  c l o s e d - l o o p   feedback  and  the  K i l o v o l t s   Demand 

and  K i l o v o l t s   Acknowledge  s i g n a l s   as  shown  is  tha t   in  l o n g - t e r m   e x p o s u r e s ,  

such  as  in  f l u o r o   o p e r a t i o n ,   should  any  d e v i a t i o n   occur  in  the  high  t e n s i o n  

feedback  or  in  some  of  the  a s s o c i a t e d   e l e c t r o n i c   components ,   the  c l o s e d - l o o p  

feedback  wi l l   coupensa te   for  t h a t   a u t o m a t i c a l l y .   F u r t h e r ,   the  communica t ion  

on  l i ne s   56  and  57  between  the  i n v e r t e r   microcomputer   41  and  t h e  

m i c r o p r o c e s s o r   30  on  the  c a b i n e t   s ide  is  done  d i r e c t l y   by  means  of  the  c e n t r a l  

c o n t r o l   m i c r o p r o c e s s o r   30  sending  k i l o v o l t s   and  e x p o s u r e - s t a r t   and 

e x p o s u r e - t i m e   commands  to  the  microcomputer   41,  while  the  microcomputer   41  i s  

c o n t i n u o u s l y   moni to r ing   the  output  s t a t e   and  sending  a  s t a t u s   and  acknowledge  

s igna l   back  to  the  c e n t r a l   m i c r o p r o c e s s o r   30.  This  p rov ides   a  very  s i m p l e  

communicat ion  l ink   where,  on  s e v e r a l   redundant   l e v e l s ,   it  is  p o s s i b l e   t o  

d e t e c t   any  problem  which  might  occur  in  the  power  c i r c u i t r y   to  stop  the  h i g h  

power  i n v e r t e r   in  a  few  mic roseconds ,   or  to  open  the  s a f e t y   c o n t a c t o r   63,  i f  

i t  s h o u l d   become  n e c e s s a r y .  
The  Mixer  Ampl i f i e r   and  Feedback  C o n t r o l l e r   34  produces   a  narrow  s i g n a l  

which  is  the  d i f f e r e n c e   between  the  K i l o v o l t s   Demand  and  the  K i l o v o l t s  

Acknowledge  or  feedback.   The  r e s u l t i n g   kV  e r ro r   s i gna l   is  a m p l i f i e d   and 

p rocessed   with  phase  advance  and  phase  lag  c i r c u i t s ,   to  be  d e s c r i b e d   more 

f u l l y   h e r e i n a f t e r ,   to  make  the  system  s t a b l e .   The  kV  Error   s i g n a l   is  t h e n  

fed,  along  with  a  s igna l   from  the  A n t i s a t u r a t i o n   C i r c u i t   47,  to  the  Sawtooth  

Genera tor   and  Comparator  36.  The  s i g n a l   from  the  A n t i s a t u r a t i o n   C i rcu i t   47 

c o n t r o l s   the  s lope  of  the  sawtooth  g e n e r a t o r   so  as  to  p r even t   the  high  v o l t a g e  

t r a n s f o r m e r   28  from  reach ing   a  c o n d i t i o n   of  s a t u r a t i o n ,   as  wi l l   be  more  f u l l y  

d e s c r i b e d   h e r e i n a f t e r .   The  kV  Er ror   Signal   feeds  the  Sawtooth  Generator  and 

Comparator  36  to  produce  a  PWM  t r a i n   of  pulses   with  a  v a r i a b l e   m a r k / s p a c e  

r a t i o ,   which  in  turn   is  appl ied   to  c o n t r o l   the  output   vo l t age   and  to  adjus t   i t  

a u t o m a t i c a l l y   through  the  c l o s e d - l o o p   k i l o v o l t   feedback  o p e r a t i o n .   The 

Sawtooth  Genera tor   and  Corrparator  36  and  Logic  C o n t r o l l e r   Unit  37  a r e  



c o n t r o l l e d   by  a  r e s e t   or  s y n c h r o n i z a t i o n   s igna l   r ece ived   every  half  c y c l e  

along  l ine   64  from  the  d e d i c a t e d   m i c r o p r o c e s s o r   41  to  gua ran tee   that   the  kV 

Error   S igna l   from  the  mixer  34  w i l l   i n t e r s e c t   the  sawtooth   genera tor   waveform 

once  per   h a l f   cycle  to  t h e r e b y   avoid  the  p o s s i b i l i t y   of  having  s e v e r a l  

i n t e r s e c t i o n s   which  might  lead  to  problems  at  the  power  s t age   c i r c u i t .  

The  Logic  C o n t r o l l e r   Unit  37,  which  handles  a l l   of  the  system  p r o t e c t i o n s  

and  t iming ,   has,  by  way  of  f i b r e - o p t i c   l i ne   66,  an  output   which  c o n t r o l s   t h e  

power  t r a n s i s t o r   i n v e r t e r   27  through  the  Power  T r a n s i s t o r   C o n t r o l l e r s   38.  

This  Logic  C o n t r o l l e r   Unit  37  a l so   handles   the  Current   Limit  48  output .   The 

Current   Limit  C i r c u i t   48  is  r e s p o n s i v e   to  the  i n v e r t e r   c u r r e n t   l eve l ,   d e t e c t e d  

with  a  cu r r en t   t r a n s f o r m e r   67  in  s e r i e s   with  the  primary  of  the  high  v o l t a g e  

t r a n s f o r m e r   28.  The  sensed  c u r r e n t   level   is  compared,  in  the  Current   L i m i t  

C i r c u i t   48,  with  a  p r e d e t e r m i n e d   sa fe   l e v e l ,   and  the  output  of  the  C u r r e n t  

Limit  C i r c u i t r y   48  is  app l i ed   to  the  Logic  C o n t r o l l e r   Unit  37  to  cut  off   t h e  

mark / space   pu lses   dynamica l ly   if   a  c i r c u i t   over load  c o n d i t i o n   occurs .   The 

output   from  the  cu r r en t   t r a n s f o r m e r   67  is  also  fed  back  into  t h e  

A n t i s a t u r a t i o n   C i r c u i t   47,  and  i t s   ou tpu t ,   in  tu rn ,   is  appl ied   to  the  s a w t o o t h  

g e n e r a t o r   along  l ine   74  to  vary  the  s lope  dynamical ly   to  e l e c t r o n i c a l l y  

compensate   for  s a t u r a t i o n s   in  the  t r a n s f o r m e r .  

In  a d d i t i o n   to  p r o v i d i n g   s i g n a l s   to  d i r e c t l y   con t ro l   the  power  t r a n s i s t o r  

i n v e r t e r   27,  the  Power  T r a n s i s t o r   C o n t r o l l e r   38,  also  p rov ides ,   along  l ine  68,  

s i g n a l s   i n d i c a t i v e   of  the  power  supply  s t a t u s   on  the  c o n t r o l l e r s   and  of  t h e  

t r a n s i s t o r ' s   s t a t u s ,   back  to  the  i n v e r t e r   microcomputer  41  which  uses  t h a t  

i n f o r m a t i o n   to  con t ro l   the  Logic  C o n t r o l l e r   Unit  37  such  t h a t ,   should  any  

t r a n s i s t o r   or  power  supply  f a i l ,   the  i n fo rma t ion   coming  from  the  T r a n s i s t o r  

C o n t r o l l e r   38  wil l   be  fed  back,  in  r e a l - t i m e ,   into  the  Logic  C o n t o l l e r   Unit  37 

which  w i l l ,   f i r s t   of  a l l ,   s top  the  i n v e r t e r   and,  secondly ,   wi l l   open  t h e  

a p p r o p r i a t e   sa fe ty   c o n t a c t o r ( s )   6 3 .  

The  p u l s e - w i d t h - m o d u l a t e d   i n v e r t e r   27  is  comprised  of  a  p l u r a l i t y   o f  

t r a n s i s t o r s   shown  g e n e r a l l y   in  FIG.  3  as  Tl-T4,  a r ranged   in  a  f u l l   b r i d g e  

d i s p o s i t i o n   so  as  to  p rov ide   a l t e r n a t e   conduc t ion   through  the  t r a n s f o r m e r  

pr imary  28  by  way  of  d i a g o n a l s   TI-T4  and  T2-T3.  The  t r a n s i s t o r s   may 
be  used  as  shown  or,  a l t e r n a t e l y ,   may  be  used  in  p a r a l l e l   where  the  power 

r e q u i r e m e n t s   may  r e q u i r e   i t .   One  type  of  t r a n s i s t o r   t h a t   has  been  found  to  be  

use fu l   in  the  present   i n v e n t i o n   is  tha t   i d e n t i f i e d   by  the  d e s i g n a t i o n   WT-5752, 



which  is  commercia l ly   a v a i l a b l e   from  Westinghouse  Brake  (Westcode)  i n  

Chippenham  England.  The  p u l s e - w i d t h   modula t ion   is  a f f e c t e d   by  the  s e l e c t i v e  

t u r n i n g   on  and  of f   of  the  top  t r a n s i s t o r s   T1  and  T2  o n l y .  

The  high  vo l t age   t r a n s f o r m e r   28  is  d e s c r i b e d   in  U.S.  Pa tent   A p p l i c a t i o n  
No .  ( 15 -XZ-2454) ,   f i l e d   c o n c u r r e n t l y   he rewi th   and  i n c o r p o r a t e d   he re in   by  

r e f e r e n c e .   S u f f i c e   it   to  say,  the  t r a n s f o r m e r   28  is  designed  to  have  a  v e r y  
low  leakage   induc tance   so  that   the  square  waveform  produced  in  the  PWM 

i n v e r t e r   is  pu lsed   to  the  secondary  of  the  t r a n s f o r m e r   with  very  good  waveform 

r e p r o d u c t i o n .   In  t h i s   way,  the  drop  between  p u l s e s  i s   minimized  and  t h e  

r i p p l e ,   a f t e r   r e c t i f i c a t i o n ,   is  kept  to  a  minimum  so  as  to  t he reby   l i m i t   t h e  

size  of  the  output  f i l t e r .   This ,   in  t u rn ,   f a c i l i t a t e s   a  high  r e p r o d u c i b i l i t y  

o p e r a t i o n   at  lower  mAs  s e t t i n g s .   The  r e c t i f i e r   29  is  of  the  c o n v e n t i o n a l  

s i n g l e - p h a s e   t y p e .  
The  High  Vol tage  Divider   or  High  Voltage  Bleeder  32  is  designed  to  i n c l u d e  

unique  r e s i s t i v e   and  c a p a c i t i v e   e l e c t r o n i c   c i r c u i t r y ,   shown  g e n e r a l l y   as  69,  

71,  107,  and  108,  to  improve  the  r e sponse   of  the  t r ans fo rmer   28  to  the  dynamic 

v a r i a t i o n s   of  the  load  or  source ,   or  to  other  t r a n s i e n t   c o n d i t i o n s ,   such  t h a t  

the  r i s e   and  the  f a l l   times  are  minimized.   The  output  from  the  High  V o l t a g e  

Bleeder   32  is  the  K i l o v o l t s   Output  which  f e eds ,   along  l ine   72,  to  the  High  

Vol tage  Divider   Feedback  C i r c u i t s   46  in  a  step-down  vo l tage   f a sh ion .   That  i s ,  

s ince   the  output  from  the  b leeder   32  is  a  higher   vol tage  than  can  be  d i r e c t l y  

app l i ed   to  the  c o n t r o l   c i r c u i t s ,   t h e r e   is  a  need  for  the  vo l tage   to  be  s t e p p e d  

down  in  s eve ra l   s t e p s ,   with  d i f f e r e n t   a r r e s t e r s   and  ove rvo l t age   p r o t e c t i o n  

methods,   to  avoid  the  t r a n s m i s s i o n   of  high  vo l tage   t r a n s i e n t s   from  the  h i g h  

t e n s i o n   area ,   which  could  damage  the  c o n t r o l   c i r c u i t s .   This  c i r c u i t r y   wi l l   be 

d e s c r i b e d   more  f u l l y   h e r e i n a f t e r .  

The  o p e r a t i o n   of  the  c l o s e d - l o o p   kV  feedback  system  is  p r i m a r i l y   dependen t  

on  the  Mixer  Ampl i f i e r   and  Feedback  C o n t r o l l e r   34,  which  produces  an  e r r o r  

s i g n a l   equal  to  the  d i f f e r e n c e   between  the  K i l o v o l t s   Demand  and  the  K i l o v o l t s  

Output .   It  is  n e c e s s a r y   for  the  C o n t r o l l e r   34  to  (1)  be  cond i t i oned   to  t h e  

e l e c t r o n i c   c i r c u i t r y   l eve l   through  the  high  vo l tage   d iv ide r   feedback  c i r c u i t s  

so  tha t   the  e r ror   s igna l   g e n e r a t e s   a  mark /space   t r a i n   of  pu l ses   with  t h e  

s p e c i f i c   r a t i o   depending  on  the  k i l o v o l t s '   demand,  and  (2)  compensate  for  t h e  

three   main  v a r i a b l e s   which  may  d i s t u r b   the  system  opera t ion   during  e x p o s u r e ,  
the  v a r i a b l e s   being  (a)  the  fixed  d .c .   r a i l   which  wil l   vary  with  the  l ines   and 



the  l ine   r e g u l a t i o n ;   (b)  the  v a r i a t i o n s   occu r r ing   in  the  X-ray  tube  impedance 

p a r t i c u l a r l y   in  l o n g - t e r m   exposures   where  the  e l e c t r o n   cool ing  phenomena 

occurs ;   and  (c)  the  v a r i a t i o n   on  the  o f f s e t s   t h a t   the  e l e c t r o n i c   c i r c u i t r i e s  

themselves   wi l l   p rov ide   to  the  o v e r a l l   s y s t e m .  
ANTISATURATION  CIRCUIT  AND  SAWTOOTH  GENERATOR  AND  COMPARATOR 

Refe r r ing   now  to  FIG.  4,  there   is  shown  a  schemat ic   i l l u s t r a t i o n   of  t h e  

combinat ion  of  the  A n t i s a t u r a t i o n   C i r c u i t   47  (FIG.  3)  and  the  Sawtoo th  

Generator   and  Comparator  36  in  combinat ion .   As  is  shown  in  FIG.  3,  t h e  

Sawtooth  Generator   and  Corpara to r   36  is  r e s p o n s i v e   to  th ree   s i g n a l s :   (1)  t h e  

s y n c h r o n i z a t i o n   s i g n a l   which  canes  in  on  l ine   64  to  r e s e t   the  sawtooth  r a n g e  

every  ha l f   cycle ;   (2)  the  con t ro l   s igna l   which  is  fed,  on  l ine  73,  d i r e c t l y   t o  

the  Sawtooth  Generator   36  from  the  A n t i s a t u r a t i o n   C i r c u i t   47;  and  (3)  t h e  

K i l o v o l t s   Error  Signal   E  from  Mixer  Ampl i f i e r   34.  The  A n t i s a t u r a t i o n   C i r c u i t  

47  is  r e spons ive   to  the  c u r r e n t   output   of  the  i n v e r t e r   as  r ece ived   along  l i n e  

74.  

Re fe r r ing   now  back  to  FIG.  4,  the  i n v e r t e r   is  shown  to  inc lude  t r a n s i s t o r s  

T1-T4  with  a s s o c i a t e d   f lywheel   diodes  D1-D4.  The  c u r r e n t   in  t h e  

i n v e r t e r   or  pr imary  of  the  t r ans fo rmer   28  is  sensed  by  cu r r en t   t r a n s f o r m e r   67 

and  is  passed  on  l ine   74  to  an  i n t e g r a t o r   76  whose  output   in  turn  passes   on 

l ine   77  to  an  e r ror   a m p l i f i e r   78  whose  output   is  app l i ed   to  two  compara tors   79 

and  81.  These  compara tors   have  r e s p e c t i v e   p o s i t i v e   and  nega t ive   r e f e r e n c e  

l eve l s   which  normal ly   are  of  very  low  value ,   i . e . ,   n e a r l y   zero,  and  f ix   what 

is  ca l l ed   the  a d m i s s i b l e   s a t u r a t i o n   level   in  the  t r a n s f o r m e r .   It  wi l l   be  s e e n  
tha t   the  r e s p e c t i v e   o u t p u t s   from  the  compara tors   79  and  81  are  app l i ed   to  NAND 

Gates  Gl  and  G2,  whose  ou tpu t s   are  app l i ed   to  NAND  Gate  G3.  The  output   from 

NAND  Gate  G3  ac ts   to  c l o se   an  FET  switch  F1  on  e i t h e r   one  d iagonal   T1,  T4 

or  the  other   T2,  T3  in  the  power  i n v e r t e r .   A  c l o s i n g   of  the  FET  switch  F l  
w i l l   allow  the  Error  A m p l i f i e r   output  s i g n a l ,   which  is  p r o p o r t i o n a l   to  t h e  

c u r r e n t   sensed,   to  feed  a  p r e c i s i o n   r e c t i f i e r   82  working  in  the  f i r s t   and  
f o u r t h   g r a d i e n t s   which  in  turn   feeds  a  l i n e a r   output   through  the  FET  s w i t c h  

F1,  to  the  sawtooth  g e n e r a t o r   or  compensator .   The  sawtooth  g e n e r a t o r   is  an 

i n t e g r a t o r   83  which  is  p r e s e t   by  the  s y n c h r o n i z a t i o n   s i g n a l   from  l ine   64  and 

produces  a  sawtooth  whose  slope  is  set  for  a  zero  s a t u r a t i o n   l eve l   cons t an t   as  

shown  in  FIGS.  5A  and  5B  and  defined  by  the  range  of  a  par t   of  the  o v e r a l l  

c l o s e d - l o o p   feedback  system.  The  sawtooth  waveform  s igna l   is  then  a p p l i e d ,  



along  with  the  kV  Er ror   S igna l   E,  t o  a   comparator   85  which  r e s p o n s i v e l y  

g e n e r a t e s   a  PWM  t r a i n   of  p u l s e s   that   c o n t r o l s   the  i n v e r t e r .  

Should  any  s a t u r a t i o n   s t a r t   to  occur ,   for  examples  in  the  d iagonal   T1, 

T4  d i r e c t i o n ,  t h e   e r r o r   a m p l i f i e r   78  wi l l   produce  a  d.c.   level   input  to  t h e  

p r e c i s i o n   r e c t i f i e r   82  whose  output  wi l l   be  l i n e a r l y   p r o p o r t i o n a l   to  t h e  

i r p u t .   It  wi l l   be  r e c o g n i z e d   tha t   the  p r e c i s i o n   r e c t i f i e r   82  is  r e s p o n s i v e   t o  

e i t h e r   p o s i t i v e   or  n e g a t i v e   d .c .   v o l t s   input  from  the  e r ror   a m p l i f i e r   78,  w i t h  

the  sign  being  dependent   on  the  a p p l i c a b l e   c u r r e n t   d i r e c t i o n   in  the  power 
t r a n s i s t o r   i n v e r t e r .   Consequen t ly ,   the  magnitude  of  the  p a r t i c u l a r   d . c .  

s a t u r a t i o n   level   d e t e r m i n e s   the  output   of  the  p r e c i s i o n   r e c t i f i e r   82,  and  t h a t  

output   in  turn  is  passed  through  FET  switch  Fl,  i f   the  s a t u r a t i o n   l e v e l  

reaches   above  the  p r e s e t   r e f e r e n c e   l e v e l s   to  c o r r e c t   for  the  c o n d i t i o n .   As 

the  s a t u r a t i o n   occurs ,   for  example,  in  the  d iagonal   Tl,  T4,  the  s a w t o o t h  

gene ra to r   wil l   i n c r e a s e   the  slope  on  tha t   p a r t   of  the  waveform  when  the  T1,  

T4  d iagonal   is  c o n d u c t i n g ,   and,  as  wi l l   be  seen  in  FIG.  SB,  t h i s   i n c r e a s i n g  

of  the  slope  wi l l   lead  to  a  dec rea s ing   in  the  mark/space  r a t i o   for  a  g i v e n  

e r r o r   s ignal   from  the  f eedback ,   which  in  a l t e r n a t e   cycles   will   dec rease   t h e  

mark/space   r a t i o   on  tha t   d i agona l   and  wi l l   compensate  dynamical ly   for  t h e  

d i f f e r e n c e   in,  say,  h y s t e r e s i s   time  in  the  t r a n s i s t o r s   or  unbalancements   due  

to  local   s a t u r a t i o n s   in  the  c o r e .  

Re fe r r i ng   back  to  FIG.  4,  in  such  a  s a t u r a t i o n   c o n d i t i o n ,   the  output  f rom 

the  e r ro r   a m p l i f i e r   wi l l   overcome  the  p o s i t i v e   r e f e r e n c e   value  on  c o m p a r a t o r  
79  which  in  turn  wi l l   send  a  camnand  logic   s igna l   to  NAND  Gate  G2  t o  

synchronize   with  the  on- t ime  for  the  T1,  T4  d iagona l   so  t h a t ,   when  t h e  

T1  T4  diagonal   of  t r a n s i s t o r s   is  turned  on,  the  waveform  of  the  s a w t o o t h  

gene ra to r   is  a u t o m a t i c a l l y   inc reased   in  slope  and  the  mark/space  r a t i o   i s  

d imin i shed .   In  t h i s   way,  the  s a t u r a t i o n   l eve l   is  dynamical ly   and  

e l e c t r o n i c a l l y   compensated  for  by  way  of  a  c l o s e d - l o o p   p r o p o r t i o n a l   c o n t r o l ,  

i . e . ,   the  mark  i n t e r v a l   X  is  reduced  and  the  i n t e r v a l   Y  is  i n c r e a s e d .  

The  advantage  of  t h i s   e l e c t r o n i c   dynamics  FET  compensat ion  is  that   i t  

ope ra t e s   c o n t i n u o u s l y   once  the  cu r r en t   l eve l   on  the  dc  t r ans fo rmer   67  exceeds  

a  p r e se t   r e f e r e n c e   s a t u r a t i o n   l e v e l ,   and  in  a  p r o p o r t i o n a l l y   c o n t r o l l e d   way, 

compensates  by  a  s u i t a b l e   r e d u c t i o n   in  the  mark/space   r a t i o ,   when  an  i n v e r t e r  

d iagonal   moves  toward  s a t u r a t i o n .  



LOGIC  CONTROLLER  UNIT 

The  Logic  C o n t r o l l e r   Unit  37  works  in  c o n j u n c t i o n   with  the  microcomputer  

41,  and  wil l   now  be  d e s c r i b e d   in  terms  of  both  i t s   analog  and  i t s   d i g i t a l  

f u n c t i o n s .   The  analog  f u n c t i o n s   are  shown  in  FIG  6  and  the  flow  of  l o g i c  

s i g n a l s   are  shown  in  FIG.  7.  Both  the  analog  and  the  d i g i t a l   s i g n a l  

p r o c e s s i n g   c i r c u i t s   r e s u l t   in  outputs   which  are  fed  to  the  microcomputer  41,  

which  in  turn  c o n t r o l s   the  ove ra l l   i n v e r t e r   f u n c t i o n s ,   p r o t e c t i o n s ,   and 

performance  o p e r a t i o n .  

Refe r r ing   now  to  FIG.  6,  there   is  shown  on  the  l e f t   a  s e r i e s   of  i n p u t  

s i g n a l s   fran  I11  to  I6  and  on  the  r i g h t   a  s e r i e s   of  output   s igna ls   f rom 

O1  to  06  which  are,  r e s p e c t i v e l y ,   appl ied   to  and  r e s u l t   from  t h e  

p r o t e c t i o n   c i r c u i t s   in  the  system  to  c o n t r o l   the  o v e r a l l   system  o p e r a t i o n   on 

the  high  vo l t age   s ide .   To  begin  with,   the  anode  and  c a t h o d e - t o - g r o u n d  

s i g n a l s ,   I11  and  I12,  r e s p e c t i v e l y ,   come  from  the  vo l t age   d iv ide r   o r  

b l eede r   32  as  wi l l   be  seen  by  r e f e r e n c e   to  FIGS.  3B  and  8.  These  s i g n a l s   a r e  

added  t o g e t h e r   in  an  o p e r a t i o n a l   a m p l i f i e r   84  whose  output   is  r e p r e s e n t a t i v e  

of  the  kV  high  vo l t age   output .   That  output   is  fed  back  to  the  master  o r  

c e n t r a l   m i c r o p r o c e s s o r   30  in  the  cab ine t   to  check,   as  is  shown  in  FIG.  3,  t h e  

k i l o v o l t   value  in  r e a l - t i m e   ope ra t ion .   The  output   of  o p e r a t i o n a l   a m p l i f i e r   84 

is  fed  into  the  p o s i t i v e   side  of  an  o p e r a t i o n a l   a m p l i f i e r   86  where  it  i s  

compared  with  the  K i l o v o l t s   Demand  s igna l   I2  which  canes  from  the  c e n t r a l  

m i c r o p r o c e s s o r   30  in  the  power  cab ine t   through  a  D/A  conve r t e r   52  as  shown  i n  

FIG.  3.  The  o p e r a t i o n a l   a m p l i f i e r   86  c a l c u l a t e s   the  e r ro r   s igna l   E  of  t h e  

k i l o v o l t s   feedback  and  tha t   s ignal   is  app l i ed   to  the  comparator  85  where  it  i s  

compared  with  the  output   from  the  sawtooth  g e n e r a t o r   as  shown  in  FIGS.  4  and  5 

to  provide   an  output   O1  which  is  a  p u l s e - w i d t h - m o d u l a t e d   t r a i n   of  p u l s e s  
which  c o n t r o l s   the  i n v e r t e r .  

In  FIG.  6,  the re   are  s eve ra l   d i f f e r e n t   k inds   of  p r o t e c t i v e   c i r c u i t s   which 

p r o t e c t   not  only  the  high  vo l tage   side  i n c l u d i n g   the  t r a n s f o r m e r  2 8   but  a l s o  
the  power  t r a n s i s t o r   i n v e r t e r   27  and  the  r e l a t e d   c o n t r o l   c i r c u i t r y   which  may 
be  e f f e c t e d   by  the  a r c i n g ,   f l a s h e s ,   or  t r a n s i e n t s   which  comonly   cane  from  t h e  

high  vo l t age   s ide   and  are  t y p i c a l   in  a l l   X-ray  m a c h i n e s .  

Coapara tor   88  output   O2  provides   an  o v e r - v o l t a g e   p r o t e c t i o n   which:  (1)  

is  very  fast   in  o p e r a t i o n ,   and  (2)  is  r e s p o n s i v e   to  any  small  t r a n s i e n t   which 

might  occur  on  the  high  vo l t age   s ide.   R e f e r r i n g   now  to  FIG.  6,  the  kV  demand 



12  from  the  c e n t r a l   m i c r o p r o c e s s o r   on  the  cabine t   is  fed  to  the  p o s i t i v e  

input  of  the  o p e r a t i o n a l   a m p l i f i e r   89  and  is  added  to  a  r e f e r e n c e   s ignal   which  

is  cons ide r ed   to  be  the  maximum  a l lowed   o v e r v o l t a g e ,   for  example,  10 

k i l o v o l t s .   The  output  from  o p e r a t i o n a l   a m p l i f i e r   89  i s  a   s i g n a l   which  is  t h e  

demand  of  kV  plus  10  k i l o v o l t s ,   and  t h a t   s igna l   is  then  s u b t r a c t e d ,   o r  

compared,  in  comparator   88  with  the  high  vo l tage   kV  feedback  s i g n a l   which 

comes  from  o p e r a t i o n a l   a m p l i f i e r   84  to  feed  the  nega t ive   input   of  c o n p a r a t o r  
88.  The  output  02  from  the  compara to r   88  wil l   be  logic  1  or  log ic   zero,  and 

the  jump  from  logic  zero  to  log ic   1  is  an  o v e r - v o l t a g e   i n d i c a t i o n   which  w i l l  

force  the  ded ica t ed   i n v e r t e r   microcomputer   41  to  shut  down  the  system  t h r o u g h  

a  so f tware   s u b r o u t i n e .   This  o v e r - v o l t a g e   f e a tu r e ,   once  it  is  d e t e c t e d ,   t r i p s  

or  s tops  the  i n v e r t e r   in  a  time  as  s h o r t   as  10  mic rosec . ,   which  is  1000 -  2000 

times  f a s t e r   than  an  o v e r - v o l t a g e   r e s p o n s e   in  a  conven t iona l   system.  T h i s  

f e a t u r e   wi l l   t h e r e f o r e   p r o t e c t   and  i n c r e a s e   the  l i f e   of  an  X-ray  tube ,   t h e  

high  t e n s i o n   r e c t i f i e r   29,  and  the  h igh   vo l tage   t r ans fo rmer   28  which  in  t u r n  

will   have  to  w i th s t and   the  o v e r v o l t a g e   for  only  a  few  m i c r o s e c o n d s .  

Another  p r o t e c t i o n   f e a t u r e   shown  in  FIG.  6  is  that   for  unbalance  be tween  

the  d i f f e r e n c e   of  vo l t age   between  the  anode- to -ground   and  t h e  

c a t h o d e - t o - g r o u n d   in  the  X-ray  tube  h igh  vol tage   c i r c u i t .   This  i s  

accomplished  through  o p e r a t i o n a l   a m p l i f i e r   91  having  i npu t s   I11,  I 1 2 ,  
which  inpu t s   are  s u b t r a c t e d   to  p r o v i d e   an  output  which  is  app l ied   to  a 

c a r p a r a t o r   92  and  compared  with  a  5  k i l o v o l t   r e f e r ence   s i g n a l .   Should  t h e  

unbalance  between  anode  to  ground  and  ca thode  to  ground  be  g r e a t e r   than  5 

k i l o v o l t s ,   comparator   92  w i l l   t r i p   o f f ,   and  the  output  03  w i l l   immed ia t e ly  

cause  the  i n v e r t e r   microcomputer   41  to  shut  down  the  system.  This  p r o t e c t i o n  

c i r c u i t   has  the  c a p a b i l i t y   of  d e t e c t i n g   a  poss ib le   manufac tu r ing   defec t   in  t h e  

secondary  c o i l s ,   i . e . ,   should  the  s econda ry   number  of  t u rn s   be  in  e r ror   so  a s  

to  cause  a  d i f f e r e n c e   of  more  than  5  k i l o v o l t s ,   then  the  e r ro r   wi l l   be 

d e t e c t e d   during  a  t e s t   by  way  of  the  c i r c u i t   just   d e s c r i b e d .   Also,   in  t h e  

dynamic  performance  and  o p e r a t i o n   of  the  X-ray  g e n e r a t o r ,   should  there   be  a 

s i g n i f i c a n t   d e v i a t i o n   in  the  anode  source   or  the  cathode  source ,   or  shou ld  

another   unbalance   be  caused  by  f a i l u r e   of  one  of  the  high  vo l t age   diodes,   or  

by  a  p a r t i a l   shor t   c i r c u i t   of  a  secondary   c o i l ,   for  example,  then  the  o u t p u t  
d i f f e r e n c e   wil l   be  g r e a t e r   than  5  k i l o v o l t s   and  th is   abno rma l i t y ,   which  might  

be  a  f a u l t   s i t u a t i o n ,   wi l l   be  d e t e c t e d   through  the  output   of  the  window 



comparator   92,  and  a  r e p r e s e n t a t i v e   logic   s i g n a l   wi l l   be  sent  through  the  d a t a  

l ink  to  the  o p e r a t o r   console .   In  t h i s   way,  the  p r o t e c t i o n   of  conpara to r   92 

d e t e c t s   any  f a i l u r e ,   damage,  or  d e v i a t i o n ,   which  might  occur  e i t h e r   in  t he  

secondary  t r a n s f o r m e r   c o i l s ,   in  the  high  t e n s i o n   r e c t i f i e r ,   in  the  o u t p u t  

f i l t e r ,   or  in  the  X-ray  tube  i t s e l f .  

Another  p r o t e c t i o n   c i r c u i t   is  tha t   r e l a t i n g   to  the  f ac t   t h a t ,   when  a  f i l m  

is  exposed  to  X- rays ,   most  of  the  exposure  is  made  when  the  power  level   i s  

above  75%  of  the  kV  Demand  l e v e l .   A  compara tor   93  is  p rovided   and  has  a s  

inputs   the  kV  feedback  s igna l   at  the  p o s i t i v e   input   and,  at  the  n e g a t i v e  

input ,   a  s i g n a l   r e p r e s e n t a t i v e   of  a  75%  kV  demand  leve l   which  is  der ived  by 

the  o p e r a t i o n a l   a m p l i f i e r   90  and  vo l t age   d i v i d e r   95.  When  the  power 

t r a n s i s t o r   i n v e r t e r   27  is  turned  on,  the  kV  output   s t a r t s   to  r i s e ,   and  when  i t  

reaches   the  751  kV  demand,  the  compara tor   93  t r i p s   on  to  p rov ide   an  o u t p u t  

04,  to  t he reby   i n d i c a t e   to  the  d e d i c a t e d   microcomputer   41  that   the  75%  l e v e l  

of  the  kV  demand  has  been  reached  and  t ha t   the  exposure  time  should  now  be 

counted .   A  r e l a t e d   p r o t e c t i v e   f u n c t i o n   of  t h i s   c i r c u i t   is  t h a t   of  d e t e c t i n g ,  

dur ing  the  r i s e   time  of  the  k i l o v o l t s ,   any  f a u l t   in  e i t h e r   the  power 

t r a n s i s t o r   i n v e r t e r   27  or  in  the  i n t e g r a t e d   e l e c t r o n i c s ,   so  t h a t ,   if  a f t e r   a 

s p e c i f i e d   i n t e r v a l   of  time,  for  example,  2.5  msec. ,   the  kV  feedback  v o l t a g e  

does  not  r each   the  75%  of  demand,  i t   is  assumed  tha t   the re   is  a  problem  in  t h e  

power  t r a n s i s t o r   i n v e r t e r   27,  i t s   p e r i p h e r a l   e l e c t r o n i c s ,   the  high  v o l t a g e  

t r a n s f o r m e r   28,  the  r e c t i f i e r   29,  the  f i l t e r ,   or  the  feedback  c i r c u i t s .   T h i s  

s igna l   is  then  used  to  sa fe ly   t r i p   off   the  s y s t e m .  

The  t h r e e   p r o t e c t i o n   c i r c u i t s   d e s c r i b e d   above  a l l   r e l a t e   to  the  sensing  o f  

d e v i a t i o n s   in  the  vo l t age   l e v e l s .   There  is  a lso   a  need  to  p rov ide   for  the  

sens ing  of,   and  p r o t e c t i o n   a g a i n s t ,   the  occu r r ence   of  excess ive   c u r r e n t  

l e v e l s .   For  t ha t   purpose,   t he re   are  p rov ided ,   as  shown  at  the  bottom  of  FIG. 

6,  two  i d e n t i c a l   c i r c u i t s   c a l l e d   F i r s t   Current   Limit  and  Second  Current   Limit 

which  are  in tended   for  redundancy  but  which  have  the  same  se t -up   l e v e l s .   The 

reason   for  us ing  redundant   c i r c u i t s   is  t h a t ,   i f   an  over load   occurs ,   t h e  

i n v e r t e r   27  w i l l   t ry   to  in t roduce   h igher   c u r r e n t ,   and,  t h e r e f o r e ,   the re   must 

be  sane  way  of  p r e v e n t i n g   the  i n v e r t e r   from  doing  t h a t .   Such  an  o v e r l o a d  

might  occur  from  a  f l a s h   in  the  tube  or  might  occur  because  there   is  an  arc  i n  

the  t r a n s f o r m e r   or  a  short   c i r c u i t   in  the  output   d iodes ,   for  example .  

F u r t h e r ,   if  the   A n t i s a t u r a t i o n   C i r c u i t   47  f a i l s   and  the  t r a n s f o r m e r   28  moves 



toward  s a t u r a t i o n ,   then  the  c u r r e n t   wil l   i n c r e a s e ,   and  t h a t   i nc r ea se   i n  

c u r r e n t   wi l l   tend  to  c o l l a p s e   the  r a i l   vo l tage   to  t he r eby   c r e a t e   a  p o t e n t i a l  

problem  in  the  o u t p u t .   Thus,  the   Current   Limit  network  c o n s i s t s   of  two 

redundant   c i r c u i t s   with  the  same  s e t -up   l e v e l s   to  sake  sure  that   the  sys tem 

wi l l   be  p r o t e c t e d   a g a i n s t   f a i l u r e   of  one  of  the  Current   Limit  c h a n n e l s .  

In  o p e r a t i o n ,   the  c u r r e n t   l i m i t   is  i n i t i a t e d   th rough  a  pa i r   of  c u r r e n t  

t r a n s f o r m e r s   94  and  96  having  f e r r i t e   cores  and  being  p l aced   in  s e r i e s   w i t h  

the  pr imary  of  the  t r a n s f o r m e r   28  on  the  i n v e r t e r   ou tpu t .   The  r e s p e c t i v e  

ou tpu t s   are  fed  to  the  d i f f e r e n t i a l   a m p l i f i e r s   97  and  98  which  have  very  h i g h  

common  mode  r e j e c t i o n   to  avoid  any  noise  such  as  may  cane  from  the  i n v e r t e r ,  

from  r a d i a t i o n ,   e tc .   The  o u t p u t s   15  and  16  are  app l i ed   to  the  r e s p e c t i v e  

p r e c i s i o n   r e c t i f i e r s   99  and  101  which  produce  DC  l eve l   s i g n a l s   p r o p o r t i o n a l   t o  

the  r e s p e c t i v e   c u r r e n t s ,   with  n e a r l y   no  delay.  This  is  to  be  c o n t r a s t e d   w i t h  

the  c o n v e n t i o n a l   use  of  an  RC  f i l t e r   approach  where  the  de lay   can  be  so  long  

as  to  make  the  system  not  f u l l y   safe   in  terms  of  f u l l   r e sponse   f o r  t h e   c u r r e n t  

l imi t   o p e r a t i o n .   The  ou tpu t s   of  the  p r e c i s i o n   r e c t i f i e r s   99  and  101  a r e  

a p p l i e d   to  the  p o s i t i v e   inpu t s   of  the  r e s p e c t i v e   compara to rs   102  and  103.  The 

t w o - c u r r e n t   l i m i t   l e v e l s   are  a p p l i e d   to  the  nega t i ve   i npu t s   of  the  r e s p e c t i v e  

compara to rs   102  and  103.  In  o p e r a t i o n ,   if   the  cu r r en t   exceeds  the  set  up 

l eve l   of  e i t h e r   of  the  compara to r s   102  or  103,  then  the  o u t p u t s ,   05  or  06,  
w i l l   t r i p   off   and  w i l l   be  a p p l i e d ,   as  will   be  shown  in  FIG.  7,  to  the  Logic  

C o n t r o l l e r   Unit  37  to  c o n t r o l   the  power  t r a n s i s t o r   i n v e r t e r   27  such  that   t h e  

t r a n s i s t o r s   wi l l   be  s e l e c t i v e l y   cut  off ,   and  c o n s e q u e n t l y ,   the  c u r r e n t   w i l l  

a u t o m a t i c a l l y   dec rea se   and  de lay ,   and  turn  on  again  in  the  next  ha l f   cycle  and 

so  o n .  

It  is  impor tan t   to  note ,   he re ,   tha t   the  Current  Limit  o p e r a t e s   by  c u t t i n g  
off  only  the  top  t r a n s i s t o r s   Tl  and  T2,  ( r e f e r   to  FIG.  4)  so  as  to  a l l o w  
the  energy  s t o r ed   on  the  t r a n s f o r m e r   windings  to  r e c i r c u l a t e   on  t h e  

complementary  bottom  diode  of  the  top  t r a n s i s t o r   which  has  been  conducting  and 

the  bottom  t r a n s i s t o r   on  the  d i a g o n a l .   This  g u a r a n t e e s   t ha t   the  i n d u c t i v e  

cu r r en t   or  i n d u c t i v e   energy  .5  L21  wi l l   decay  on  the  loop  which  c o n s i s t s  

of  the  bottom  f lywheel   diode,   t r a n s f o r m e r   winding,  and  the  bottom  t r a n s i s t o r .  

Such  a  decay  loop  w i l l   be  more  e f f e c t i v e   than  if  a l l   four  t r a n s i s t o r s   a r e  

turned  o f f ,   in  which  case ,   the  i n d u c t i v e   energy  has  to  be  d i s s i p a t e d   from  the  

bottom  f lywheel   d iode ,   through  the  t rans former   to  the  d i agona l   top  f lywhee l  



diode.   In  t h i s   loop,  the  energy  wi l l   be  fed  back  on  to  the  dc  r a i l   and  w i l l  

decay  much  f a s t e r   and  w i l l   a l low  the  bottom  f lywheel   diode  and  the  bo t tom 

t r a n s i s t o r   to  conduct .   The  r ap id   decay  of  the  c i r c u l a t i n g   energy  fed  back  

through  the  bottom  and  top  d iodes   in  the  d iagonal   to  the  f ixed   dc  r a i l   w i l l  

then  produce  a  f a s t e r   t r i p p i n g   a c t i o n   of  the  cur ren t   l i m i t   which  in  turn  can 

switch  the  t r a n s i s t o r s   on  and  o f f   at  a  very  high  and  u n c o n t r o l l e d   f r e q u e n c y .  

For  t h i s   reason   it  has  been  found  e x p e r i m e n t a l l y   tha t   the  procedure   of  c u t t i n g  

off  only  the  top  t r a n s i s t o r s   leads   to  a  b e t t e r   system  per formance   o p e r a t i o n ,  

a l lowing  a  longer  decay  time  in  the  cu r r en t   when  it   is  r e c i r c u l a t i n g   on  t h e  

bottom  t r a n s i s t o r   and  diode  through  the  primary  of  the  t r a n s f o r m e r ,   t h u s  

avoiding  h i g h - f r e q u e n c y   s p u r i o u s   o p e r a t i o n   of  the  i n v e r t e r .  

R e f e r r i n g   now  to  the  d i g i t a l   o p e r a t i o n   of  the  p r o t e c t i o n   system  as  shown 

in  FIG.  7,  the  hear t   of  the  system  is  the  dedica ted   i n v e r t e r   microcomputer   41 

which  synch ron izes   the  o v e r a l l   system  in  terms  of  ranping   up  the  s a w t o o t h  

g e n e r a t o r ,   synch ron iz ing   with  the  e r ro r   s i g n a l ,   c o n t r o l l i n g   the  o u t p u t  

t r a n s i s t o r s ,   and  c o m m n i c a t i n g   forward  and  back  to  the  c e n t r a l   c o n t r o l  

mic rop roces so r   30  to  acknowledge  any  p o t e n t i a l   f a i l u r e   d e t e c t i o n   and  a lso  t o  

record  which  kind  of  e r r o r ,   i f   any,  has  been  de t ec t ed   on  the  output   c i r c u i t .  

There  are  s eve ra l   s i g n a l s   which  come  from  the  m i c r o p r o c e s s o r   30  to  t h e  

n icrocomputer   41.  F i r s t   of  a l l ,   t he re   is  an  Exposure  Command  s i g n a l ,  

o r i g i n a t i n g   with  the  m i c r o p r o c e s s o r   30,  which  t e l l s   the  microcomputer   41  t o  

s t a r t   an  exposure .   Before  t h a t   occurs ,   the  microcomputer  41  checks  t h e  

ove ra l l   system  s t a t u s   by  means  of  d i f f e r e n t   s i gna l s   to  ensure  t h a t :   (1)  t h e  

power  supply  s t a tu s   and  the  four  t r a n s i s t o r s   are  in  the  proper   c o n d i t i o n ;   and 
(2)  the  Power  T r a n s i s t o r   C o n t r o l l e r s   38  are  in  a  proper   c o n d i t i o n   p r i o r   to  t he  

commencement  of  an  exposure   s t a r t .  

In  a d d i t i o n   to  the  Exposure  Command  s igna l   from  the  m i c r o p r o c e s s o r   30,  t h e  

microcamputer   41  a lso  r e c e i v e s   an  Fxposure  Time  S igna l ,   and  a  Phase  V o l t a g e  
Control  S igna l .   The  Exposure  Time  s i g n a l   def ines   the  l eng th   of  the  exposu re  
time,  whereas  the  Phase  Vol tage   Control   s igna l   is  used  to  produce  o u t p u t  
pulses  with  a  very  small  pu lse   width  in  order  to  compensate  at  the  output  f o r  

low-energy  exposures .   In  t h i s   way,  the  pulse   width  can  be  as  small  as  a  few 

microseconds  in  d u r a t i o n   to  gua ran t ee   t i g h t   con t ro l   through  the  c l o s e d - l o o p  
feedback  o p e r a t i o n .   The  wel l -known  phase  vol tage   c o n t r o l   t e c h n i q u e  

synchron izes   the  d iagona l   bottom  t r a n s i s t o r   to  the  top  one  so  that   b o t h  



t r a n s i s t o r s   on  the  same  d iagonal   are  conduct ing  for  an  amount  of  time  which  i s  

def ined   by  the  c l o s e d - l o o p   feedback  o p e r a t i o n ,   once  the  top  t r a n s i s t o r   has  

been  f ixed  in  pulse   width  for  a  minimum  of  time,  t y p i c a l l y   20  microsec ,   t o  

gua ran tee   t h a t   the  R-C  snubber  network  is  f u l l y   d i scha rged   before   tuning  o f f  

the  output  t r a n s i s t o r .   T h e r e f o r e ,   should  the  energy  r e q u i r e d   for  exposure  be 

of  a  low  l e v e l ,   the  phase  vo l tage   c o n t r o l l e r   a d j u s t s   and  produces  a  very  s m a l l  

pulse  width  on  the  output   of  the  power  t r a n s i s t o r   i n v e r t e r   d iagonal   to  a c h i e v e  

high  accuracy ,   low  energy  exposure  t i m e s .  

The  75%  Output  K i l o v o l t s   s igna l   comes  from  the  p r o t e c t i o n   c i r c u i t r y   o f  

FIG.  6  and  i n d i c a t e s   to  the  ded i ca t ed   microcomputer   41  that   the  output   v o l t a g e  
has  reached  75%  of  kVp  Demand  and  tha t   the  m i c r o p r o c e s s o r   30  should  s t a r t   t o  

count  exposure  time.  For  tha t   purpose ,   the  microcomputer   41  wi l l   send  back  t o  

the  c e n t r a l   m i c r o p r o c e s s o r   30  a  s i gna l   c a l l e d   Exposure  S t a r t .   The 

m i c r o p r o c e s s o r   30  wi l l   then  s t a r t   to  count  exposure.   For  redundancy,   t h i s  

w i l l   also  be  done  by  the  console   microcomputer   through  the  c a b i n e t / c o n s o l e  

data  l i n k .  

Should  an  o v e r - v o l t a g e   or  unbalancement   c o n d i t i o n   occur  during  t h e  

exposure ,   t h e r e   wi l l   be  a  s igna l   which  causes   the  microcomputer  41  to  stop  t h e  

output  to  the  i n v e r t e r   t r a n s i s t o r s   T1-T4.  
In  a d d i t i o n   to  the  p r o t e c t i v e   f e a t u r e s   desc r ibed   above,  there   is  a  set  o f  

logic  AND  ga tes   G4,  G5,  G6,  and  G7  which  c o n t r o l   the  output   t r a n s i s t o r s  

T1-T4  by  d r i v i n g   the  Power  T r a n s i s t o r   C o n t r o l l e r s   38  as  descr ibed   in  U .S .  

Patent   A p p l i c a t i o n   S e r i a l   No.  (15-XZ-2454)  f i l e d   c o n c u r r e n t l y   he rewi th   and 

i n c o r p o r a t e d   he re in   by  r e f e r e n c e .   G e n e r a l l y ,   G4  c o n t r o l s   the  top  t r a n s i s t o r  

Tl,   G5  c o n t r o l s   T2,  G6  c o n t r o l s   T3,  and  G7  c o n t r o l s   T4  so  that   t h e  

primary  incoming  s i g n a l   to  G4  is  the  dr ive   s igna l   from  the  microcomputer   41 

r e l a t i n g   to  T,,  which  enab les   G4  and  a l lows  the  modula t ion   s ignal   t o  
modulate  the  output  on  G4  to  t r a n s i s t o r   T1.  S i m i l a r l y ,   the  microcomputer   41 

prov ides   d r ive   s i g n a l s   r e l a t i n g   to  T2,  T3,  and  T4  to  ga tes   G5,  G6,  and  

G7,  r e s p e c t i v e l y .  

There  are  another   two  inputs   in to   gates   G4,  G5,  G6,  and  G7  which,  i f  

absen t ,   can  stop  the  modula t ion .   One  such  absence  of  a  s ignal   (STATUS  PS) 

would  be  caused  by  a  f a i l u r e   of  a  t r a n s i s t o r   d r i ve r   power  s u p p l y .  
The  other   s i gna l   which,  if  absen t ,   can  act  to  stop  the  o p e r a t i o n   of  t h e  

t r a n s i s t o r s   T1 -  T4  is  one  r e f e r r e d   to  as  s h o r t - c i r c u i t   p r o t e c t i o n   o r  



s h o o t - t h r u   p r o t e c t i o n ,   which  is  the  f i b re   o p t i c s   i n t e r l o c k   between  one 

t r a n s i s t o r ,   say,  T1,  and  i t s   complementary  t r a n s i s t e r   T3,  so  that   i f  

t r a n s i s t o r   T3  is  m a l f u n c t i o n i n g   and  is  s t i l l   on,  t r a n s i s t o r   T1  cannot  b e  

s w i t c h e d   on  because,   i f   t h a t   happens,   v e r t i c a l   s h o o t - t h r u   w i l l   occur  to  damage 

the  second  t r a n s i s t o r .   This  p r o t e c t i o n   f e a t u r e   is  b i d i r e c t i o n a l   so  t ha t ,   i f  

T3  t r a n s i s t o r   breaks  down,  T1  cannot   be  swi tched  on,  and  c o n v e r s e l y ,   i f  

T1  breaks   down,  the  i n t e r l o c k   c o n t r o l s   T3  before   it  is  switched  on.  The 

same  holds   t rue   with  the  other   v e r t i c a l   arrangement  of   power  t r a n s i s t o r s   T2 
and  T4. 

A  s i g n a l   that   is  app l i ed   to  only  the  top  two  t r a n s i s t o r s   T1  and  T2  i s  

the  LINE  PROTECTION  s i g n a l .   The  absence  of  t h i s   s igna l   is  caused  by  a  f a i l u r e  

of  the  kV  output  p r o t e c t i o n   system  which  is  fed  by  th ree   d i f f e r e n t   s i g n a l s   on 

gate  G10.  This  p r o t e c t i o n   l ine   is  p rovided  by  an  AND  gate  G10  which  i s  

swi tched   by  the  Second  Current   Limit  l eve l ,   the  Overvo l tage   p r o t e c t i o n ,   or  t h e  

Unbalance  p r o t e c t i o n   so  t ha t   the  output   from  G10  is  the  p r o t e c t i o n   s i g n a l  

which  can  ac t ,   through  gate  G4  or  G5,  to  stop  the  d r iv ing   of  t r a n s i s t o r s   T1 
and  T2.  Any  of  the  Second  Current   Limit  Overvo l tage ,   or  Unbalance  n e t w o r k s  

wi l l   d i s a b l e   the  output  of  t r a n s i s t o r s   T1  and  T2  to  avoid  a  p o t e n t i a l  

f a u l t   in  the  power  output   s t a g e .  

The  bottom  t r a n s i s t o r s   T3  and  T4  are  s t r e s s e d   l ess   heav i ly   b e c a u s e  

they  conduct   for  a  fu l l   h a l f   cycle   of  waveform  from  the  high  t e n s i o n  

t r a n s f o r m e r .   They  are  c o n t r o l l e d   by  the  s i g n a l s   coming  out  from  t h e  

m i c r o p r o c e s s o r   T3  and  T4  t e r m i n a l s ,   which  are  appl ied   to  r e s p e c t i v e   g a t e s  
G6  and  G7. 

Also  ac t ing   on  only  the  top  two  t r a n s i s t o r s   T1  and  T2  is  the  c u r r e n t  
l imi t   f e a t u r e   r e p r e s e n t e d   by  the  "MODULATE"  s igna l   to  the  ga tes   G4  and  GS.  To 
e f f e c t   t h i s ,   the  microcomputer   41  g e n e r a t e s   a  s y n c h r o n i z a t i o n   s igna l   which  i s  

app l i ed   to  f l i p - f l o p s   104  and  106,  which  are  c o n t r o l l e d   by  both  t h a t  

s y n c h r o n i z a t i o n   s ignal   and  the  secondary   i npu t s ,   i . e . ,   the  Second  Cur ren t  
Limit  s i g n a l   on  f l i p - f l o p   104  and  the  G9  AND  gate  output   s igna l   on  f l i p - f l o p  
106.  The  G9  gate  is  e o n t r o l l e d   by  the  F i r s t   Current  Limit  and  the  output  o f  

an  OR  ga te   G8,  which  in  tu rn   is  fed  by  the  p u l s e - w i d t h   m o d u l a t i o n  

t r a i n - o f - p u l s e s   s ignal   and  the  s y n c h r o n i z a t i o n   s i g n a l ,   which  is  a  20  m i c r o s e c .  

monos tab le   pulse   genera ted   from  the  output   of  the  f l i p - f l o p   106.  This  minimur: 

pu l se   is  genera ted   in  order  to  make  sure  tha t   the  RC  s e r i e s   c i r c u i t   on  t h e  



output   of  the  t r a n s i s t o r   i n v e r t e r   is  c o m p l e t e l y   d i scharged   before  t h e  

t r a n s i s t o r   is  turned  off ,   to  the reby   p r o t e c t   aga ins t   second  breakdown  of  t h e  

t r a n s i s t o r s .  

In  o p e r a t i o n ,   the  output  from  f l i p - f l o p   104  is  a  Second  Current  Limit 

synchron ized   a c t i o n ,   assuming  t ha t   the  c u r r e n t   l imi t   level   is  t r ipped   off,  and 

f l i p - f l o p   106  g e n e r a t e s   the  modula t ion   pu l se   through  the  F i r s t   Current  Limit  

and  in  c o n j u n c t i o n   with  the  20  mic rosec .   monostable   minimum  pulse  turn  on  t o  

gua ran t ee   the  RC  d i s cha rge .   Fol lowing  th rough ,   t he  mic rocompute r   41  g e n e r a t e s  
the  main  t r a n s f o r m e r   f requency  waveforms  which  are  immediately   appl ied   to  t h e  

bottom  t r a n s i s t o r s   T3  and  T4  and  that   square   wave  is  synchronized   with  a 

p u l s e - w i d t h   modula t ion   t r a i n - o f - p u l s e s   s igna l   through  gates   G8  and  G9  and 

f l i p - f l o p   104  and  f l i p - f l o p   106  to  p r e s e n t   to  the  output  of  the  t o p  

t r a n s i s t o r s   Tl  and/or  T2  p u l s e - w i d t h   modu la t ion   t r a i n   of  p u l s e s ,  
synch ron i zed   with  a  r i s e   time  of  the  square   wave  gene ra to r   and  at  the  end  o f  

i t .   The  mic roconpu te r   41  a lso   g e n e r a t e s   at  tha t   time,  i . e . ,   at  the  end  o f  

every  h a l f   p e r i o d ,   a  s ignal   to  switch  over  from  diagonal   1,  i . e . ,   t r a n s i s t o r s  

Tl  and  T4,  to  d iagona l   2,  i . e . ,   t r a n s i s t o r s   T2  and  T3.  That  d i a g o n a l  

change  g u a r a n t e e s   the  s u c c e s s f u l   complete   switch  off  of  the  c o n d u c t i n g  

d iagona l   t r a n s i s t o r s .   And  f i n a l l y ,   the  microcomputer  41  also  g e n e r a t e s   a 
Fault  E r ro r   and  an  Error   Code,  which  are  sent  back  to  the  c o n t r o l  

m i c r o p r o c e s s o r   30  to  s ignal   when  one  of  the  p o t e n t i a l   f a i l u r e s   has  o c c u r r e d ,  

and  of  which  kind  of  f a i l u r e   it   is .   The  b ina ry   number  wil l   be  decoded  and 

forwarded  by  way  of  the  data  l ink  back  to  the  Display  Console  49 .  

In  t h i s   way,  the  microcomputer  41  p r o v i d e s   a  very  high  degree  o f  

f l e x i b i l i t y   in  c o n t r o l l i n g   the  power  i n v e r t e r ,   in  gene ra t i ng   waveforms,  i n  

t a l k i n g   back  to  the  c e n t r a l   c ab ine t   mic rocompute r ,   in  r e c e i v i n g   commands,  and 

in  p r o v i d i n g   i n t e l l i g e n c e   to  the  system  for  making  d e c i s i o n s ,   such  as,  if  any 
f a i l u r e   occurs   from  the  power  c i r c u i t ,   which  is  the  most  l i k e l y   p rob lem.  

HIGH  VOLTAGE  BLEEIER  AND  HIGH  VOLTAGE  DIVIDER  FEEDBACK  CIRCUIT 

The  High  Voltage  Bleeder  44  and  the  High  Voltage  Divider   Feedback  C i r c u i t  

46  of  FIG.  3  are  shown  in  g r e a t e r   d e t a i l   in  FIG.  8.  The  High-Voltage  B leeder  

44  o f f e r s   p r o t e c t i o n   agains t   o v e r v o l t a g e s   which  might  occur  on  the  h i g h  

vo l t age   s ide   and  be  r e f l e c t e d   back  i n to   the  e l e c t r o n i c   con t ro l   c i r c u i t .   A 

unique  f e a t u r e   is  that   the  necessa ry   ou tpu t   c a p a c i t o r   71  from  the  d.c.  side  o f  

the  high  t e n s i o n   r e c t i f i e r   29  is  used,  in  a  secondary  ro l e ,   to  rep lace   a  ve ry  



l a rge   number  of  p a r t s   of  a  c o n v e n t i o n a l   b l e e d e r .   The  only  a d d i t i o n a l  

components  t h a t   are  r e q u i r e d   are  a  bottom  c a p a c i t o r   107  and  a  bottom  r e s i s t o r  

108  as  shown  in  FIG.  8,  t h e r eby   d r a s t i c a l l y   reducing   both  the  phys ica l   size  o f  

the  b l eede r   and  the  i n h e r e n t   i n a c c u r a c i e s   and  higher   c o s t s   tha t   r e s u l t   from 

using  a  l a r g e   number  of  e lements   as  is  done  in  c o n v e n t i o n a l   b l e e d e r s .  

T y p i c a l l y ,   for  a  lower  power  g e n e r a t o r   ( in  the  range  of  .25  mAS)  the  f i l t e r  

c a p a c i t a n c e   has  to  be  minimized  e . g . ,   in  the  p resen t   embodiment  of  t h e  

i n v e n t i o n   the  c a p a c i t a n c e   of  c a p a c i t o r   71  is  about  5,nano  f a r a d s ,   from  anode 

to  ground.  There  is  an  i d e n t i c a l   c a p a c i t o r   and  an  i d e n t i c a l   b l eede r   sys tem 
from  the  cathode  to  ground.  The  purpose  of  using  the  bottom  c a p a c i t o r   107  i s  

to  ob ta in   a  low  v o l t a g e   output  s i g n a l ,   i . e . ,   in  the  range  of  5-15  v o l t s ,   t h a t  

can  be  fed  back  to  the  c o n t r o l   c i r c u i t s   without   causing  harm  t h e r e t o .  

An  a s s o c i a t e d   problem  tha t   must  be  dea l t   with  is  tha t   of  having  l a r g e  

vol tage   sp ikes   when  the  tube  a r c s ,   a  phenomena  which  might  appear  e i t h e r  

between  the  anode  to  ground,  the  cathode  to  ground,  or  the  anode  to  c a t h o d e .  

Obviously,   un l e s s   sane  p r o t e c t i o n   is  p rov ided ,   these   o v e r v o l t a g e s   can  damage 

the  con t ro l   c i r c u i t s .   The  approach  tha t   the  present   i n v e n t i o n   uses  t o  

p r o t e c t   the  system  is  to  p rovide   a  top-down  vol tage  cascade  f i l t e r i n g   a c t i o n  

to  gua ran tee   t h a t ,   for  the  worst  case,   the  con t ro l   c i r c u i t s   connected  to  t he  

o p e r a t i o n a l   a m p l i f i e r   84,  for  example,  wi l l   not  have  o v e r v o l t a g e s   which  c o u l d  

damage  the  system  dur ing  a  h i g h - v o l t a g e   t r a n s i e n t .   To  p rov ide   t h i s  

p r o t e c t i o n ,   the  vo l t age   d i v i d e r   requ i rement   for  the  nominal  maximum  75 

k i l o v o l t s   is  der ived   at  Vx  by  the  r a t i o   of  c a p a c i t o r   107  to  c a p a c i t o r   71, 

m u l t i p l i e d   by  2,000,  l ead ing   to  a  value  for  c a p a c i t o r   107  in  the  range  of  10 

mic ro fa rad ,   and  a  v o l t a g e   Vx  equal  to  37.5  v o l t s .   The  v o l t a g e   at  point   Vy 
in  the  vo l t age   d i v i d e r   c i r c u i t ,   as  appl ied   to  the  o p e r a t i o n a l   a m p l i f i e r   84 

input ,   is  d iv ided   by  r e s i s t o r s   109  and  111  to  give  a  Vz  v o l t a g e   of  about  
one -ha l f   the  value  of  Yy,  or  a  vo l t age   in  the  range  o f  4 . 9 9   v.  or  nea r ly   5 

v . ,   for  exanp le .   This  5  v . ,   when  cons ide red   in  c o n j u n c t i o n   with  the  v o l t a g e  
from  the  c a t h o d e - t o - g r o u n d   b l e e d e r ,   which  is  i d e n t i c a l ,   wi l l   give  a  t o t a l  

vo l tage   d i v i d e r   s i g n a l   of  10  v.  for  a  150  k i l o v o l t s   output   l e v e l .  

Having  d iv ided   the  v o l t a g e ,   the  cascade  f i l t e r i n g   now  comes  in to   p l a y .  
F i r s t   of  a l l ,   if   a  t r a n s i e n t   occurs  and  is  above  a  p rede te rmined   l e v e l ,   an  

a r r e s t o r   SP1  wi l l   act  as  a  p r o t e c t i o n   aga ins t   the  sp ike .   In  such  c a s e ,  
another  element  tha t   c o n t r i b u t e s   to  the  f i l t e r i n g   func t ion   is  the  c o a x i a l  



cable  112,  with  i t s   i nhe ren t   c a p a c i t a n c e   and  i nduc tance ,   which  wi l l   tend  t o  

reduce  the  r a d i a t e d   noise  caning  from  the  h i g h - v o l t a g e   side  before   it  a r r i v e s  

at  the  air   gap  Al.  A  second  a r r e s t o r   SP2  is  provided  as  shown  to  p r o v i d e  

added  a s s u r a n c e   of  p r o t e c t i o n .   Adding  f u r t h e r   to  the  cascade  f i l t e r i n g  

concept ,   c a p a c i t o r s   113,  114,  and  116  and  r e s i s t o r   117  are  p rov ided .   There  i s  

another   f i l t e r i n g   e f f e c t   between  the  r e s i s t o r   117  and  the  c a p a c i t o r   114.  And, 

f i n a l l y ,   t h e r e   is  a  f i l t e r i n g   e f f e c t   from  Vy  to  Vz  due  to  r e s i s t o r   109  and 

c a p a c i t o r   116,  which  opera te   in  c o n j u n c t o n   with  the  d i v i d e r   ac t ion   of  t h e  

r e s i s t o r   109  and  111  as  mentioned  above.  The  cumulat ive   e f f e c t   is  that   t h e  

vo l tage   Vz  is  a  nominal  value  of  5  v.  for  75,000  vo l t s   on  the  a n o d e - t o - g r o u n d  

vo l t age .   Also  inc luded   in  the  c i r c u i t   of  FIG.  8  are  diodes  118  and  119  which ,  

depending  on  the  p o l a r i t y   of  the  sp ike ,   wi l l   e i t h e r   d i v e r t   tha t   sp ike   to  t h e  

15  v.  power  supply  through  diode  118,  or  from  Vy  to  ground  through  diode  119.  

The  o p e r a t i o n a l   a m p l i f i e r   84  is  f u r t h e r   p r o t e c t e d   aga ins t   o v e r v o l t a g e s   on  i t s  

input  t e r m i n a l s   by  d iodes   121  and  122. 

The  combined  e f f e c t   of  cascading   the  p r o t e c t i o n s   provided  by  (1)  t h e  

f i l t e r i n g   combina t ion   of  e lements ,   i n c l u d i n g   a r r e s t e r   SP1,  coax i a l   cable  112, 

c a p a c i t o r   113,  a i r   gap  Al,  a r r e s t o r   SP  2,  and  the  vo l tage   d iv ide r   on 

r e s i s t a n c e s   109,  111,  and  117;  (2)  the  f i l t e r i n g   combinat ion   of  r e s i s t o r   117 

and  c a p a c i t o r   114;  and  (3)  the  f i l t e r i n g   combina t ion   of  r e s i s t o r   109  and 

c a p a c i t o r   116,  when  combined  with  the  c a p a b i l i t y   of  r e t u r n i n g   energy  to  t h e  

c a p a c i t o r s   of  the  supply  through  diodes  118  and  119,  p rov ides   a s s u r a n c e   t h a t  

whatever  the  l eve l   of  a  sharp  spike  which  may  occur  on  the  high  v o l t a g e ,   t h e r e  

wi l l   not  be  s u f f i c i e n t   energy  provided  to  the  e l e c t r o n i c   c o n t r o l   c i r c u i t   t o  

cause  damage. 

Re fe r r ing   now  in  more  d e t a i l   to  the  des ign   of  the  High  Voltage  Bleeder  44,  
i t s   t r a n s i e n t   r e s p o n s e   is  dependent  on  the  combined  impedance  of  the  c a p a c i t o r  

71,  r e s i s t o r   69,  and  the  c a p a c i t o r   107  with  i t s   equ iva l en t   r e s i s t o r   in  Vx, 

whereas,   in  a  s t e a d y - s t a t e   c o n d i t i o n ,   i t s   accuracy   is  dependent  on  t h e  

r e s i s t o r   69  and  e q u i v a l e n t   r e s i s t o r   in  Vx.  A  damping  r e s i s t o r   124  of  a 

r e l a t i v e l y   low  value  is  provided  to  a t t e n u a t e   the  p o s s i b l e   ext ra   r i p p l e  
o s c i l l a t i o n   on  c s p a c i t o r   71  which  may  be  genera ted   by  i t s   s e r i e s   i n d u c t a n c e .  
For  th i s   r ea son ,   the  high  vol tage  c a p a c i t o r   71  should  p r e f e r a b l y   have  a  low 

induc tance   va lue ,   t y p i c a l l y   less   than  100  nanohenrys .   The  r e l a t i o n s h i p  

between  r e s i s t o r s   69  and  the  e q u i v a l e n t   r e s i s t o r   between'108  in  p a r a l l e l   w i t h  



the  combina t ion   of  117,  109,  and  111  in  s e r i e s ,   and  c a p a c i t o r s   71  and  107  i s  

given  by  the  time  c o n s t a n t s   which  have  to  be  equal  and  a l so   by  the  fac t   t h a t  

the  r e q u i r e d   vo l t age ,   or  r e s p e c t i v e   vo l t age   of  Vx,  should   be  no  g rea t e r   t h a n  

40  v.  (as  r equ i r ed   by  Unde rwr i t e r   l a b o r a t o r i e s )   for  75  k i l o v o l t s   maximum, 

anode - to -g round   v o l t a g e .   It  should  be  mentioned  here  tha t   the  adjustment   on 

the  setup  of  the  b leeder   is  very  s t r a i g h t f o r w a r d ,   wi th   the  only  r e q u i r e d  

e o c p e n s a t i o n   being  tha t   of  the  c a p a c i t o r   107  for  the  va lue   of  the  t o l e r a n c e  

that   c a p a c i t o r   71  can  have,  t y p i c a l l y   on  the  order   of  5%.  This  s i n g l e  

ad jus tment   compares  very  f avo rab ly   with  c o n v e n t i o n a l   b l e e d e r s   which  t y p i c a l l y  

r e q u i r e   many  ad jus tmen t s   because  of  the  l a rge   nember  of  components  tha t   a r e  

i n v o l v e d .  

Another  advantage  of  the  p resen t   b leeder   is  t h a t ,   s ince   the  number  o f  

conponents   has  been  minimized  to  two  r e s i s t o r s   and  two  c a p a c i t o r s ,   from  t h e  

high  v o l t a g e   s ide  down  to  the  point   Vz  of  37.5  v.  p o t e n t i a l ,   the  p o s s i b i l i t y  

of  cumula t ive   e r r o r s   has  been  minimized.  The  r e q u i r e d   t o l e r a n c e   on  t h e  

r e s i s t o r s   is  not  very  t i g h t   s ince  the  number  of  r e s i s t o r s   is  only  two,  and 

th i s   leads  to  a  very  s imple ,   low  cos t ,   h igh ly   a c c u r a t e   way  of  making  a  b l e e d e r  

with  fas t   t r a n s i e n t   r e s p o n s e .  

Normally,   c o n v e n t i o n a l   b l eede r s   using  only  r e s i s t o r s   do  not  have  good 

t r a n s i e n t   response  and  f a s t   r i s e ,   whereas  in  the  p r e s e n t   system,  o p e r a t i n g   a t  

a  high  f requency  with  very  sharp  r i s e   p rov ides   a  good  t r a n s i e n t   response   i n  

order  to  aecommodate  the  c l o s e d - l o o p   feedback  v o l t a g e   c o n t r o l .   f u r t h e r ,   i t  

p rov ides   for  o p e r a t i o n   at  a  higher   band  width  to  t he reby   improve  the  s y s t e m  

r e s p o n s e .  
H I G H   MIXER  AMPLIFIER  AND  FEEDBACK  OUNTROLLER 

The  high  vo l t age   feedback  c o n t r o l   system  is  shown  in  FIG.  9  and  i n c l u d e s  
the  well-known  p r o v i s i o n   for   g e n e r a t i n g   a  v a r i a b l e   Vo l t age   Demand,  a  low 

e l e c t r o n i c s   l eve l   s igna l   on  the  order  of  0 -   10  v . ,   which  in  the  p r e s e n t  
i n v e n t i o n   is  produced  th rough  the  d i g i t a l - t o - a n a l o g   c o n v e r t e r   52  by  t h e  

c e n t r a l   m ic rop roces so r   30.  The  K i l v o l t s   Feedback  s i g n a l   coming  back  from  t h e  

output   along  l ine  72  is  conve r t ed   in  the  a n a l o g - t o - d i g i t a l   conver te r   53  and 

provided   to  the  same  m i c r o p r o c e s s o r   30  to  acknowledge,   in  r e a l - t i m e   o p e r a t i o n ,  
tha t   the  system  is  working  c o r r e c t l y   and  tha t   the  v o l t a g e   feedback  fol lows  t h e  

v o l t a g e   demand.  The  p r e f e r r e d   power  s tage  as  shown  in  FIG.  9  inc ludes ,   f i r s t  

of  a l l ,   the  power  t r a n s i s t o r   i n v e r t e r   39  which  o p e r a t e s   from  one  of  two  f i x e d  

t r a n s f o r m e r   taps  I  and   II  to  be  able  to  work  on  the  r e q u i r e d   very  wide 



k i l o v o l t   range  from  24  k i l o v o l t s   (in  namnography)  to  150  k i l o v o l t s   ( i n  

r a d i o g r a p h y ) .   From  the  output  of  the  p o w e r  t r a n s i s t o r   i n v e r t e r   t he re   is  shown 

in  FIG.  9  an  e q u i v a l e n t   c i r c u i t   for  the  high  vo l t age   s ide ,   r e f e r r e d   to  h e r e i n  

as  the  primary  s i de ,   where  the  main  components  are:   the  t r a n s f o r m e r   l e a k a g e  

induc tance   and  the  a s s o c i a t e d   s e r i e s   i nduc t ance   LT  the  c a p a c i t o r   f i l t e r   C .  

which,  with  r e s p e c t   to  the  p r imary ,   is  c a l c u l a t e d   by  m u l t i p l y i n g   the  h i g h  

vo l t age   value  by  the  square   of  the  turns   r a t i o   of  the  t r a n s f o r m e r ,   t h e r e b y  

r e s u l t i n g   in  a  very  l a rge   value;   and  the  v a r i a b l e   load  RL,  with  r e s p e c t   t o  

the  pr imary ,   which  can  vary  over  a  very  wide  range  ( t y p i c a l l y   from  1250  mA 

down  to  .1  mA,  a  15,000  to  1,  or  p o s s i b l y   g r e a t e r   load  power  v a r i a t i o n ) .  

There  is  a l so   shown  the  h i g h - v o l t a g e   d i v i d e r   p r e v i o u s l y   d e s c r i b e d ,   w h i c h  

p rov ides   the  K i l o v o l t s   Feedback  s igna l   for  o p e r a t i o n   of  the  v o l t a g e   f e e d b a c k  

Mixing  Ampl i f ie r   C o n t r o l l e r   34  and  the  c e n t r a l   m ic rop roces so r   3 0 .  

One  of  the  pr imary  f e a t u r e s   of  the  c l o s e d - l o o p   feedback  c o n t r o l   system  i s  

the  vol tage   feedback  phase  advance,  which  is  accomplished  by  the  c o m b i n a t i o n  

of  r e s i s t o r   126,  r e s i s t o r   127,  c a p a c i t o r   128,  and  the  phase  lag  of  the  m i x i n g  

a m p l i f i e r   129,  brought   about  by  the  time  c o n s t a n t   of  feedback  r e s i s t o r   131  and 

c a p a c i t o r   132,  to  c o o p e r a t i v e l y   produce  a  kV  Feedback  Error  s i g n a l ,   w h i c h  

va r i e s   during  the  r i s e   time  per iod   and  which,  under  s t e a d y - s t a t e   c o n d i t i o n s ,  

can  be  cons ide red   as  a  d.c.   s igna l   to  be  compared  with  a  sawtooth   g e n e r a t o r   36 

to  provide   the  p u l s e - w i d t h   modula t ion   t r a i n   of  pu l ses   on  the  ou tpu t   of  t h e  

comparator  133. 

It  should  be  mentioned  here  that   the  a b o v e - d e s c r i b e d   A n t i s a t u r a t i o n  

C i r c u i t r y   47  is  a l so   a  pa r t   of  the  c l o s e d - l o o p   feedback  k i l o v o l t s   loop  b e c a u s e  

when  dynamical ly   changing  the  s lope  of  the  waveform  from  the  s a w t o o t h  

g e n e r a t o r ,   i t   is  a l so   vary ing   the  e f f e c t i v e   gain  of  the  o v e r a l l   l o o p  
c o n t r o l l e r .   Even  though  the  v a r i a t i o n s   in  the  A n t i s a t u r a t i o n   C i r c u i t   47  a r e  
small  and  are  dynamica l l y   changing  according   to  the  l eve l   of  s a t u r a t i o n   t h a t  

the  t r an s fo rmer   i t s e l f   can  reach,   the  v a r i a b l e   gain  in t roduced   i n t o   the  loop 
is  another   impor tan t   f e a t u r e   to  be  taken  i n to   account   for  the  s t a b i l i t y   and 

good  performance  o p e r a t i o n   of  the  system.  The  purpose  of  the  lag  network  i n  

the  loop  is  to  f i l t e r   the  noise  in  the  e r ro r   feedback  s i g n a l .   To  achieve  an 

optimum  per formance ,   the  lag  network  has  to  be  minimized  to  improve  t h e  

bandwidth  of  the  system,  the  short   pulse  r e s p o n s e ,   and  the  feedback  t r a c k i n g .  

The  present   lag  network  is  c h a r a c t e r i s t i c a l l y   de f ined   by  the  time  c o n s t a n t  



c a n b i n a t i o n   of  r e s i s t o r   131  and  c a p a c i t o r   132,  as  well  as  by  the  time  c o n s t a n t  

of  the  load  f i l t e r   de te rmined   by  the  values   of  RL  and  CF.  But,  s ince  t h e  

RL CF  time  c o n s t a n t   is  v a r i a b l e   and  as  exp la ined   above,  can  t y p i c a l l y  

change  from  15,000  to  1,  the  phase  lag  i n t roduced   on  the  mixing  a m p l i f i e r   129 

by  means  of  r e s i s t o r   131  and  c a p a c i t o r   132  has  to  compensate,   in  terms  o f  

con t ro l   and  s t a b i l i t y ,   for  the  p o t e n t i a l   wide  load  v a r i a t i o n s   which  are  common 

in  X-ray  gene ra to r   machines .   On  the  other   hand,  the  combinat ion  of  r e s i s t a n c e  

131  and  c a p a c i t a n c e   132  has  to  p rov ide   a  minimum  time  cons tan t   to  make  s u r e  

that   the  feedback  system  can  respond  to  exposure  t imes  as  shor t   as  1 

m i l l i s e c .  

In  order  to  get  a  f a s t   system  response   in  the  feedback  of  the  m ix ing  

a m p l i f i e r   129,  t he re   is  inc luded   a  commercia l ly   a v a i l a b l e   l imi t   c i r c u i t   135 

whose  func t ion   is  to  l im i t   the  maximum  output   of  the  mixing  a m p l i f i e r   129  to  a  

level   of  10  v.  This  10  v.  level   is  the  same  ampli tude  as  the  s a w t o o t h  

gene ra to r   output   so  that   the  maximum  output   from  the  mixing  a m p l i f i e r   129  d o e s  

not  exceed  the  sawtooth  g e n e r a t o r   output   l eve l .   This  r e l a t i o n s h i p   a v o i d s  

s a t u r a t i o n   of  the  mixing  a m p l i f i e r ,   which  could  lead  to  a  slower  r e s p o n s e ,  

p a r t i c u l a r l y   dur ing  the  l a t t e r   pa r t   of  the  r i s e   time  per iod .   A  s econd  

func t i on   of  the  phase  lag  system  is  to  compensate  for  the  noise  i n t roduced   by  

the  phase  advance  f e a t u r e   such  t h a t ,   above  a  p rede te rmined   f r equency ,   t h e  

phase  lag  system  wi l l   minimize  the  noise  e f f e c t   to  the  system.  During  t h e  

r i se   time  the  phase  advance  e f f e c t   provided  by  r e s i s t o r s   126,  127  a n d  

c a p a c i t o r   128  wi l l   clamp  the  overshoot   to  a  p rede te rmined   l eve l   at  the  end  o f  

the  r i s e   time.  It  wi l l   a l so   improve  the  r esponse   of  the  system  to  dynamic 

v a r i a t i o n s   on  the  load,  or  to  v a r i a t i o n s   in  o ther   pa rame te r s ,   such  as  the  d . c .  

r a i l   vol tage   l e v e l ,   which  can  a f f e c t   the  k i l o v o l t s .   In  th is   way,  the  p h a s e  
advance  c o n t r o l s   the  overshoot   dur ing  the  r i s e   time  and  provides   a  r a n p i n g  
a c t i o n .   From  the  c o n t r o l   po in t   of  view,  what  i t   does  is  to  reduce  the  ene rgy  
s to red   during  the  r i s e   time  by  the  t r a n s f o r m e r   and  the  output  d . c .   f i l t e r   t o  

the reby   con t ro l   the  o v e r s h o o t .   The  p r ima ry   d i s advan tage   of  using  the  p h a s e  
advance  f e a t u r e   is  the  i n h e r e n t   i nc rease   in  noise   s igna l   on  the  m i x i n g  

o p e r a t i o n a l   a m p l i f i e r   o u t p u t ,   bu t ,   as  exp la ined   above,  th i s   is  compensated  f o r  

f r e q u e n c i e s   above  the  c u t - o f f   f requency  so  tha t   the  a .c .   r i p p l e   i nc rease   b e i n g  

produced  by  the  phase  advance  is  e f f e c t i v e l y   c a n c e l l e d   by  the  a b o v e - d e s c r i b e d  

phase  lag  network  and  by  an   a s s o c i a t e d   t r a n s i t i o n a l   phase  lag  c i r c u i t  



compris ing  the  s e r i a l l y   connected   r e s i s t o r s   130  and  c a p a c i t o r   140  t o  

compensate  for  dynamic  n o i s e ,   to  thereby  p rov ide   an  a ccep t ab l e   noise  level   i n  

an  improved  system  w i t h  a   high  gain  and  good  s t a b i l i t y .   The  bandwidth  of  t h e  

system  is  p r e f e r a b l y   in  the  range  of  1 -  1.2  k i l o h e r t z ,   and  the  s w i t c h i n g  

f requency   of  the  t r a n s f o r m e r   is  t y p i c a l l y   in  the  range  of  6  k i l o h e r t z   or  above  

so  that   both  c u t - o f f   f r e q u e n c i e s   on  the  phase  advance  and  the  t r a n s i t i o n a l   l a g  

are  well  below  the  t r a n s f o r m e r   swi tching  f r equency   to  thereby   compensate  f o r  

the  a .c .   r i p p l e   i n c r e a s e   which  is  produced  by  the  phase  advance  f e a t u r e .   The 

s t a b i l i t y   of  the  system  is  i n d i c a t e d   by  the  N icho l s '   Chart  shown  in  Figure  10 

which  shows  an  o v e r a l l   gain  margin  of  about  20db  and  a  phase  margin  of  7 0 ° .  

The  l i n e a r i t y   and  c o n t r o l   s t a b i l i t y   margins  of  the  system  are,   t h e r e f o r e ,   v e r y  

good .  

A  b e t t e r   u n d e r s t a n d i n g   of  the  present   system  can  be  had  by  r e f e r e n c e   t o  

sane  of  the  c o n s i d e r a t i o n s   given  to  the  va r ious   des ign   and  p e r f o r m a n c e  

f e a t u r e s .   For  example,  i t   should  be  r ecogn ized   tha t   during  the  r i s e   t i m e  

pe r iod   there   are  c o n f l i c t i n g   i n t e r a c t i o n   r e q u i r e m e n t s   fo r ,   on  the  one  h a n d ,  

having  a  high  c u r r e n t   flow  to  ensure  a  fas t   r i s e   time  and,  on  the  o ther   hand ,  

to  l imi t   the  c u r r e n t   flow  to  avoid  an  overshoo t   and  the  need  for  o v e r s i z e d  

cccponen t s .   During  the  r i s e   t ime,  the  cu r r en t   t ends   to  flow  very  h e a v i l y   t o  

magnet ize   the  t r a n s f o r m e r   and  charge  up  the  output   f i l t e r   c a p a c i t o r   69  and  i s  

only  l imi ted   by  the  t r a n s f o r m e r   leakage  induc tance   which,  in  tu rn ,   and  by 

des ign ,   is  p r e f e r a b l y   minimized  to  achieve  a  very  good  s igna l   waveform 

r e p r o d u c t i o n   between  the  pr imary  and  the  secondary .   The  size  of  the  d . c .  

output   f i l t e r   in  an  X-ray  g e n e r a t o r   is  a r r i v e d   at  by  a  compromise  between  t h e  

r e q u i r e m e n t s   for  low  mAs  to  be  achieved,   the  d e s i r e d   i n v e r t e r  s w i t c h i n g  

f requency ,   and  the  p e r m i t t e d   output   vol tage   r i p p l e .   A  f e a t u r e   of  the  p r e s e n t  
i nven t ion   is  to  i n c r e a s e   the  f requency  dur ing  the  r i s e   time  i n t e r v a l   so  as  t o  

achieve  a  f a s t e r   r i s e   time  with  less   c u r r e n t   l i m i t i n g   and  to  thereby   ob ta in   a 
waveform  that   is  very  c lose   to  a  square  wave .  

In  a d d i t i o n   to  the  above  r e q u i r e m e n t ,   t h e r e   i s  a   need  to  l imi t   t h e  
cu r ren t   flow  to  a  l eve l   which  can  be  met  by  the  power  t r a n s i s t o r   i n v e r t e r   27 

and  i t s   a s s o c i a t e d   c o n t r o l   dev i ce s .   F u r t h e r ,   the  c u r r e n t   flow  and  a s s o c i a t e d  

r i s e   time  must  be  l i m i t e d   in  order  to  avoid  an  overshoot   at  the  end  of  t h e  

r i s e   t ime.  For  these   r e a s o n s ,   the  cu r r en t   has  to  be  c o n t r o l l e d   during  t h e  

r i s e   time  but  at  the  same  time,  in  order  to  o b t a i n   f a v o r a b l e   r e s u l t s   w i t h  



X-ray  p r o c e d u r e s ,   and  e s p e c i a l l y   for  sho r t   exposures ,   the  system  must  a ch i eve  

a  r e a s o n a b l e   r i s e   time  in  the  range  of  .5  to  1.5  m i l l i s e c .   This  i s  

accomplished  by  o p e r a t i o n   of  the  v a r i a b l e   i n c r e a s i n g   mark/space   r a t i o   f e a t u r e  

and  by  o p e r a t i n g   at  higher   f r e q u e n c i e s   than  at  s t e a d y - s t a t e   ope ra t i on   a s  

d e s c r i b e d   a b o v e .  

Another  a spec t   of  the  current   l eve l   i n t e r a c t i o n   phenomenon  expla ined  above 

is  t h a t ,   dur ing   the  r i s e   time,  the  mixing  a m p l i f i e r   129  is  in  s a t u r a t i o n   and ,  

during  tha t   s a t u r a t i o n   i n t e r v a l ,   some  type  of  c o n t r o l   has  to  be  appl ied   t o  

ensure  t h a t   the  system  wi l l   recover   r a p i d l y   from  t r ans fo rmer   core  s a t u r a t i o n  

and  that   c o n t r o l   is  maintained  dur ing  t h a t   time  i n t e r v a l .   As  expla ined   above,  

th i s   c o n t r o l   is  e s t a b l i s h e d   by  i n s e r t i n g   the  output   l i m i t i n g   c i r c u i t   135  on 

the  feedback  of  the  mixing  a m p l i f i e r   129  which  p r e v e n t s   the  e r ro r   s igna l   from 

going  to  extreme  p o s i t i o n s   where  it   could  be  a  long  time  before   the  c a p a c i t o r  

132  r e c o v e r s   to  a l low  the  error   s igna l   to  be  w i th in   the  sawtooth  g e n e r a t o r  

i n t e r s e c t i o n a l   l i m i t s   to  thereby  qu i ck ly   remove  the  mixer  a m p l i f i e r   f rom 

s a t u r a t i o n   in  order   to  achieve  a  good  c o n t r o l   at  the  end  of  such  r i s e   t i m e  

i n t e r v a l .   At  the  end  of  that   r i s e   t ime,  and  even  dur ing  r i se   t ime,  t h e  

A n t i s a t u r a t i o n   C i r c u i t   47  has  to  be  matched  to  make  sure  the  t r a n s f o r m e r   28 

gets   out  of  s a t u r a t i o n   because  the  dynamic  asymmetry  of  the  mark/space   r a t i o  

or  v o l t s   per  second  a reas   are  appl ied   to  the  i n v e r t e r   27  and  t r a n s f o r m e r   28 

dur ing  such  r i s e   t i m e .  

It  w i l l   be  r e cogn ized   that  the  v a r i a b l e   i n c r e a s i n g   mark/space  r a t i o   d u r i n g  
the  r i s e   time  can  be  accomplished  by  c o n t r o l l i n g   the  vo l tage   demand  slope  by 

way  of  the  m i c r o p r o c e s s o r   30  through  the  D/A  c o n v e r t e r   52  to  ensure  that   t h e  

small  pu l se s   at  the  beginning  of  the  r i s e   time  w i l l ,   in  c o n j u n c t i o n   with  t h e  

c u r r e n t   l i m i t   on  the  power  i n v e r t e r ,   l i m i t   the  cu r r en t   and  a lso  c o n t r o l   t h e  

r i s e   time  i n t e r v a l .  

FIGURES  11a-11f   i l l u s t r a t e   the  per formance   of  the  p resen t   system  when 

o p e r a t i n g   w i t h i n   va r ious   parameters   with  an  MX-100  X-ray  tube  manufactured  by  
General  E l e c t r i c   Company.  FIGURE  l l a   shows  a  t y p i c a l   exposure  time  of  32 
m i l l i s e c .   w i th   a  c u r r e n t   load  of  640  mA  for  d i f f e r e n t   k i l o v o l t   l eve l s   of  55, 

60,  70,  80,  90,  and  100  k i l o v o l t s .   It  w i l l   be  seen  t h a t ,   f i r s t   of  a l l ,   t h e  

r i s e   time  is  very  f a s t ,   i . e . ,   wi th in   1  m i l l i s e c .   Secondly,   t he re   is  a  ve ry  
high  l i n e a r i t y   dur ing   the  r i se   time  and  the  overshoot   is  t i g h t l y   c o n t r o l l e d   a t  

the  end  of  the  r i s e   time  because  of  the  phase  advance  c o a p e n s a t i o n .   During 



the  s t e a d y - s t a t e   o p e r a t i o n ,   the  output  r i p p l e   is  seen  to  decrease   with  t h e  

output   vol tage   so  t ha t   the  m r k / s p a c e   r a t i o   i n c r e a s e s   with  i n c r e a s e s   in  t h e  

v o l t a g e .   However,  the  r i p p l e   is  minimal  in  each  c a s e .  

FIGURE  11b  shows  exposure  t imes  of  1  m i l l i s e c o n d   and  upward,  when 

o p e r a t i n g   at  v o l t a g e   and  c u r r e n t   l e v e l s   of  125  kV  and  400  mA,  r e s p e c t i v e l y .  

One  thing  which  is  i l l u s t r a t e d   by  t h i s   f i g u r e   is  the  very  f a s t   e f f e c t   of  t h e  

feedback  c i r c u i t .   The  f l a t   top  on  the  k i l o v o l t s   waveform  demons t r a t e s   t h a t  

the  feedback  o p e r a t e s   in  l ess   than  1   m i l l i s e c .   This   f i g u r e   a l so   shows,  d u r i n g  
the  r i s e   time  p e r i o d ,   s eve ra l   i n d i c a t i o n s   of  where  the  cu r ren t   l imi t   f u n c t i o n  

o p e r a t e s   to  con t ro l   the  s t o r i n g   of  energy  on  the  f i l t e r   c a p a c i t o r   and  

t r a n s f o r m e r   dur ing  the  r i s e   time  i n t e r v a l   to  the reby   prevent   an  ove r shoo t .   I t  

wi l l   be  recognized   t ha t   the  o p e r a t i o n a l   pa rame te r s   are  t y p i c a l   for  X - r a y  

g e n e r a t o r s   working  with  automat ic   exposure  c o n t r o l   at  very  low  mAs,  where  t h e  

r e p r o d u c i b i l i t y   in  c o n v e n t i o n a l   g e n e r a t o r s   is  very  d i f f i c u l t   to  achieve  due  t o  

the  wide  v a r i a t i o n   in  load.  The  p resen t   i n v e n t i o n   achieves   good  p e r f o r m a n c e  

under  such  c o n d i t i o n s   by  c o n t r o l l i n g   the  k i l o v o l t s   in  a  very  f a s t   c l o s e d - l o o p  

o p e r a t i o n   which  a s s u r e s   no  ove r shoo t ,   a  f l a t   top,  and  a  fast   r e s p o n s e .  
FIGURE  l lc  shows  an  exposure  at  110  k i l o v o l t s ,   400  mA,  and  shows  t h e  

c u r r e n t   waveform  on  the  i n v e r t e r .   This  f igure   c l e a r l y   i l l u s t r a t e s   the  two 

d i f f e r e n t   i n t e r v a l s .   The  f i r s t   i n t e r v a l ,   dur ing  the  n o n - l i n e a r   r i s e   t i m e  

p e r i o d ,   shows  the  c u r r e n t   which  is  allowed  to  flow  at  a  level   higher   than  t h e  

s t e a d y - s t a t e   l eve l   to  achieve   a  f a s t   r i s e   t ime.  It  f u r t h e r   shows  a  v e r y  

symmetr ica l   wave  form  both  during  the  r i s e   time  and  during  the  s t e a d y - s t a t e  

o p e r a t i o n .   This  is  i n d i c a t i v e   t h a t ,   because  of  the  ope ra t i on   of  t h e  

A n t i s a t u r a t i o n   C i r c u i t   47,  t h e r e   is  no  s a t u r a t i o n   phenomenon  in  t h e  

t r a n s f o r m e r .   This  f i g u r e   a l so   shows  tha t   the  t r a n s i t i o n   between  the  r i s e   t i m e  
i n t e r v a l   and  the  s t e a d y - s t a t e   c o n d i t i o n   is  done  smoothly  and  f a s t ,   at  the  end 
of  the  phase  advance  o p e r a t i o n   and  at  the  top  r each ing   of  the  k i l o v o l t s .  

The  kV  step  r e sponse   performance  is  i l l u s t r a t e d   in  FIGURE  l ld   which  shows 

a  200  mA,  7S  k i l o v o l t s   waveform  wi th  a   15  k i l o v o l t s   s tep  superimposed.   As  c a n  
be  seen,  there   is  no  overshoot   and  the  s e t t l i n g   time  is  very  fas t   (on  t h e  

order   of  l ess   than  1  m i l l i s e c ) .   It  appears   to  be  a  f i r s t   order  system  ( i . e . ,  

1/1  +  ST)  where  the  phase  lag  and  the  lead  networks  are  p r e d o m i n a n t .  
FIGURE  l le   shows  the  sane  waveform  but  at  a  h igher   f requency  and 

superimposed  with  a  7.5  kVp  step  to  show  the  k i l o v o l t s   f requency  r e s p o n s e .  



The  bottom  waveform  is  the  clock  g e n e r a t o r   which  produces  the  v a r i a b l e  

t r a n s i t i o n a l   demand. 

FIGURE  l l f   is  s i m i l a r   to  FIG.  l i e ,   at  75  kYp  with  7.5  kVp  s u p e r i m p o s e d ,  

but  the  time  sca le   is  d i f f e r e n t   and  the  f r equency   is  now  5.5  k i l o h e r t z .  

From  the  pe r fo rmance   data   shown in  FIGS.  10  and  11,  the  conc lu s ions   t h a t  

can  be  drawn  regardi .ng  the  vo l t age   feedback  c o n t r o l l e r   are  as  f o l l ows :   ( 1 )  

there  is  s u b s t a n t i a l l y   no  overshoot   over  the  wide  range  of  t e c h n i q u e s   employed 

in  the  X-ray  g e n e r a t o r ;   (2)  there   is  very  good  t r ack ing   at  l e a s t   up  to  5 . 5  

k i l o h e r t z ;   (3)  t he re   are  no  u n s t a b i l i t i e s   but ,   r a t h e r ,   very  good  l i n e a r i t y   and 

r e p r o d u c i b i l i t y ;   and  (4)  the  behavior   is  t ha t   of  a  f i r s t   order  system  ( 1 / 1  +  

ST) .  

While  t h i s   i n v e n t i o n   has  been  de sc r ibed   with  r e f e r e n c e   to  p a r t i c u l a r  

embodiments  and  examples,   other  m o d i f i c a t i o n s   and  v a r i a t i o n s   wi l l   occur  t o  
those  s k i l l e d   in  the  a r t   in  view  of  the  above  t e ach ings .   Accord ing ly ,   i t  

should  be  unders tood   t h a t   wi th in   the  scope  of  the  appended  c laims  t h e  

inven t ion   may  be  p r a c t i c e d   o therwise   than  is  s p e c i f i c a l l y   d e s c r i b e d .  



1.  A  power  g e n e r a t o r   for  use  in  applying  a  high  vo l t age   between  t h e  

anode  and  ca thode   of  an  X-ray  tube  c o m p r i s i n g :  

(a)  a  power  i n v e r t e r   for  c o n n e c t i o n   to  a  d.c.   power  source,   s a i d  

i n v e r t e r   being  c apab l e   of  producing  an  a l t e r n a t i n g   c u r r e n t ,   square-wave  o u t p u t  

from  the  d .c .   power  s o u r c e ;  
(b)  a  h i g h - v o l t a g e   t r a n s f o r m e r   connected  to  said  i n v e r t e r   f o r  

r e c e i v i n g   said  a l t e r n a t i n g   c u r r e n t   output   for  and  d e l i v e r i n g   a  h i g h - v o l t a g e  

ou tpu t  ;  

(c)  a  h i g h - v o l t a g e   r e c t i f i e r   connected   to  r ece ive   said  h i g h - v o l t a g e  

output   and  to  d e l i v e r   a  h i g h - v o l t a g e   d .c .   output   to  the  X-ray  t u b e ;  

(d)  c o n t r o l   means  for  o p e r a t i n g   said  i n v e r t e r   in  response  to  c o n t r o l  

s i g n a l s   to  s e l e c t i v e l y   vary  the  pulse   width  of  said  i n v e r t e r   s q u a r e - w a v e  

ou tpu t ;   and 

(e)  a  v o l t a g e   feedback  c i r c u i t   connected  between  the  X-ray  tube  and 

said  con t ro l   system,  said  c i r c u i t   being  r e s p o n s i v e   to  the  vo l tage   l e v e l  

between  the  anode  and  the  cathode  of  the  X-ray  tube  for  gene ra t ing   f e e d b a c k  

c o n t r o l   s i g n a l s   to  be  app l ied   to  the  c o n t r o l   means  for  ma in t a in ing   a  

p rede te rmined   v o l t a g e   level   ac ross   the  anode  and  c a t h o d e .  

2.  A  power  g e n e r a t o r   as  set  f o r t h   in  Claim  1  wherein  said  c o n t r o l   means 

is  r e spons ive   to  s e l e c t i v e l y   vary  the  f requency   of  the  i n v e r t e r   output   as  w e l l  

as  the  pulse  width  t h e r e o f .  

3.  A  power  g e n e r a t o r   as  set  f o r t h   in  Claim  1  wherein  said  c o n t r o l   means 
inc ludes   means  for  g e n e r a t i n g   a  vo l t age   e r ro r   s i g n a l ,   which  is  a  f u n c t i o n   of  a 
d i f f e r e n c e   between  the  feedback  c o n t r o l   s i g n a l   and  a  vo l tage   demand  l e v e l  

which  is  genera ted   in  response   to  an  o p e r a t o r   c o n t r o l .  

4.  A  power  g e n e r a t o r   as  set  f o r t h   in  Claim  3  wherein  said  vo l t age   e r r o r  
s igna l   g e n e r a t i n g   means  inc ludes   a  phase  advance  f e a t u r e   which  causes  t h e  

v o l t a g e   e r ro r   s i gna l   to  vary  dur ing  a  p rede te rmined   r i s e   time  to  t h e r e b y  

p r o t e c t   aga in s t   ove r shoo t   at  the  end  of  the  r i s e   t i m e .  



5.  A  power  g e n e r a t o r   as  set  f o r t h   in  Claim  4  wherein  said  vol tage   e r r o r  

s i gna l   g e n e r a t i n g   means  f u r t h e r   i nc ludes   a  phase - lag   means  to  compensate  f o r  
the  noise   i n t r o d u c e d   by  said  phase  advance  f e a t u r e .  

6.  A  power  gene ra to r   as  set  f o r t h   in  Claim  1  wherein  said  con t ro l   means 

inc ludes   a  sawtooth  gene ra to r   with  an  output   whose  f requency   and  s lope  a r e  
v a r i a b l e   in  r esponse   to  p rede te rmined   con t ro l   s i g n a l s   to  thereby  modulate  s a i d  

c o n t r o l   m e a n s .  

7.  A  power  gene ra to r   as  set  f o r th   in  Claim  6  and  i nc lud ing   an  

a n t i - s a t u r a t i o n   c i r c u i t   which  is  r e s p o n s i v e  t o   the  c u r r e n t   flow  in  s a i d  

h i g h - v o l t a g e   t r a n s f o r m e r   to  sense  a  s a t u r a t i o n   c o n d i t i o n   in  said  power 
i n v e r t e r   and  to  r e s p o n s i v e l y   provide   a  s igna l   to  said  sawtooth  g e n e r a t o r   t o  

d imin i sh   the  s a t u r a t i o n   c o n d i t i o n .  

8.  A  power  gene ra to r   as  set  f o r t h   in  Claim  1  wherein  said  power  i n v e r t e r  

comprises   a  p o w e r - t r a n s i s t o r   b r idge   c o n t r o l l i n g   a  h i g h - v o l t a g e ,   h i g h - f r e q u e n c y  

t r a n s f o r m e r .  

9.  A  power  gene ra to r   as  set  f o r th   in  Claim  1  wherein  said  d .c .   power 

source  compr i ses   a  t h r e e - p h a s e   a . c .   source  with  a  t h r e e - p h a s e   n o n - c o n t r o l l e d  

r e c t i f i e r   connected   t h e r e t o .  

10.  A  power  gene ra to r   as  set  f o r t h   in  Claim  1  wherein  said  power  i n v e r t e r  

ope ra t e s   at  a  r e l a t i v e l y   high  f requency   in  the  range  between  1  -  15   k i l o h e r t z .  

11.  A  h i g h - v o l t a g e   gene ra to r   for   the  a p p l i c a t i o n   and  c o n t r o l   of  a  h igh  

vo l t age   a c ro s s   the  anode  and  ca thode   of  an  X-ray  tube  c o m p r i s i n g :  

(a)  a  d .c .   s o u r c e ;  
(b)  an  i n v e r t e r   for  changing  the  output  of  the  d .c .   source  to  an  

a .c .   vo l t age   to  feed  a  h i g h - t e n s i o n   t r a n s f o r m e r ;  
(c)  means  for  r e c t i f y i n g   the  output   of  said  high  t ens ion   t r a n s f o r m e r  

for  a p p l i c a t i o n   to  the  X-ray  t u b e ;  

(d)  means  for  sensing  the  vo l tage   level   ac ross   the  anode  and  ca thode  

of  the  X-ray  tube  and  for  g e n e r a t i n g   s i g n a l s   r e p r e s e n t a t i v e   of  the  a c t u a l  

v o l t a g e ;  

(e)  means  for  g e n e r a t i n g   s i g n a l s   r e p r e s e n t a t i v e   of  a  des i red   v o l t a g e  

across   the  anode  and  cathode;   and  



(f)   c o n t r o l   means  for  o p e r a t i n g   in  response   to  sa id   a c t u a l  

v o l t a g e - r e p r e s e n t a t i v e   s i g n a l s   and  said  des i r ed   v o l t a g e - r e p r e s e n t a t i v e   s i g n a l s  

to  s e l e c t i v e l y   switch  said  i n v e r t e r   on  and  off  in  such  a  manner  as  to  m a i n t a i n  

said  d e s i r e d   v o l t a g e .  

12.  A  h i g h - v o l t a g e   g e n e r a t o r   as  set  f o r t h   in  Claim  11  wherein  s a i d  

sens ing  means  i n c l u d e s   a  b leeder   c i r c u i t   with  a  d u a l - p u r p o s e   c a p a c i t o r   s e r v i n g  

as  both  the  h i g h - v o l t a g e   c a p a c i t o r   in  the  b leeder   c i r c u i t   and  as  the  f i l t e r  

c a p a c i t o r   at  the  output   of  the  r e c t i f y i n g   means.  

13.  A  h i g h - v o l t a g e   g e n e r a t o r   as  set  f o r t h   in  Claim  11  wherein   s a i d  

c o n t r o l   means  i n c l u d e s   a  m i c r o p r o c e s s o r   which  r e c e i v e s   said  a c t u a l  

v o l t a g e - r e p r e s e n t a t i v e   s i g n a l s   through  a  d-a  c o n v e r t e r   and  p rov ides   a  

vo l tage-demand   s i g n a l   by  way  of  an  a/d  c o n v e r t e r   to  then  be  compared  with  s a i d  

ac tua l   v o l t a g e - r e p r e s e n t a t i v e   s i g n a l s .  

14.  A  h i g h - v o l t a g e   g e n e r a t o r   as  set  fo r th   in  Claim  11  wherein  s a i d  

i n v e r t e r   is  a  square-wave  i n v e r t e r ,   o p e r a t i n g   in  p u l s e - w i d t h - m o d u l a t i o n  

f a s h i o n .  

15.  A  h i g h - v o l t a g e   g e n e r a t o r   as  set  fo r th   in  Claim  14  wherein  s a i d  

i n v e r t e r   is  comprised  of  a  p o w e r - t r a n s i s t o r   br idge  c o n t r o l l i n g   a  h i g h - v o l t a g e ,  

h i g h - f r e q u e n c y   t r a n s f o r m e r .  
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