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@>  Combustion  roughness  servo  control  to  control  fuel/air  metering  or  EGR  metering  to  an  internal  combustion  engine. 

  A  servo  control  which  adjusts  the  supply  of  combustion 
diluent  (either  excess  air  or  EGR)  upwards  until  the  statistical 
variation  of  flame  speed  achieves  a  set  limit.  The  system  is 
intended  as  a  control  coefficient  input  to  an  automatic  control 
system  capable  of  more  rapid  dynamic  response  than  the 
roughness  controller  itself.  For  engines  characterized  by  ex- 
ceptional  homogeneity  and  in-cylinder  flow  control,  control  of 
flame  speed  variablility  up  to  set  limit  nearly  minimizes  NOX 
emissions  and  very  nearly  optimizes  fuel  efficiency  at  all  engine 
speeds  and  loads.  Two  «measures»  of  flame  speed  are  dis- 
closed,  first  peak  blowdown  pressure  in  the  exhaust,  and  sec- 
ond,  the  ionization  breakdown  voltage  of  an  additional  spark 
fired  a  specified  number  of crank angles  after the  ignition  spark. 



BACKGROUND  AND  OBJECTS 

The  inven to r   and  his  a s s o c i a t e s   at  A.E.A.  have  long  been  d e v e l o p i n g  

engine  designs  for  u l t r a - l e a n   combust ion.   Much  of  the  work  is  d e sc r i bed   a s  

"High  Swirl  Very  Low  P o l l u t i o n   P is ton   Engine  Employing  Opt imizable   V o r t i c i t y "  

U.  S.  Patent   #4 ,344 ,394 .   The  technology  de sc r i bed   in  this   pa t en t   p e r m i t s  

engines  to  be  opera ted  at  e x c e p t i o n a l l y  l e a n   a i r / f u e l   r a t i o s   with  e f f i c i e n c y  

at  or  approaching   that   of  small  a u t o n o t i v e   d i e s e l s   and  with  e x c e p t i o n a l l y   low 

NOx  emis s ions .   In  an  engine  such  as  that   de sc r i bed   in  Patent   #4,344,394  t h e  

c y l i n d e r - t o - c y l i n d e r ,   c y c l e - t o - c y c l e ,   and  m ic ro sca l e   volume  mixing  s t a t i s t i c s  

on  a i r / f u e l   r a t i o   are  much  t i g h t e r   than  in  the  p r io r   a r t ,   and  the  s t a t i s t i c a l  

v a r i a t i o n   of  mixture  motion  ins ide   the  c y l i n d e r   is  also  t i g h t e n e d .   With  such  

an  engine ,   i t   has  been  found  that   the  optimal  fuel   economy  a i r / f u e l   r a t i o ,  

using  the  Schwei tzer   Procedure  for  de te rmin ing   the  true  best  economy  m i x t u r e ,  

occurs  at  very  lean  r a t i o s .   When  the  engine  is  opera ted   r i c h e r   than  t h i s  

opt imal   po in t ,   the  cyc l i c   v a r i a t i o n   of  flame  speed  and  cyc l i c   v a r i a t i o n   o f  

peak  p re s su re   observed  in  the  engine  is  very  much  less  than  t h a t  

c h a r a c t e r i s t i c   of  p r io r   art   eng ines .   It  has  been.  found  i m p e r i c a l l y   that   t h e  

point   of  optimal  fuel  economy  (which  is  near ly   the  point  for  minimum  NOx 

emiss ions )   c o r r e l a t e s   over  the  speed  load  phase  space  with  the  onset  o f  

s i g n i f i c a n t   s t a t i s t i c a l   v a r i a t i o n   of  flame  speed  and peak  p r e s s u r e .   The 

s t a t i s t i c a l   v a r i a t i o n s   of  flame  speed  and  peak  p r e s s u r e  a r e   not  g r e a t e r   t h a n  

the  v a r i a t i o n s   commonly  encountered   with  o rd ina ry   mixtures   at  s t o i c h i o m e t r i c  

or  s l i g h t l y   lean  r a t i o s ,   but  the  s t a t i s t i c a l   v a r i a t i o n s   can  be  measured  and 

used  as  engine  c o n t r o l  i n p u t s .   It  is  h ighly   d e s i r a b l e   that   the  engine  o p e r a t e  

(except  at  very  high  loads  where  r ich  mixtures   are  r equ i red   to  make  torque)   a t  



a i r / f u e l   r a t i o s   which  are  lean  enough  for  a  s p e c i f i c   range  of  s t a t i s t i c a l  

v a r i a t i o n   of  flame  speed  (not  m i s f i r e ) ,   If  the  a i r / f u e l   r a t i o   is  c o n t r o l l e d  

to  achieve  this   b o r d e r l i n e   roughness ,   fuel  conomy  is  near ly   opt imized  and  NOx 

is  nea r ly   minimized.   The  ad jus tment   of  a i r / f u e l   r a t i o  f o r   b o r d e r l i n e  

Toughness  gives  the  proper  engine  adjus tment   for  e f f i c i e n c y   and  NOx  c o n t r o l  

r e g a r d l e s s   of  fuel  type  (e.  g.  g a so l i ne   vs.  methanol)   or  in take   air  d e n s i t y ,  

and  e f f i c i e n t l y   compensates  for  v a r i a t i o n s   in  flame  s t a b i l i t y   w i t h  i n t e r n a l   o r  

e x t e r n a l   EGR  as  a  f unc t ion   of  speed  and  load.   The  roughness  con t ro l   can  a l s o  

compensate  for  engine  and  embient  t e m p e r a t u r e .  

It  is  t h e r e f o r e   a  purpose  of  the  p resen t   i n v e n t i o n   to  produce  a  c o n t r o l  

which  reads  a  measure  of  flame  speed  or  peak  p r e s s u r e ,   and  a d j u s t s   a i r / f u e l  

r a t i o   so  that   the  s t a t i s t i c a l  v a r i a t i o n   of  flame  speed  (or  a  r e l i a b l y  

c o r r e l a t e d   measure  of  flame  speed)  achieves   a  s p e c i f i e d   degree  of  s t a t i s t i c a l  

v a r i a t i o n .   If  the  s t a t i s t i c a l   v a r i a t i o n   is  smal ler   than  a  set  value ,   t h e  

con t ro l   sh i f c s   the  a i r / f u e l   r a t i o   towards  the  lean  side  where  s t a t i s t i c a l  

v a r i a t i o n   of  f lane  speed  is  i n c r e a s e d .   f   s t a t i s t i c a l   v a r i a t i o n   of  f l ame  

speed,  or  a  measure  of  i t ,   is  excess ive   the  m i x t u r e  i s   s h i f t e d   r i c h e r .  

It  is  imposs ib le   to  get  the  dynamic  respouse  of  a  roughness  c o m b u s t i o n  

c o r t r o l   to  be  rapid  enough  to  respond  to  the  r a p i d  l o a d   changes  requi red   f o r  

d r i v e a b i l i t y   if  the  roughness  sensor  acts  a lone ,   However,  the  r o u g h n e s s  

s e n s i t i v e   con t ro l   can  input  a  r e l a t i v e l y   slowly  m o v i n g  c o r r e c t i o n   f unc t i on   f o r  

a  f a s t e r   au tomat ic   con t ro l   system,  S p e c i f i c a l l y ,   the  con t ro l   can  c o n t i n u o u s l y  

update  a  v i r i a b l e   which  m u l t i p l i e s   the  a i r / f u e l   r a t i o   s e l e c t e d   by  a  more  r a p i d  

autonomous  f u e l / a i r   meter ing  con t ro l l e r s .   The  a u t o m o m o u s  f u e l / a i r   m e t e r i n g  

system  can  be  bu i l t   to  respond  to  v a r i a t i o n s   in  speed,  load,  e tc ,   and  can  have 

very  rapid  r e s p o r s e .   Therefore   the  con t ro l   system  o f  t h e   cu r r en t   i n v e n t i o n  

uses  the  roughhness  c o n t r o l  a s   a  c o r r e c t   or  func t ion   which  ad jus t s   t h e  

c a l i b r a t i o n   of  a  au tomat ic   proaramred  a i r / f u e l   m a t e r i n g   system  s e n t i o u o u s l y .  



The  advan tages   of  NO  c o n t r o l   and  improved  e f f i c i e n c y   a v a i l a b l e   w i t h  

enleanment   occur  because  the  l eane r   mix tures   have  lower  peak  f l a m e  

t e m p e r a t u r e s   and  hence  lower  d i s s o c i a t i o n   l o s s e s   and  lower  NO  f o r m a t i o n  

k i n e t i c   r a t e s .   These  same  e f f e c t s   can  be  ob t a ined   with  i n t r o d u c t i o n   of  EGR 

for  a  r i c h e r   a i r / f u e l   r a t i o   r a t h e r   than  with  enleanment   of  the  a i r / f u e l   r a t i o  

i t s e l f .   It  i s ,   t h e r e f o r e ,   ano ther   purpose  of  the  p r e s e n t   i n v e n t i o n  t o   p r o d u c e  

a  c o n t r o l   which  reads  the  measure  of  flame  speed  or  peak  p r e s s u r e   and  a d j u s t s  

EGR  input   so  tha t   the  s t a t i s t i c a l   v a r i a t i o n   of  flame  speed  ach ieves   a  

s p e c i f i e d   degree  of  s t a t i s t i c a l   v a r i a t i o n .   Such  an  EGR  c o n t r o l   can  a c h i e v e  

the  same  advan tages   as  enleanment   with  a  super-homogeneous   engine  o p e r a t e d  

with  i n - c y l i n d e r   flow  c o n t r o l .   The  EGR  c o n t r o l   can  a lso   be  u s e f u l   as  a  

d r i v a b i l i t y   c o n t r o l   for  more  c o n v e n t i o n a l   e n g i n e s ,   and  can,  t h e r e f o r e ,   be  

app l i ed   to  EGR  c o n t r o l s   on  c u r r e n t   v e h i c l e s   as  well  as  to  EGR  i n t r o d u c t i o n   t o  

b e t t e r - m i x e d  s y s t e m s .  

A  number  of  measures  of  flame  speed,  and  hence  c y c l i c   v a r i a t i o n   of  f l a m e  

speed,   are  a v a i l a b l e .   One  can  read  the  peak  a c o u s t i c   p r e s s u r e   at  each  e x h a u s t  

blowdown  s ince   th i s   peak  p r e s s u r e   c o r r e l a t e s   i n v e r s e l y   with  flame  s p e e d .  

Another  conven i en t   measure  of  flame  speed  is  the  i o n i z a t i o n   r e s i s t a n c e   at  t h e  

spark  gap  on  r e f i r i n g   the  plug  20  or  30  degrees   a f t e r   the  i n i t i a l   i g n i t i o n .  

Whichever  combust ion  measure  is  chosen,   the  c o n t r o l   system  f u n c t i o n s   by  t a k i n g  

a  running  t o t a l   of  a  flame  speed  measure  and  c o n t r o l l i n g   a i r / f u e l   r a t i o   t o  

a d j u s t   the  flame  speed  measure  v a r i a n c e   to  a  set  v a l u e .  

Applied  to  an  engine  such  as  the  u l t r a -homogenous   v a r i a b l e   r e s t r i c t i o n  

f lap   engine  of  Pa ten t   #4 ,344 ,394   a  roughness   sensor   c o n t r o l   superimposed  on  a 

rapid   r esponse   f u e l / a i r   me te r ing   system  or  EGR  i n t r o d u c t i o n   system  serves  t o  

op t imize   NOX  and  o ther   e m i s s i o n s ,   maximize  fuel   e f f i c i e n c y ,   and  compensate  f o r  

v a r i a t i o n s   in  f u e l ,   a l t i t u d e ,   t e m p e r a t u r e   and  o ther   v a r i a b l e s .  



IN  THE  DRAWINGS 

Figure   1  i l l u s t r a t e s   the  v a r i a t i o n   of  e f f i c i e n c y   versus   f u e l / a i r   r a t i o  

for  the  c o n s t a n t   volume  f u e l / a i r   cyc le .   (Source:  F igure   0-2,  The  I n t e r n a l  

Combustion  Engine  in  Theory  and  P r a c t i c e ,   Volume  2,  C.  F.  Tay lo r ,   MIT  P r e s s ,  

1969.) 

F igures   2a  and  2b  i l l u s t r a t e   the  v a r i a t i o n   in  peak  p r e s s u r e   and  f l a m e  

speed  which  is  c h a r a c t e r i s t i c   of  s p a r k - f i r e d   eng ines   under  d i f f e r e n t  

c o n d i t i o n s .   Figure  2a  i l l u s t r a t e s   combus t ion   in  an  engine  with  t y p i c a l   m i x i n g  

and  lean   combusion.  F igure   2b  shows  o p e r a t i o n   of  the  engine  under  s i m i l a r  

c o n d i t i o n s   but  with  r i ch   combus t ion .   (Source :   The  I n t e r n a l   Combustion  Eng ine  

in  Theory  and  P r a c t i c e ,   Volume  2,  op  c i t ,   F igu re   1-18  taken  in  tu rn   f rom 

S o l t a n ,   "Cyl inder   P r e s s u r e   V a r i a t i o n s   in  P e t r o l   E n g i n e s , "   I n s t i t u t i o n  o f  

Mechanica l   Engineers   [London  P r o c e e d i n g s   of  the  Automobile   D i v i s i o n ,   1960-  

1961,  #2,  Page  9 9 ] . )   F igure   2c  s k e t c h e s   the  very  small   v a r i a t i o n   in  f l a m e  

speed  t y p i c a l   of  the  f l u i d i c   por t   u l t r a - h o m o g e n e o u s   engine  under  c o n d i t i o n s  

r i c h e r   than  opt imal   c o n d i t i o n s .  

F igure   3  i l l u s t r a t e s   by  ana logy   the  r eason   s t a t i s t i c a l   v a r i a t i o n   of  f l a m e  

speed  p e n a l i z e s   e f f i c i e n c y .   (Source :   The  I n t e r n a l   Combustion  Engine  i n  

Theory  and  P r a c t i c e ,   Volume  1,  o p  - c i t ,   F igu re s   1 2 - 1 4 . )  

F igure   4  shows  the  dependence  of  NOX  e m i s s i o n s   in  grams  per  i n d i c a t e d  

horsepower   hour  on  e q u i v a l e n c e   r a t i o   ( f u e l / a i r   r a t i o )   for  the  v a r i a b l e  

r e s t r i c t i o n   port   u l t r a - h o m o g e n e o u s   e n g i n e .  

F igures   5,  6  and  7  show  s c h e m a t i c a l l y   a  f u e l / a i r   me te r ing   system  i n t e n d e d  

to  supply   an  u l t r a - l e a n   eng ine ,   and  shows  the  manner  in  which  the  r o u g h n e s s  

c o n t r o l   e n t e r s   into  the  o v e r a l l   f u e l / a i r   c o n t r o l   s c h e m e .  

F igure   8  is  an  i l l u s t r a t i o n   of  an  i n t e r n a l   combust ion   eng ine ,   shown 

s c h e m a t i c a l l y   with  a  microphone  pickup  which  i n p u t s   an  exhaust   p r e s s u r e   s i g n a l  



to  the  c o n t r o l l e r .   Figure   9a  shows  p r e s s u r e   in  an  exhaus t   manifold   u n d e r  

c o n d i t i o n s   where  the  engine  is  o p e r a t i n g   smoothly  and  the  v a r i a t i o n   in  p e a k  

blowdown  p r e s s u r e   is  small  (f lame  speed  v a r i a t i o n   is  s m a l l ) .   Figure   9b  shows 

the  p r e s s u r e   curve  which  occurs   when  blowdown  p r e s s u r e   v a r i e s   (flame  s p e e d  

v a r i e s ) .  

Figure   10  is  a  schemat ic   showing  the  a l g o r i t h m   whereby  the  s i g n a l   f rom 

the  sensor   exhaus t   microphone  is  used  for  combust ion  c o n t r o l .  

F igure   l la   is  a  schemat ic   of  an  engine  and  i g n i t i o n   system  w i t h  t h e  

i g n i t i o n   system  adapted   to  f i r e   the  spark  aga in   30°  a f t e r   the  i g n i t i o n   f i r i n g  

to  provide   an  i o n i z a t i o n   probe  s i g n a l   to  measure  flame  speed.   Breakdown 

v o l t a g e   at  the  second  f i r i n g   c o r r e l a t e s   r e l i a b l y   with  flame  s p e e d .  

F igure   llb  is  a  ske tch   of  the  i g n i t i o n   wire  v o l t a g e   curve  which  i s  

c h a r a c t e r i s t i c   of  low  s t a t i s t i c a l   v a r i a t i o n   of  flame  speed.   Figure  l ie   is  a 

ske tch   of  the  wire  i g n i t i o n   v o l t a g e   which  is  c h a r a c t e r i s t i c   of  r e l a t i v e l y  

rough  c o m b u s t i o n .  

F igure   12  is  a  s chemat ic   ana logous   to  the  s chema t i c   of  Figure  10  where  

the  input   is  i o n i z a t i o n   breakdown  v o l t a g e   measured  as  shown  a b o v e .  

F igure   13a  and  13b  are  s c h e m a t i c s   of  an  engine  with  an  EGR  c o n t r o l   s y s t e m  

where  EGR  supply   is  a  f u n c t i o n   of  an  a u t o m a t i c   programming  with  e n g i n e  

v a r i a b l e s ,   with  a  c o n t i n u o u s l y   updated   bias  c o n t r o l l e d   by  a  roughness   c o n t r o l .  

F igure   14  is  a  s chema t i c   ana logous   to  the  s chema t i c   of  Figure   12  w h e r e i n  

the  roughness   c o n t r o l l e r   a d j u s t s   the  s e t t i n g   of  an  e l e c t r o n i c a l l y   c o n t r o l l e d  

EGR  system  r a t h e r   than  a d j u s t i n g   a i r / f u e l   r a t i o .  

DETAILED  DISCUSSION 

Figure   1  i l l u s t r a t e s   the  v a r i a t i o n   of  e f f i c i e n c y   ve rsus   e q u i v a l e n c e   r a t i o  

( f u e l / a i r   r a t i o   at  s t o i c h e m e t r i c  ÷   f u e l / a i r   r a t i o   a c t u a l )   for  the  c o n s t a n t  

volume  f u e l / a i r   c y c l e .   (Source :   F igure   0-2  The  I n t e r n a l   Combustion  Engine  i n  



Theory  and  P r a c t i c e ,   Volume  I I ,   C.  F.  T a y l o r ,   MIT  Press ,   1968.)  Figure   1 

i l l u s t r a t e s   the  thermodynamic  a d v a n t a g e s   of  lean  combust ion  so  long  as  t h e  

c o n s t a n t   volume  cycle   can  be  a p p r o x i m a t e d .   The  c o n s t a n t   volume  cycle   assume 

i n s t a n t a n e o u s   combust ion   at  top  dead  c e n t e r ,   but  can  be  a d e q u a t e l y  

approximated   even  for   combust ion   d u r a t i o n s   of  40  or  50  crank  degrees   so  l o n g  

as  the  combustion  p rocess   is  timed  so  t h a t   the  bulk  of  the  combus t ion   happen:  

near  top  dead  c e n t e r .   The  i n d i c a t e d   e f f i c i e n c y   of  an  engine  with  e x c e l l e n t  

mixing  and  complete  combust ion   can  be  r e a s o n a b l y   c lose   to  t ha t   of  the  f u e l / a i  

cycle  so  long  as  flame  speeds  are  a d e q u a t e   and  v a r i a t i o n s   of  flame  speed  f ron  

cycle  to  cycle  are  r e l a t i v e l y   s m a l l .  

F igures   2a  and  2b  i l l u s t r a t e   the  v a r i a t i o n   in  peak  p r e s s u r e   and  f l a m e  

speed  which  is  c h a r a c t e r i s t i c   of  t y p i c a l   c u r r e n t   a r t   s p a r k - f i r e d   eng ines   unde 

d i f f e r e n t   mixture   c o n d i t i o n s .   F igure   2a  i l l u s t r a t e s   combust ion  in  an  e n g i n e  

with  t y p i c a l   mixing  at  2000  rpm  with  a  compress ion   r a t i o   of  9  at  a n  

e q u i v a l e n c e   r a t i o   of  .82,  which  is  c o n s i d e r e d   a  r e l a t i v e l y   lean  r a t i o   f o r  

t y p i c a l   engine  combus t ion .   It  can  be  seen  tha t   there   are  r a t h e r   s u b s t a n t i a l  

v a r i a t i o n s   in  peak  p r e s s u r e   c h a r a c t e r i s t i c   of  these  lean  m i x t u r e s .   These  pea  

combust ion  v a r i a t i o n s   produce  s i g n i f i c a n t   e f f i c i e n c y   decrements   and  

p e r c e p t i b l e   engine  v i b r a t i o n .   (Source   for  both  Figure  2a  and  2b:  The 

I n t e r n a l   Combustion  Engine  in  Theory  and  P r a c t i c e ,   Volume  2,  op  c i t ,   Figure   1 

18  taken  in  turn   from  So l t an ,   " C y l i n d e r   P r e s s u r e   V a r i a t i o n s   in  P e t r o l  

E n g i n e s , "   I n s t i t u t i o n   of  Mechanica l   E n g i n e e r s   [London  P roceed ings   of  t h e  

Automobile  D i v i s i o n ,   1960-1961,   #2,  Page  99].)  Figure.  2b  shows  o p e r a t i o n   o f  

the  same  engine  at  the  same  rpm  but  with  a  r i ch   e q u i v a l e n c e   r a t i o   of  1 . 2 5  

showing  the  c y c l i c   v a r i a t i o n   which  is  c h a r a c t e r i s t i c   of  t y p i c a l   a r t   e n g i n e s  

when  ope ra ted   r i c h .   The  degree  of  c y c l i c   v a r i a t i o n   of  flame  s p e e d  

c h a r a c t e r i s t i c   of  the  u l t r a - h o m o g e n e o u s   engine   when  ope ra t ed   under  o p t i m a l  



c o n d i t i o n s   is  a p p r o x i m a t e l y   equal   to  the  s t a t i s t i c a l   v a r i a t i o n   in  peak  

p r e s s u r e   shown  in  Figure  2b.  Figure   2c  ske t ches   the  very  small  v a r i a t i o n   i n  

flame  speed  t y p i c a l   of  the  f l u i d i c   port   u l t r a - h o m o g e n e o u s   engine  u n d e r  

c o n d i t i o n s   r i c h e r   than  opt imal   c o n d i t o n s .   Under  these   r e l a t i v e l y   r i c h  

c o n d i t i o n s   (which  may  be  as  lean  as  an  e q u i v a l e n c e   r a t i o   of  .6)  c y c l i c  

v a r i a t i o n   of  peak  p r e s su re   is  b a r e l y   p e r c e p t i b l e .   I n v a r i a b l y   i t   i s  f o u n d   t h a t  

the  op t imal   e f f i c i e n c y   point   occurs   at  a  poin t   where  s t a t i s t i c a l   v a r i a t i o n   o f  

peak  p r e s s u r e   and  flame  speed  has  become  s i g n i f i c a n t .   This  is  the  point   whe re  

the  l o s s e s   due  to  heat  r e l e a s e   away  from  top  dead  c e n t e r   due  to  s t a t i s t i c a l  

v a r i a t i o n   about  the  mean  opt imal   spark  t iming  ba lance   the  a d d i t i o n a l  

thermodynamic  advantages   of  enleanment   which  were  i l l u s t r a t e d   with  r e spec t   t o  

Figure   1.  

Figure  3  i l l u s t r a t e s   by  analogy  the  reasons   s t a t i s t i c a l   v a r i a t i o n   o f  

flame  speed  p e n a l i z e s   e f f i c i e n c y .   The  f i g u r e   p l o t s   the  c o r r e l a t i o n   of  b r a k e  

mean  e f f e c t i v e   p r e s s u r e   (a  no rma l i zed   torque  measure)   versus   s p a r k - a d v a n c e  

d e v i a t i o n   from  the  best   torque  spark   advance .   (Source :   The  I n t e r n a l  

Combustion  Engine  in  Theory  and  P r a c t i c e ,   Volume  I,  op  c i t ,   Figure  1 2 - 1 4 . )  

I n v e s t i g a t i o n   of  the  curve  of  F igure   3  shows  tha t   the  d e c l i n e   in  e f f i c i e n c y   i s  

a p p r o x i m a t e l y   p r o p o r t i o n a l   to  the  1.8  power  of  spark  t iming  d e v i a t i o n   from  i t s  

opt imal   va lue .   It  happens  tha t   the  g rea t   bulk  of  the  s t a t i s t i c a l   v a r i a t i o n   i n  

flame  speed  occurs  in  the  f i r s t   two  pe rcen t   of  combust ion  p r e s s u r e   r i s e ,   so 

tha t   s t a t i s t i c a l   v a r i a t i o n   of  flame  speed  i s ,   in  e f f e c t ,   a  random  v a r i a t i o n   i n  

spark  t iming  from  cycle  to  cycle   on  a  h y p o t h e t i c a l   engine  where  flame  speed  i s  

o t h e r w i s e   c o n s t a n t .   The  e f f i c i e n c y   p e n a l t y   for  flame  speed  va r i ance   i s  

t h e r e f o r e   roughly   p r o p o r t i o n a l   to  the  1.8  power  of  the  v a r i a n c e .   A  s m a l l  

degree  of  flame  speed  and  peak  p r e s s u r e   v a r i a t i o n   c o n s e q u e n t l y   does  r e l a t i v e l y  

l i t t l e   harm  but  the  e f f i c i e n c y   p e n a l t y   with  flame  speed  va r i ance   i n c r e a s e s  



almost  as  the  square   of  the  v a r i a n c e .   With  t h i s   in  mind,  i t   should  be  easy  t  

u n d e r s t a n d   why  the  opt imal   e f f i c i e n c y   poin t   for  a  very  homogeneous  and  f l u i d -  

m e c h a n i c a l l y   r e p r o d u c i b l e   engine  wi l l   occur  at  a  very  lean  point   where  t h e  

t r a d e - o f f   between  s t a t i s t i c a l   v a r i a t i o n   of  flame  speed  and  the  i n h e r e n t  

thermodynamic  advantage   of  f u r t h e r   enleanment   b a l a n c e s .  

Figure   4  shows  the  dependence  of  NO  emiss ions   in  grams  per  i n d i c a t e d  

horsepower   hour  on  e q u i v a l e n c e   r a t i o   for  a  v a r i a b l e   r e s t r i c t i o n   port   u l t r a -  

homogeneous  engine  d e s c r i b e d   in  Pa ten t   #4 ,344 ,394 .   Much  of  the  data  f rom 

Figure   4  is  a lso  shown  in  Figure  60  of  Pa ten t   #4 ,344 ,394 ,   but  the  f i g u r e   a l s o  

i n c l u d e s   data  from  a  2.3  l i t r e   Ford  engine  ope ra t ed   with  a  vo r t ex   and  f l u i d i c  

por t s   on  g a s o l i n e .   The  per formance   of  both  the  s i ng l e   c y l i n d e r   engine  and  th< 

Ford  engine  was  such  that   the  opt imal   e f f i c i e n c y   occur red   at  e q u i v a l e n c e  

r a t i o s   in  the  range  of  .6  s t o i c h e m t r i c   and  l e a n e r .   This  r e s u l t   was  t y p i c a l  

over  a  wide  range  of  speeds  and  l oads .   At  the  optimum  fuel   economy  r a t i o s ,  

NOx  is  qu i t e   low.  By  c o n t r o l l i n g   the  e q u i v a l e n c e   r a t i o   to  achieve   a  s p e c i f i e c  

l e v e l   of  c y c l i c   v a r i a t i o n   i t   is  p o s s i b l e   to  approximate   c l o s e l y   the  o p t i m a l  

fue l   economy  and  minimum  NO  for  the  e n t i r e   engine  phase  space  of  speeds  and 

l o a d s .  

F igures   5,  6,  and  7  show  s c h e m a t i c a l l y   a  f u e l / a i r   me te r ing   s y s t e m  

i n t e n d e d   to  meter  fue l   and  a i r   to  an  u l t r a - l e a n   engine  such  as  that   d e s c r i b e d  

in  Pa ten t   #4 ,344 ,394   and  shows  the  manner  in  which  the  roughness   c o n t r o l  

e n t e r s   in  to  the  o v e r a l l   f u e l / a i r   c o n t r o l   scheme.  Figure  5  shows 

s c h e m a t i c a l l y   fuel   flow  ac ross   the  s l o t t e d   valve  3  c o n t r o l l e d   by  a  s o l e n o i d  

servo  va lve   8,  9  which  s u p p l i e s   the  eng ine .   The  p r e s s u r e   d i f f e r e n t i a l   a c r o s s  

the  s l o t t e d   valve  is  c a l l e d   Δ P   f u e l .   Figure  6  shows  an  air   t h r o t t l e   l i n k e d  

m e c h a n i c a l l y  a n d   with  c o e f f i c i e n t s   of  d i s c h a r g e   matched  to  the  s l o t t e d   f u e l  

va lve   of  Figure   5  and  shows  an  a i r   p r e s s u r e   t r a n s d u c e r   to  p r e s s u r e  Δ P   a i r  



across   the  a i r   t h r o t t l e .   Figure  7  shows  the  f u e l / a i r   c o n t r o l   s y s t e m  

s c h e m a t i c a l l y .   A  measured  A  P  a i r   inpu t s   in to   a  computer  which  computes  a  Δ  P 

fuel   d e s i r e d   as  the  product   of  an  a u t o m a t i c a l l y   programmed  f u n c t i o n   (in  t e r m s  

o f  Δ  Pa i r '   rpm,  e t c . )   times  a  servo  c o r r e c t i o n   c o e f f i c i e n t   which  is  a d j u s t e d  

to  bias  the  c o n t r o l   system  to  the  proper   degree  of  c y c l i c   v a r i a t i o n   in  f l a m e  

speed.   Once  the  computer  s p e c i f i e s   the  Δ P  fuel   d e s i r e d ,   an  analog  s e r v o  

c o n t r o l s   the  v o l t a g e   on  the  servo  so l eno id   valve  of  Figure  4  u n t i l   Δ P   f u e l  

measured  = A P  fuel   d e s i r e d .   This  e q u i l i b r i u m   process   occurs  in  about  t e n  

m i l l i s e c o n d s .   The  c y c l i c   time  of  the  computa t ion   process   shown  in  Figure  7 

can  vary,   but  i t   can  be  made  very  f a s t .   The  f u e l / a i r   me te r ing   system  o f  

Figures   5,  6  and  7  is  au toma t i c   and  has  very  rapid   r e s p o n s e ,   but  has  i t s  

f u e l / a i r   me te r ing   c a l i b r a t i o n   a d j u s t e d   c o n t i n u o u s l y   by  the  roughness   s e n s o r  

servo  c o n t r o l .   This  roughness   sensor   servo  c o n t r o l   can  update  the  s e r v o  

c o r r e c t i o n   c o e f f i c i e n t   once  every  exhaust   blowdown  or  once  every  c o m b u s t i o n  

e v e n t .  

Figure  8  is  an  i l l u s t r a t i o n   of  an  i n t e r n a l   combustion  eng ine ,   shown 

s c h e m a t i c a l l y   with  a  microphone  pickup  which  inputs   an  exhaus t   p r e s s u r e   s i g n a l  

to  the  c o n t r o l l e r .   Peak  exhaus t   blowdown  p r e s s u r e   is  a  u s e f u l   measure  o f  

flame  speed  and  v a r i a t i o n   in  peak  blowdown  p r e s s u r e s   measures  flame  s p e e d  

v a r i a t i o n .   It  is  not  n e c e s s a r y   tha t   the  exhaus t   p r e s s u r e   microphone  be  

l o c a t e d   in  the  p o s i t i o n   shown  in  Figure   8,  and  indeed  i t   may  be  d e s i r a b l e   t o  

place   the  microphone  in  a  much  coo le r   passage  (for   example,  in  the  e x h a u s t  

passage  downstream  of  a  mixing  v o r t e x ,   in  a  p o s i t i o n   where  the  exhaust   gas  h a s  

been  m u c h ' c o o l e d ) .  

Figure  9a  shows  p r e s s u r e   in  an  exhaust   manifold   under  c o n d i t i o n s   where  

the  engine  is  o p e r a t i n g   smoothly  and  the  v a r i a t i o n   in  peak  blowdown  p r e s s u r e  

is  small  (flame  speed  v a r i a t i o n   is  s m a l l ) .   An  engine  with  the  u l t r a -  



homogeneous  c h a r a c t e r i s t i c s   of  the  engine  of  Patent   #4 ,344 ,394   would  be 

o p e r a t i n g   too  r i ch   if  i t   had  an  exhaus t   p r e s s u r e   pulse   wave  form  such  as  t h i s  

(un les s   the  engine  was  opera ted   at  such  a  high  to rque   demand  tha t   e n r i c h m e n t  

of  the  mix ture   was  i n e s c a p a b l e   because  of  engine  a i r f l o w   l i m i t s ) .   Figure  9b 

shows  the  p r e s s u r e   curve  which  occurs   when  blowdown  p r e s s u r e   v a r i e s   ( f l a m e  

speed  v a r i e s ) .  

Figure  10  is  a  schemat ic   showing  the  a l g o r i t h m   whereby  the  s i gna l   f rom 

the  exhaus t   microphone  is  used  for  combust ion  c o n t r o l .   The  drawing  is  l a r g e l y  

s e l f - e x p l a n a t o r y .   The  exhaust   p r e s s u r e   s i g n a l   from  the  sensor   microphone  i s  

compressed  by  a  l o g a r i t h m i c   compress ion   c i r c u i t   for  e l e c t r o n i c   convenience  and 

an  e l e c t r i c a l   c i r c u i t   is  a r ranged   to  hold  the  peak  v o l t a g e s   which  c o r r e s p o n d  

to  the  exhaus t   blowdown  p r e s s u r e .   These  peak  v o l t a g e s   are  read  with  an  a n a l o g  

to  d i g i t a l   c o n v e r t e r   and  the reby   conve r t ed   to  numbers.  The  computer  keeps  a  

running  t o t a l   of  the  l a s t   16  blowdown  peak  p r e s s u r e   numbers  in  the  normal  way, 

where  the  l a s t   blowdown  number  e n t e r s   the  summation  and  the  17th  is  d ropped  

out  on  a  con t inous   update  b a s i s .   Af te r   each  blowdown  the  computer  compares  

the  l a s t   blowdown  number  with  the  running   t o t a l   blowdown  ave rage ,   and  makes 

the  f o l l o w i n g   d e c i s i o n s .   If  the  l a s t   blowdown  number  v a r i e s   by  more  than  a  

s p e c i f i e d   value  from  the  average  of  the  p rev ious   16  v a l u e s ,   the  r o u g h n e s s  

c o n t r o l   a d j u s t s   the  roughness   c o e f f i c i e n t   in  Figure  7  to  en r i ch   the  m i x t u r e .  

If  the  blowdown  p r e s s u r e   number  f a l l s   w i t h i n   the  s p e c i f i e d   l i m i t s ,   the  c i r c u i t  

a d j u s t s   the  c o n t r o l   c o e f f i c i e n t   in  F igure   7  to  enlean  the  m i x t u r e .   The  s l e w  

ra t e   lean  should  t y p i c a l l y   be  much  s lower  than  the  slew  ra te   r ich   (perhaps  a  

t en th   as  f a s t )   s ince   the  p e n a l t y   for  e x c e s s i v e   enleanment   may  be  m i s f i r e ,  

whereas  the  p e n a l t y   for  e x c e s s i v e   r i c h n e s s   is  only  an  NO  emiss ion  pena l ty   i n  

an  engine  c h a r a c t e r i z e d   by  low  NO  e m i s s i o n s .   It  should  be  c l ea r   to  t h o s e  

s k i l l e d   in  the  servo  mechanica l   a r t s   tha t   the  slew  r a t e s   lean  and  r ich   and  t h e  



numer ica l   va lues   of  A  and  B  are  v a r i a b l e s   which  may  be  a d j u s t e d   by  t h e  

d e s i g n e r   as  he  op t imizes   the  s y s t e m .  

The  system  is  also  s u b j e c t   to  a  number  of  o v e r r i d e s ,   as  fo l lows :   1) 

Cranking  o v e r r i d e  -   if  blowdown  f requency  is  less   than  6  cyc les   per  second  and 

g r e a t e r   than  0  cycles   per  seconds ,   slew  r ich   for  s t a r t i n g .   2)  D e c e l e r a t i o n  

fuel   s h u t - o f f   o v e r r i d e  -   if  rpm  is  g r e a t e r   than  600  and  there   is  n e g l i b l e  

blowdown  p r e s s u r e   (engine  not  f i r i n g )   no  slew  ra te   e i t h e r   r i ch   or  lean  and  no 

slew  for  the  f i r s t   10  to  20  blowdowns  a f t e r   f i r i n g   resumes.   3)  Cold 

en r i chmen t   o v e r r i d e  -   once  slew  r a t e   r ich   to  i n c r e a s e   with  d e c r e a s i n g   s e n s o r  

t e m p e r a t u r e   below  a p p r o x i m a t e l y   10°C  (slew  may  double  every  10°C 

t h e r e a f t e r ) .  

Those  s k i l l e d   in  the  s e r v o - m e c h a n i c a l   a r t s   wi l l   r e c o g n i z e   that   a  number 

of  the  v a r i a b l e s   set  out  above  can  be  changed  if  t h i s   is  c o n v e n i e n t .   A  and  B, 

the  upper  and  lower  p e r c e n t a g e   v a r i a t i o n   t h r e s h h o l d s   for  e n r i c h e n i n g ,   a r e  

v a r i a b l e .   The  number  of  e n t r i e s   in  the  running  t o t a l   can  be  v a r i e d .   The  s l e w  

r a t e s   lean  and  r ich   can  be  va r i ed   and  the  v a r i a t i o n   of  slew  ra te   w i t h  

t e m p e r a t u r e   is  also  v a r i a b l e .  

The  roughness   combust ion  c o n t r o l   system  can  be  very  s i m i l a r   if  i t s   i n p u t  

is  ano the r   measure  of  flame  speed.   An  ex t remely   c o n v e n i e n t   measure  of  f l a m e  

speed  is  the  i o n i z a t i o n   r e s i s t a n c e   of  the  combust ion  gases  measured  a  

s p e c i f i e d   time  or  s p e c i f i e d   number  of  crank  degrees   a f t e r   i g n i t i o n .   This  may 

be  measured  by  f i r i n g   the  spark  plug  a  second  time  a  set  number  of  c r a n k  

degrees   (say  30  crank  deg rees )   a f t e r   the  i g n i t i o n   f i r i n g .   The  spark  plug  gap 

wi l l   at  t h i s   time  be  i n s i d e   a  cloud  of  p o s t - f l a m e   combust ion  gases ,   and  t h e  

i o n i z a t i o n   breakdown  v o l t a g e   wi l l   be  less   than  a  hundred th   that   r equ i red   f o r  

i g n i t i o n   i t s e l f .   This  i o n i z a t i o n   breakdown  v o l t a g e   is  a  s t rong   f u n c t i o n   o f  

t e m p e r a t u r e   and  p r e s s u r e .   The re fo re   v a r i a t i o n   of  th i s   breakdown  vo l t age   can  



serve  as  the  input   for  the  combustion  roughness   c o n t r o l .   To  i l l u s t r a t e   t h i s  

Figure   l la   is  a  schemat ic   of  an  engine  and  i g n i t i o n   system  with  the  i g n i t i o r  

system  adapted  to  f i r e   the  spark  plug  a  second  time  30  degrees   a f t e r   t h e  

i g n i t i o n   f i r i n g   to  provide   an  i o n i z a t i o n   probe  s i g n a l   to  measure  flame  speed 

F igures   llb  and  l ie  ske tch   the  wire  vo l t age   t r aces   from  a  system  such  a 

tha t   of  Figure  11a.  Only  the  i o n i z a t i o n   breakdown  v o l t a g e s   are  shown.  When 

the  spark  f i r e s   30°  a f t e r   i g n i t i o n ,   the  breakdown  vo l t age   is  very  much  l e s s  

than  tha t   r e q u i r e d   of  the  i g n i t i o n   spark .   This  breakdown  v o l t a g e   is  a 

f u n c t i o n   of  the  i o n i z a t i o n   t e m p e r a t u r e   and  p r e s s u r e   in  the  spark  gap,  and 

v a r i e s   s e n s i t i v e l y   with  flame  speed.   Because  the  bulk  of  the  flame  speed  

v a r i a t i o n   occurs  in  the  f i r s t   10°-20°  a f t e r   the  spark ,   the  t e m p e r a t u r e   and 

p r e s s u r e   in  the  spark  gap  at  the  time  of  i o n i z a t i o n   s i g n a l   s p a r k i n g   30°  a f t e  

i g n i t i o n   w i l l   vary  s e n s i t i v e l y   with  v a r i a t i o n s   in  flame  speed  and  t h e  

breakdown  v o l t a g e   s i g n a l   w i l l   t h e r e f o r e   be  a  c o n v e n i e n t   measure  of  flame  spe 

and  v a r i a t i o n .   Figure   llb  is  a  sketch  of  the  wire  vo l t age   curve  which  i s  

c h a r a c t e r i s t i c   of  low  s t a t i s t i c a l   v a r i a t i o n   of  flame  speed.   F igure   llc  is  a 

ske t ch   of  the  wire  v o l t a g e   curve  t race   which  is  c h a r a c t e r i s t i c   of  r e l a t i v e l y  

rougher   combus t ion .   In  both  ca ses ,   the  i o n i z a t i o n   measuring  v o l t a g e s   can 

e a s i l y   be  d i s t i n g u i s h e d   from  the  much  h igher   i g n i t i o n   spark  v o l t a g e s .  

R e f e r r i n g   again  to  Figure   l l a ,   the  schemat ic   shows  two  p o t e n t i a l   p i c k - u  

for  the  plug  (the  plug  is  the  s i g n a l   fed  in to   the  c o n t r o l l e r ) .   In  the  one 

case ,   the  c e n t r a l   d i s t r i b u t o r   wire  to  the  co i l   is  used  for  the  p i ck -up .   In  



t h i s   case ,   an  i o n i z a t i o n   v o l t a g e   s i g n a l   is  ob ta ined   from  each  spark  plug  i n  

each  c y l i n d e r .   A l t e r n a t i v e l y ,   the  v o l t a g e   p ick-up  can  occur  on  only  one  s p a r k  

plug,   as  is  also  i l l u s t r a t e d   in  l l a .   If  the  plug  s igna l   comes  d i r e c t l y   f rom 

the  c o i l ,   an  i o n i z a t i o n   breakdown  s i g n a l   w i l l   go  the  c o n t r o l l e r   with  e v e r y  

combust ion  event  in  the  engine .   However,  i t   wi l l   be  n e c e s s a r y   for  t h e  

c o n t r o l l e r   to  compensate  for  the  v a r i a t i o n s   in  i o n i z a t i o n   breakdown  v o l t a g e  

which  are  f u n c t i o n s   of  plug  gap  geometry  from  plug  to  plug.   If  v o l t a g e  

breakdown  is  only  taken  from  a  s i n g l e   plug,   th i s   a d d i t i o n a l   s t a t i s t i c a l  

complex i ty   need  not  be  handled ,   but  the  slew  ra te   of  the  c o n t r o l l e r   must  be 

slower  for  s t a b i l i t y ,   and  the  c o n t r o l l e r   only  reads  v a r i a t i o n   from  a  s m a l l  

s e q u e n t i a l   sample  of  combustion  e v e n t s .  

Figure   12  is  a  schemat ic   ana logous   to  the  schemat ic   of  Figure  10  where  

the  input   is  i o n i z a t i o n   breakdown  v o l t a g e   measured  as  shown  above.  The 

comments  a p p l i c a b l e   to  d i s c u s s i o n   of  Figure  10  are  a p p l i c a b l e   to  Figure  12. 

The  i g n i t i o n   breakdown  method  has  some  c o n v e n i e n c e s ,   and  is  p a r t i c u l a r l y  

a d a p t a b l e   to  the  t r a n s i s t o r i z e d   i g n i t i o n s   which  are  coming  to  dominate  much  o f  

the  au tomot ive   market .   The  spark  plug  i t s e l f   is  an  a v a i l a b l e   s enso r ,   and 

breakdown  v o l t a g e   on  each  spark  plug  can  be  measured.   However,  b reakdown 

v o l t a g e   wi l l   be  p r o p o r t i o n a l   to  the  square  of  the  spark  gap,  and  if  the  s y s t e m  

is  used  to  adapt  to  each  of  the  c y l i n d e r s ,   a  slow  moving  running  t o t a l  

c o e f f i c i e n t   for  breakdown  v o l t a g e   on  each  of  t h e  s p a r k   gaps  must  be  b u i l t   i n t o  

the  computer  so  tha t   breakdown  v a r i a t i o n s   a c c o u n t a b l e   from  spark  gap 

v a r i a t i o n s   from  c y l i n d e r   to  c y l i n d e r   are  not  counted  as  va r i ance   of  f l a m e  

speed  w i th in   the  a l g o r i t h m .   Those  s k i l l e d   in  the  computer  a r t s   should  find  i t  

c l ea r   how  to  do  t h i s .  

In  an  engine  in tended   to  run  with  complete  homogenei ty ,   t i g h t l y  

c o n t r o l l e d   f l u i d   mechanics  and  u l t r a - l e a n   combust ion,   the  opt imal   fuel   economy 



point   at  a l l   speeds  and  loads  is  the  a i r / f u e l   r a t i o   for  a  small  b u t  

p e r c e p t i b l e   degree  of  combust ion  v a r i a n c e .   The  combina t ion   of  a  c o m b u s t i o n  

c o n t r o l   which  c o n t r o l s   a i r / f u e l   r a t i o   to  th i s   degree  of  v a r i a n c e   with  a n  

autonomous  rapid   r e sponse   f u e l / a i r   me te r ing   system,  as  i l l u s t r a t e d   in  F i g u r e s  

5,  6  and  7,  produces  o p t i m i z a t i o n   of  economy  and  emiss ion  m i n i m i z a t i o n   i n  

combina t ion   with  a  system  having  ex t remely   rapid   dynamic  r e s p o n s e .  

The  arguments  above  for  c o n t r o l l i n g   charge  d i l u t i o n   in  a  homogeneous 

engine  via  enleanment  are  e q u a l l y   a p p l i c a b l e   under  the  same  homogeneous 

c o n d i t i o n s   if  the  d i l u t i o n   of  the  mixture   which  s u p p r e s s e s   peak  f l a m e  

t e m p e r a t u r e   is  achieved  via  EGR  i n t r o d u c t i o n ,   so  long  as  the  o v e r a l l   a i r / f u e l  

r a t i o   is  lean  enough  to  c o n t r o l   carbon  monoxide.  There  are  c u r r e n t l y   on  t h e  

market  a  number  of  EGR  c o n t r o l s   where  the  EGR  supply  to  the  engine  i s  

c o n t r o l l e d   in  an  au tomat i c   f a s h i o n   as  a  f u n c t i o n   of  a i r   p r e s s u r e   drops ,   rpm, 

t e m p e r a t u r e   and  o ther   i n p u t s .   The  roughness   c o n t r o l   l og ic   d e s c r i b e d   above  can  

be  adapted  s t r a i g h t f o r w a r d l y   to  serve  as  a  c o n t i n u o u s l y   updated  b i a s i n g  

c o r r e c t i o n   f u n c t i o n   for  such  EGR  sys tems .   Figure  13a  shows  s c h e m a t i c a l l y   an  

engine  with  an  EGR  c o n t r o l .   Figure   13b  i l l u s t r a t e s   in  block  diagram  form  t h e  

a p p l i c a t i o n   of  the  combust ion  roughness   servo  log ic   to  such  an  EGR  c o n t r o l  

sys tem.   The  EGR  valve  p o s i t i o n   is  c o n t r o l l e d   as  a  f u n c t i o n   of  a u t o m a t i c  

i n p u t s ,   i n c l u d i n g   Pa i r ,   rpm,  e t c . ,   and  is  va r i ed   by  a  s l o w l y - m o v i n g  

c o r r e c t i o n   f u n c t i o n   from  the  combust ion  servo,   which  is  c o n t i n u o u s l y   u p d a t e d  

as  b e f o r e .   The  combined  e f f e c t   of  the  automota  f a s t   r e sponse   programming  and 

the  s lowly-moving  combust ioned  servo  c o r r e c t i o n   f u n c t i o n   produces  the  a c t u a t o r  

p o s i t i o n   which  c o n t r o l s   EGR  flow.  Figure   14  blocks  out  the  c o n t r o l   a l g o r i t h m  

for  such  an  EGR  c o n t r o l l e r ,   u t i l i z i n g   spark  plug  f i r i n g   as  the  input   measu re  

of  combust ion  v a r i a b i l i t y .   Comments  a p p l i c a b l e   to  Figure  12  and  Figure   10  a r e  

a p p l i c a b l e   he re .   A  s i m i l a r   a l g o r i t h m   u t i l i z i n g   an  exhaust   p r e s s u r e   m ic rophone  

as  the  combustion  v a r i a b i l i t y   s i g n a l   can  be  p r o d u c e d .  



Claim  1 :  

Cont ro l   appa ra tu s   for  o b t a i n i n g   a  measure  of  flame  speed  in  t h e  

combust ion  chamber  of  an  i n t e r n a l   combust ion   engine  and  based  on  said  measu re  

a d j u s t i n g   a i r / f u e l   r a t i o   appa ra tu s   so  tha t   the  v a r i a t i o n   of  flame  speed  f a l l s  

w i th in   a  s p e c i f i e d   degree  of  s t a t i s t i c a l   v a r i a t i o n ,   said  appa ra tus   c o m p r i s i n g  

means  for  o b t a i n i n g   said  measure  of  flame  speed  on  each  burn  cycle  of  t h e  

engine  and  p roduc ing   an  e l e c t r i c   s i g n a l   r e p r e s e n t a t i v e   t h e r e o f ,   means  f o r  

s t o r i n g   in  s u c c e s s i o n   the  peaks  of  said  e l e c t r i c   s i g n a l s ,   means  for  c o n v e r t i n g  

the  s i g n a l   peaks  to  a  p l u r a l i t y   of  numbers  c o r r e s p o n d i n g   r e s p e c t i v e l y   to  s a i d  

s i g n a l   peaks ,   computer  means  for  a v e r a g i n g   the  sa id   numbers  for  a  g i v e n  

q u a n t i t y   of  s u c c e s s i v e   cyc les   and  comparing  said  average   with  the  l a s t  

r e c e i v e d   s i g n a l   peak  number  and  means  for  comparing  the  number  average  and 

tha t   of  the  l a s t   r e c e i v e d   s i g n a l   peak  to  produce  a  d i f f e r e n c e   and  ac t i ng   on 

the  a i r / f u e l   r a t i o   a p p a r a t u s   to  en lean   the  mix tu re   if  the  d i f f e r e n c e   is  w i t h i n  

d e s i g n a t e d   l i m i t s   and  a c t i n g   to  e n r i c h   the  mix tu re   if  the  d i f f e r e n c e   i s  

o u t s i d e   the  d e s i g n a t e d   l i m i t s   whereby  the  a i r / f u e l   mix ture   is  a d j u s t e d   so  t h a t  

the  flame  speeds  of  the  burn  cyc les   w i l l   f a l l   w i th in   a  s p e c i f i e d   degree  o f  

s t a t i s t i c a l   v a r i a t i o n .  

Claim  2:  

The  i n v e n t i o n   as  set  f o r t h  i n   Claim  1  and  wherein   the  measure  of  f l a m e  

speed  of  each  burn  cycle   comprises   means  for  s ens ing   peak  exhaust   blowdown 

p r e s s u r e .  



Claim  3:  

The  i n v e n t i o n  a s   set  f o r t h   in  Claim  1  and  wherein  the  measure  of  f l a m e  

speed  of  each  burn  cycle   comprises   means  for  measuring  the  i o n i z a t i o n  

r e s i s t a n c e   of  the  combust ion  gases  at  a  s p e c i f i e d   time  a f t e r   i g n i t i o n   by 

r e f i r i n g   the  spark  p l u g .  

Claim  4:  

The  i n v e n t i o n   as  set  f o r t h   in  Claim  1  and  wherein  the  measure  of  f l a m e  

speed  is  not  ob ta ined   for  each  burn  cyc l e ,   but  only  for  a  s e l e c t e d   sequence  o f  

burn  c y c l e s .  

Claim  5:  ' 

A  method  of  a d j u s t i n g   a i r / f u e l   r a t i o   appa ra tu s   so  tha t   the  s t a t i s t i c a l  

v a r i a t i o n   of  flame  speed  in  an  i n t e r n a l   combust ion  engine  from  c y c l e - t o - c y c l e  

wi l l   f a l l   w i th in   a  s p e c i f i e d   degree  of  s t a t i s t i c a l   v a r i a t i o n ,   said  method 

compr i s ing   the  s teps   o f :  

1.  Obta in ing   a  measure  of  flame  speed  of  each  s u c c e s s i v e   burn  cycle  in  t h e  
combustion  chamber  of  the  e n g i n e ,  

2.  Producing  an  e l e c t r i c   s i g n a l   r e p r e s e n t a t i v e   of  th i s   measure  of  f l a m e  
speed  of  each  c y c l e .  

3.  S to r ing   i n ' s u c c e s s i o n   the  peak  of  the  e l e c t r i c   s i g n a l s ,  

4.  Conver t ing   the  s i g n a l   peaks  to  numbers  c o r r e s p o n d i n g   r e s p e c t i v e l y   t o  
said  s i gna l   p e a k s ,  

5.  Averaging  the  numbers  r e p r e s e n t i n g   the  s igna l   peaks  for  a  s p e c i f i e d  
number  of  s u c c e s s i v e   c y c l e s ,  

6.  Comparing  said  average  number  with  tha t   of  the  l a s t   r e ce ived   s i g n a l  
peak  number  to  de t e rmine   a  d i f f e r e n c e ,  

7.  Enleaning   the  a i r / f u e l   mix ture   if   the  d i f f e r e n c e   is  w i th in   s p e c i f i e d  
l i m i t s   and  e n r i c h i n g   the  a i r / f u e l   mixture   if  the  d i f f e r e n c e   is  o u t s i d e  
s p e c i f i e d   l i m i t s   whereby  the  a i r / f u e l   mixture   is  a d j u s t e d   so  tha t   t h e  
s t a t i s t i c a l   v a r i a t i o n   in  c y c l e - t o - c y c l e   burn  r a t e s   f a l l s   w i th in   a  
s p e c i f i e d   r a n g e .  



Claim  6: 

A  method  of  a d j u s t i n g   an  engine  EGR  c o n t r o l   a p p a r a t u s   so  that   t h e  

s t a t i s t i c a l   v a r i a t i o n   of  flame  speed  in  an  i n t e r n a l   combust ion  engine  f rom 

c y c l e - t o - c y c l e   w i l l   f a l l   w i th in   a  s p e c i f i e d   degree  of  s t a t i s t i c a l   v a r i a t i o n ,  

said  method  compr i s ing   the  s teps   o f :  

1.  Obta in ing   a  measure  of  flame  speed  of  each  s u c c e s s i v e   burn  cycle  in  t h e  
combust ion  chamber  of  the  e n g i n e ,  

2.  Producing  an  e l e c t r i c   s i g n a l   r e p r e s e n t a t i v e   of  t h i s   measure  of  f l a m e  
speed  of  each  c y c l e .  

3.  S to r ing   in  s u c c e s s i o n   the  peak  of  the  e l e c t r i c   s i g n a l s ,  

4.  Conver t ing   the  s i g n a l   peaks  to  numbers  c o r r e s p o n d i n g   r e s p e c t i v e l y   t o  
said  s i g n a l   p e a k s ,  

5.  Averaging  the  numbers  r e p r e s e n t i n g   the  s i g n a l   peaks  for  a  s p e c i f i e d  
number  of  s u c c e s s i v e   c y c l e s ,  

6.  Comparing  said  average   number  with  tha t   of  the  l a s t   r ece ived   s i g n a l  
peak  number  to  de t e rmine   a  d i f f e r e n c e ,  

7.  I n c r e a s i n g   the  EGR  supply  r a t e   if   the  d i f f e r e n c e   is  wi th in   s p e c i f i e d  
l i m i t s   and  d e c r e a s i n g   the  EGR  supply  r a t e   if  the  d i f f e r e n c e   is  o u t s i d e  
s p e c i f i e d   l i m i t s   whereby  the  a i r - f u e l - E G R   mix tu re   is  ad jus t ed   so  t h a t  
the  s t a t i s t i c a l   v a r i a t i o n   in  c y c l e - t o - c y c l e   burn  r a t e s   f a l l s   w i th in   a  
s p e c i f i e d   r a n g e .  

Claim  7:  

The  i n v e n t i o n   as  set   f o r t h   in  Claim  1  and  wherein   the  measure  of  f l a m e  

speed  of  each  burn  cycle  compr ises   means  for  s ens ing   peak  exhaust   blowdown 

p r e s s u r e .  



Claim  8: 

The  i n v e n t i o n   as  set  f o r t h   in  Claim  1  and  wherein  the  measure  of  f l a m e  

speed  of  each  burn  cycle   comprises   means  for  measuring  the  i o n i z a t i o n  

r e s i s t a n c e   of  the  combust ion  gases  at  a  s p e c i f i e d   time  a f t e r   i g n i t i o n   by 

r e f i r i n g   the  spark  p l u g .  

Claim  9: 

The  i n v e n t i o n   as  set  f o r t h   in  Claim  1  and  wherein  the  measure  of  f l a m e  

speed  is  not  ob t a ined   for  each  burn  cyc le ,   but  only  for  a  s e l e c t e d   sequence  o f  

burn  c y c l e s .  
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