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©  Opposed  piston  type  free  piston  engine  pump  unit. 

©  A  free  piston  engine  pump  converts  combustion  energy 
into  hydraulic  power  in  an  efficient,  controlled  and  relatively 
uncomplicated  manner,  for  example,  for  vehicle  propulsion, 
auxiliary  system  power,  etc.  The  free  piston  engine  pump  is 
substantially  naturally  mass  balanced  having  opposed  en- 
gine  pistons  5,  6  driving  respective  in-line  hydraulic  pumps  3. 
An  adjustable  accumulator  49  with  a  deformable  fluid-tight 
chamber  50  containing  a  compressible  fluid  stores  and 
delivers  energy  for  compression,  and  an  arrangement  of 
control  valves  67-69  and  check  valves  62,  63,  65,  66  enables 
selective  operation  of  the  free  piston  engine  pump  in  primary 
(high  flow)  and  secondary  (high  pressure)  modes.  Plural  free 
piston  engine  pumps  1a,  1b,  may  be  interfaced  for  parallel 
operation  sharing  common  elements  53',  64'  and  functions. 
Cycle  rate,  intermittent  operation  and  start-up  also  may  be 
controlled.  Electronic  monitoring  and  control  150  of  one  or 
more  operational  parameters  of  a  free  piston  engine  pump 
also  are  disclosed. 
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uncomplicated  manner,  for  example,  for  vehicle  propulsion, 
auxiliary  system  power,  etc.  The  free  piston  engine  pump  is 
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also  are  disclosed. 





BACKGROUND  OF  THE  INVENTION 

The  present   invention  relates  general ly  to  a  hybrid  power  s y s t e m  

for  generat ing  p ressur ized   hydraulic  power  and,  more  par t icu lar ly ,   to  f r e e  

piston  engine  pumps  in  which  energy  of  combust ion  in  a  power  cylinder  is 

converted  into  hydraul ic   ene rgy .  
In  a  free  piston  engine  pump  (he re inaf te r   abbrevia ted   FPEP)  t h e  

motion  of  the  engine  piston(s)  is  at  least  subs tant ia l ly   directly  del ivered  t o  

hydraulic  pumping  e lements ,   usually,  without  c rankshaf t   and  connec t ing   rod  

ar rangements   of  convent ional   rotary  engines.  The  hydraulic  power  d e -  

veloped  may  be  used  for  vehicle  propulsion  and  auxiliary  e q u i p m e n t  

operation  as  well  as  for  other  purposes .  
The  p resen t   invention  is  concerned  with  optimizing  the  e f f i c i e n c y  

of  a  FPEP  and  providing  versa t i l i ty   and  faci l i ty  of  operation  and  use  t h e r e o f .  

SUMMARY  OF  THE  INVENTION 

The  FPEP  of  the  present  invention  includes  an  engine  for  p r o -  

ducing  mechanica l   work  during  a  power  stroke  and  a  pump  responsive  to  t h e  

engine  work  for  pumping  fluid  during  the  power  stroke.  According  to  one  

aspect  of  the  invent ion  the  intake  ports  and  exhaust   ports  of  the  e n g i n e  

combustion  chamber   are  at  opposite  ends  the reof   resulting  in  u n i d i r e c t i o n a l  

or  uniflow  scavenging   of  the  engine  cylinder.  According  to  another   a s p e c t ,  

valving  controls  hydraul ic   input  and  output  paths  of  the  pump  to  p e r m i t  

selective  opera t ion   in  a  primary  high  flow  and  a  secondary  high  p r e s s u r e  
mode  of  opera t ion,   p referab ly   while  maintaining  substant ia l ly   cons tant   t h e  

product  of  output  pressure   and  flow;  the  valving  also  may  be  e m p l o y e d  

selectively  to  control   cycle  rate,  i.e.  the  number  of  cycles  per  unit  t i m e ,  

starting  ei ther  in  the  pr imary   mode  or  secondary  mode,  i n t e r m i t t e n t   cyc l i ng ,  

and  compression  energy  boost.  According  to  another   aspect,   pumping  m a y  

be  effected  during  the  entire  power  stroke  and  in  the  normal  o p e r a t i n g  

region  compression  energy  is  supplied  during  the  entire  compression  s t r o k e .  

A  d e f o r m a b l e   b ladder- type   compression  accumula tor   may  be  used  

for  storing  energy  during  the  power  stroke  and  returning  the  same  f o r  

compression;  such  a ccumula to r   contains  a  compress ib le   fluid  the  pressure  o f  

which  is  contro l lably   adjustable   to  control  compression  energy.  A c c o r d i n g  



to  another   aspect,   total  control  of  the  energy  put  into  compression  to  

establish  compression  ratio  and  the  related  pressure  and  t e m p e r a t u r e  

condit ion  in  the  cylinder  enable  opt imizat ion  of  engine  efficiency  mini-  

mizing  compression  losses  and  controlling  operat ing  pressure  profile  in  the  

engine  cylinder;  moreover,   the  rate  at  which  compression  energy  is  applied 

may  be  control led  to  establish  the  velocity  and  acce l e r a t i on   profiles  of  t he  

engine  pistons  during  compression  stroke  enabling  cycle  rate  va r i ab i l i ty .  

Other  aspects  of  the  invention  include  synchronizing  the  pistons  o f  

an  opposed  piston  type  of  FPEP  preferably  without  ordinarily  subs tan t ia l ly  

loading  the  synchronizat ion   apparatus;   acce le ra t ion   boost  of  the  pistons  a t  

the  s t a r t   of  a  compression  stroke;  an  energy  absorber   for  excessive  energy 

during  an  abnormal  power  stroke;  and  a  reset   valve  and  ac tua to r   a r r ange -  

ment  for  a  FPEP.  Still  additional  aspects   relate   to  control  fea tures   whereby 

a  plural i ty   of  engine  and/or  pump  pa ramete r s   may  be  monitored  e l ec t ron i -  

cally  and  operat ion  accordingly  e lec t ronica l ly   control led  and  to  t he  

in te r fac ing   or  pairing  of  plural  FPEP's  result ing  in  reduced  pressure  

pulsations,   versa t i l i ty   allowing  less  than  all  of  the  FPEP's  to  operate  at  a  

given  time,  and  general   efficiency  by  combining  e lements   and  func t ions .  

With  the  foregoing  in  mind,  a  principal  object  of  the  p r e sen t  

invention  is  to  provide  a  free  piston  engine  pump  and  associa ted   equ ipment  

improved  in  the  noted  r e s p e c t s .  

Another   object  is  to  provide  an  improved  system  for  gene ra t ing  

hydraul ic   power,  e.g.  for  vehicle  propulsion  or  auxil iary  equipment   opera t ion  

and  the  l ike .  

Another   object  is  to  convert  combust ion  energy  into  hydraulic 

power  in  an  e f f ic ient ,   controlled,  versat i le   and  re la t ively   uncompl i ca t ed  

manner,   and  especial ly  to  effect   the  same  in  a  F P E P .  

Other  objects  are  to  minimize  cost,  to  improve  eff iciency  and 

opera t ion ,   and  to  minimize  the  size  and  weight  of  a  F P E P .  

Another   object  is  to  improve  the  output   cha rac t e r i s t i c s   and 

e f f ic iency   of  a  FPEP  system,  e.g.  by  ef fect ing  pumping  over  the  en t i re  

power  stroke  and/or  by  coupling  multiple  FPEP's  in  parallel   preferably   while 

sharing  common  e lements   and  func t ions .  

Another   object  is  to  provide  the  ability  to  withstand  unusually 

high  peak  cylinder  combustion  p res su res .  



Another  object  is  to  provide  natural   mass  balancing  and  to  min i -  

mize  vibration  in  a  F P E P .  

Another  object  is  to  synchronize   piston  pairs  in  a  FPEP  of  t h e  

opposed  piston  type  preferably  without  subs tant ia l ly   loading  the  s y n c h r o -  

nizing  e q u i p m e n t .  

Another  object  is  to  f ac i l i t a t e   the  control  and  to  improve  t h e  

versat i l i ty   of  control  of  a  F P E P .  

Another  object  is  to  enable  dual  mode  pumping  rate  capability  o f  

a  FPEP  eff ic ient ly   and  quickly  to  a c c o m m o d a t e   the  requi rements   of  a  

hydraulic  s y s t e m .  

Another  object  is  to  in te r face   multiple  FPEP's,  especially  while  

synchronizing  the  same,  for  optimum  ef f ic iency  and  versati l i ty  of  o p e r a t i o n ,  

e.g.  by  combining  elements   and  functions  and  reducing  pressure  f l u c t u a t i o n s  

and  other  losses .  

Another  object  is  to  provide  a  constant   cycle  period  in  a  F P E P  

both  in  s tar t   and  various  run  modes,  especially  to  fac i l i ta te   tuning  t h e  

exhaust  system  for  optimum  use  of  exhaust   gas  i ne r t i a .  

Another  object  is  to  fac i l i t a te   s ta r t ing   a  F P E P .  

Another  object  is  to  control  the  cycle  rate,  i n t e rmi t t en t   o p e r a t i o n  

and  s tar t -up  of  a  F P E P .  

Another  object  is  to  improve  eff ic iency  of  storage  and  delivery  o f  

compression  energy,  especially  by  providing  a  gas-oil  accumulator   which  

preferably  is  ad jus t ab l e .  

Another  object  is  to  minimize  the  number  of  dynamic  seals  r e -  

quired  and  the  loading  thereof  in  a  F P E P .  

Another  object  is  to  control  compression  energy,  compres s ion  

ratio  and  compression  energy  rate  profile  during  operation  of  a  F P E P .  

Another  object  is  to  increase  the  cycle  rate  capability  of  a  FPEP ,  

especially  by  providing  additional  energy  for  increasing  piston  a c c e l e r a t i o n  

at  the  s tar t   of  a  compression  stroke  and  increasing  the  decelera t ion  of  t h e  

piston  mass  at  the  end  of  the  power  s t r o k e .  

Another  object  is  to  regulate   cyc le-by-cycle   operation  of  a  F P E P  

thereby  to  optimize  per formance ,   to  achieve  constancy,  and  to  ob ta in  

versat i l i ty ,   and  especially  to  effect   the  same  using  electronic  con t ro l s .  

Another  object  is  to  control  the  peak  combustion  pressure  l eve l s  

while  maintaining  high  thermal  e f f i c i e n c y .  



These  and  other  objects,  advantages ,   f ea tu res   and  aspects  of  t h e  

invention  will  become  more  apparent   as  the  following  descript ion  p roceeds .  

To  the  accompl i shment   of  the  foregoing  and  related  ends,  t h e  

invention,  then,  comprises  the  fea tures   he re ina f t e r   fully  described  in  t h e  

spec i f ica t ion   and  par t icular ly   pointed  out  in  the  claims,  the  fol lowing 

description  and  the  annexed  drawings  set t ing  forth  in  detail  c e r t a i n  

i l lus t ra t ive   embodiments   of  the  invention,  these  being  indicative,   however ,  

of  but  several   of  the  various  ways  in  which  the  principles  of  the  invent ion  

may  be  e m p l o y e d .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

In  the  annexed  drawings:  

Fig.  1  is  a  schemat ic   diagram  of  a  FPEP  in  accordance   with  t h e  

present   i nven t ion ;  

Figs.  2A  and  2B  are  f r a g m e n t a r y   s chema t i c   i l lustrat ions  of  t h e  

FPEP  of  Fig.  1  opera t ive   in  compression  and  power  strokes  in  the  p r i m a r y  

high  flow  rate  mode ;  

Figs.  3A  and  3B  are  f r agmen ta ry   s chema t i c   i l lustrat ions  of  t h e  

FPEP  of  Fig.  1  opera t ive   in  compression  and  power  s t rokes  in  the  secondary  

high  pressure  mode ;  

Fig.  4  is  a  f r agmenta ry   schemat ic   view  of  the  FPEP  of  Fig.  1  in  

combinat ion  with  a  reset  valve  and  a c t u a t o r ;  

Figs.  5A  and  5B  are  f r agmen ta ry   s chemat i c   views  of  the  FPEP  o f  

Fig.  1  i l lus t ra t ing   acce le ra t ion   boost  and  energy  absorber   f e a t u r e s ;  

Fig.  6  is  a  f r agmenta ry   schemat ic   view  of  a  pair  of  FPEP ' s  

in te r faced   for  operat ion  together   in  the  primary  mode,  although  ad jus tab le  

by  appropr ia te   valve  adjus tments   to  operate   in  the  secondary  mode ;  

Figs.  7-12  are  graphs  showing  c h a r a c t e r i s t i c s   of  diesel  engines;  

Fig.  13  is  a  schemat ic   i l lustrat ion  of  a  FPEP  in  accordance  wi th  

the  invention  and  a  schemat ic   block  diagram  of  an  e lec t ronic   monitoring  and 

control  system  in  accordance   with  the  present   invention;  and  

Fig.  14  is  a  graph  represent ing   operat ional   cons t ra in ts   of  the  F P E P  

and  e lec t ronic   system  of  Fig.  13. 

DETAILED  DESCRIPTION  OF  THE  INVENTION 

Refer r ing '   now  in  detail  to  the  drawings,  wherein  like  r e f e r e n c e  

numerals  des ignate   like  parts  in  the  several  figures,  and  initially  to  Fig.  1,  a  



FPEP  in  accordance  with  the  invention  is  generally  i l lus t ra ted  at  1.  The  

FPEP  1  has  an  engine  portion  2  and  hydraulic  pump  portion  3. 

The  engine  portion  2  includes  an  engine  cylinder  4  in  which  a  pai r  

of  engine  pistons  5,  6  move  linearly  or  axially  and  between  which  a  

combustion  chamber  7  is  formed.  In  the  course  of  a  compression  stroke  a  

fuel  injector  10  injects  fuel  into  the  combustion  chamber   7.  Air  intake  p o r t s  

11  at  the  righthand  end  of  the  combustion  chamber  provide  passage  for  a i r  

in to   the  same,  and  exhaust  ports  12  at  the  opposite  end  of  the  combus t ion  

chamber  7  permit  exhaust  gases  to  exit  via  an  exhaust  line  13.  With  t h e  

intake  and  exhaust  ports  11,  12  located  at  opposite  ends  of  the  combus t ion  

chamber  7,  uniflow  or  unidirect ional   scavenging  is  a c h i e v e d .  

The  engine  portion  2  is  of  the  opposed  piston  type,  whereby  during 

a  compression  stroke  the  engine  pistons  5,  6  are  urged  toward  each  other  in 

the  cylinder  4  reducing  the  size  of  the  combustion  chamber   7  and,  t h e r e f o r e ,  

increasing  the  pressure  and  t e m p e r a t u r e   therein  to  effect   compress ion  

ignition  of  the  fuel  injected  by  the  fuel  injector  10,  thereby  to  initiate  a  

power  stroke.  During  the  power  stroke,  the  engine  pistons  5,  6  are  driven  by 

the  energy  of  combustion  oppositely  axially  in  the  cylinder  4.  When  t he  

engine  piston  6  opens  the  exhaust  ports  12,  the  exhaust  products  will  exit  t h e  

combust ion  chamber  via  the  exhaust  line  13,  and  when  the  engine  piston  5 

subsequent ly   opens  the  intake  ports  11,  air  will  enter  the  combustion  c h a m b e r  

7  to  e f fec t   the  desired  scavenging  after  which  the  next  compression  s t r o k e  

usually  will  c o m m e n c e .  

Preferably  the  engine  pistons  5,  6  are  of  equal  mass  and  those  

parts  of  the  engine  portion  2  movable  with  the  engine  piston  5  are  of  a  mass  

equal  to  those  parts  movable  with  the  engine  piston  6  thereby  e f f ec t i ve ly  

natural ly  to  mass  balance  the  engine  portion  2  about  a  center l ine   14,  which  is 

perpendicular   to  the  linear  axis  15  of  the  engine  portion.  Further   assisting  in 

the  mass  balancing  of  the  engine  portion  2  and  maintaining  subs tan t ia l  

uniformity  in  operation  thereof   are  synchronizers   16  mechanical ly  i n t e r -  

connect ing  the  engine  pistons  5,  6.  Each  synchronizer   16  includes  a  pair  of  

racks  17, 18  connected  to  the  engine  piston  6  for  linear  movement   t he r ewi th  

and  a  pair  of  pinion  gears  19,  20  for  rotation  by  the  respec t ive   racks.  The 

pinion  gears  19,  20  are  coupled  by  a  shaft  21,  which  ro ta tes   with  the  pinion 

gears  and  is  in  turn  coupled  via  a  pair  of  bevel  gears  22,  23  to  turn  a  



coupling  shaft  24.  The  coupling  shaft  24  in  turn  is  connected  to  a  s im i l a r  

a r rangement   of  racks,  pinion  gears,  shaft  and  bevel  gears  like  t h o s e  

identified  by  the  r e f e r ence   numerals  17-23  associated  with  the  engine  p i s ton  

5.  Compression  energy  during  a  compression  stroke  is  preferably   applied  by  

both  engine  pistons  5,  6  independent ly   of  the  synchronizer   16,  and  during  a  

power  stroke  the  energy  of  combust ion  directly  urges  both  engine  pistons  5, 

6  relat ively  outwardly  in  the  cylinder  4.  The  synchronizer   16  des i r ab ly  

effects   its  synchronizing  operat ion  generally  maintaining  a  balanced  un i fo rm 

operation  and  movement   of  the  engine  pistons  5,  6  usually  without  any  

appreciable  mechanica l   loading  or  forces  on  the  various  components   of  t h e  

synchronizer   16. 

Air  to  support  combust ion  passes  through  an  air  f i l ter   25,  is  c o m -  

pressed  by  a  compressor   26  and  is  delivered  usually  at  several,   preferably  a s  

much  as  three,  a tmosphe res   pressure  via  air  line  27  and  intake  ports  11  i n t o  

the  combustion  chamber   7.  An  af ter   cooler  28  in  the  air  line  27  provides  a  

cooling  or  heat  exchange  function,   vis-a-vis  the  inlet  air  and  the  c o m b u s t i o n  

chamber.   Moreover,   air  enter ing  the  air  filter  25  also  may  pass  via  air  l i ne  

29  and  one  or  more  reed  check  valves  30  to  the  back  side  chamber   31,  32  o f  

each  engine  piston  5,  6,  being  drawn  there  during  a  compression  stroke  and  

being  pressurized  during  a  power  stroke  and,  accordingly,   forced  at  the  end  

of  a  power  stroke  through  the  intake  ports  11  fur ther   supercharging  o p e r a t i o n  

of  the  engine  portion  2  in  coopera t ion   with  the  pressurizing  funct ion  of  t h e  

compressor   26.  

The  exhaust  products   of  combustion  exiting  the  c o m b u s t i o n  

chamber  7  via  the  exhaust   line  13  pass  through  an  exhaust  control   valve  34, 

exhaust  turbine  35  and  exhaust   line  36  for  discharge  in  convent ional   m a n n e r .  

The  exhaust  turbine  35  drives  the  compressor  26  via  the  shaft  37,  as  shown.  

Moreover,  as  will  be  descr ibed  fur ther   below,  in  the  prefer red   e m b o d i m e n t  

each  cycle  of  operat ion  of  the  engine  portion  2,  including  a  c o m p r e s s i o n  

stroke  and  a  power  s troke,   preferably   is  substantial ly  uniform  to  enab le  

relat ive  tuning  of  the  exhaust   system  38  for  optimum  ut i l izat ion  of  t h e  

energy  contained  in  the  exhaust   products  of  combus t ion .  

For  ef f ic iency  and  faci l i ty   of  description,   only  the  r ighthand  h a l f  

3R  of  the  hydraulic  pump  portion  3  is  i l lustrated  in  Fig.  1  and  will  b e  

described  in  detail  below  assoc ia ted   with  the  engine  piston  5;  the  other  ha l f  



3L  of  the  hydraulic  pump  portion  3,  s chemat i ca l ly   shown  in  Fig.  13,  may  be  

substantial ly  ident ical   to  that  described.  Control  of  both  halves  of  t h e  

hydraulic  pump  portion  3  preferably  will  be  s imultaneously  parallel.   The 

inlet  hydraulic  fluid  line  40  and  the  outlet  hydraulic  fluid  line  41  a s s o c i a t e d  

with  the  r ighthand  pump  half  3R  preferably  would  be  coupled  to  a  hydrau l ic  

system,  not  shown,  in  parallel  fluid  relation  with  the  lefthand  pump  half  3L. 

In  the  external  hydraulic  system,  not  shown,  relat ively  low  pressure  in le t  

hydraulic  fluid  at  pressure  P  is  directed  to  the  inlet  hydraulic  fluid  line  40, 

and  the  hydraulic  pump  portion  3  pumps  hydraulic  fluid  at  re lat ively  high 

pressure  P   via  the  outlet  hydraulic  fluid  line  41  for  use  in  the  e x t e r n a l  

hydraulic  s y s t e m .  

Refer r ing   in  detail  to  the  i l lus t ra ted   pump  half  3R,  the  s a m e  

includes  a  pump  piston  42  slidably  movable  in  a  pump  cylinder  43  in  s ea l ed  

relation  there to   using  a  single  conventional  sliding  seal  44.  A  rod  or  shaft  45 

mechanically  connects   the  pump  piston  42  with  the  engine  piston  5  for  l i n e a r  

in-line  r ec ip roca t ion   therewith.   Also  slidable  with  the  pump  piston  42  and 

preferably  formed,   as  i l lustrated,   integrally  therewi th   and  with  the  rod  45  is 

a  compression  piston  46  slidable  with  respect   to  a  compression  cylinder  47. 

A  compression  fluid  flow  line  48  extends  be tween  the  compression  cy l inde r  

47  and  the  compress ion  accumulator   49.  It  is  the  purpose  of  the  c o m p r e s s i o n  

piston  46  and  compression  accumulator   49  to  store  compression  energy,  i .e .  

energy  required  to  e f fec t   a  compression  s troke,   during  a  power  stroke  and  

subsequently  to  deliver  such  compression  energy  to  the  engine  piston  5  t o  

effect   such  compress ion  stroke  after  a  power  stroke  has  been  c o m p l e t e d .  

In  the  compression  accumula tor   49  a  deformable  b l adde r - l ike  

member  50  contains  a  compressible  fluid,  such  as  an  inert  gas  or  other  gas;  
the  bladder  50  in  turn  is  contained  in  a  rigid  accumula tor   housing  51.  Dur ing  

a  power  stroke  hydraulic  fluid  in  the  compression  fluid  flow  line  48  is 

pumped  by  the  compression  piston  46  into  the  accumulator   housing  51 

effect ing  a  deforming  of  the  bladder  50  to  compress  the  gas  therein  t h e r e b y  

storing  compression  energy.  During  a  compression  stroke  the  compres s ion  

energy  stored  in  the  compressed  gas  in  the  bladder  50  is  delivered  via  t h e  

hydraulic  fluid  in  flow  line  48  urging  the  compression  piston  46  and,  thus,  t h e  

engine  piston  5  to  move  toward  the  left  in  a  compression  stroke.  Since  t h e  

cyclic  t ransfer   rate  of  fluid  into  and  out  of  the  compression  accumula to r   49 



is  very  fast,  the  energy  exchange  is  virtually  adiabatic  and  thermal   l o s ses  

are  negligible.  Addit ional ly,   only  one  seal  52  is  needed  to  isolate  o u t p u t  

pressure  from  compress ion  accumula tor   pressure,  thus  reducing  the  n e t  

frictional  force  loss  per  cycle  due  to  seal  requirements .   The  seal  52 

provides  the  desired  isolation  in  that  during  both  a  normal  power  s troke  a n d  

the  compression  s t roke  in  the  secondary  mode  of  operation  the  pressure  in 

the  high  pressure  output   accumula to r   53  and  compression  accumula to r   49 

are  preferably  approx ima te ly   equal.  Although  during  the  compression  s t r o k e  

in  the  primary  mode  of  operat ion  a  d i f ferent ia l   pressure  of  P c  (the  p r e s s u r e  
in  the  bladder  50)  minus  P   does  exist  across  the  seal  52,  such  d i f f e r e n t i a l  

pressure  p referab ly   will  be  re la t ively   small  and  ordinarily  cer ta inly  less  t h a n  

one  containing  ambien t   pressure  as  a  t e r m .  

At  the  front  or  pressure  side  of  the  pump  piston  42  is  a  first  p u m p  
chamber  60,  and  at  the  back  side  of  the  pump  piston  42  is  a  second  p u m p  
chamber  61.  Inlet  check  valves  62,  63  supply  low  pressure  P.  fluid  in  t h e  

flow  direct ion  shown  from  the  inlet  hydraulic  fluid  line  40.  A  low  p r e s s u r e  
accumulator   64  coupled  to  the  inlet  hydraulic  fluid  line  40  stores  i n l e t  

hydraulic  fluid  for  supply  to  the  hydraulic  pump  portion  3  while  a l s o  

minimizing  pressure  pulsations  of  the  inlet  fluid..  Outlet  check  valves  65,  66 

are  coupled  at  chambers   60,  61  to  the  outlet   hydraulic  fluid  line  41  and  h igh  

pressure  a c c u m u l a t o r   53.  Three  se lect ively   operable  control  valves  67-69 

are  used  to  control  the  operat ion  of  the  hydraulic  pump  portion  3,  as  will  b e  

described  in  g rea te r   detail  below.  The  valves  67-69  preferably   either  a r e  

e lec t rohydraul ica l ly   or  mechanica l ly   ac tua ted   and  provide  large  p a s s a g e w a y s  

through  which  fluid  may  flow  thereby  to  effect   rapid  operat ion  to  f low 

opening  or  closing  and  to  avoid  pressure  losses;  the  preferred  valve  is  a  ba l l  

type  in-line  valve.  Convent ional   pressure  control  valves  70  are  coupled  t o  

the  fluid  flow  lines  i l lus t ra ted   to  relieve  excess  and  otherwise  to  al ter  f lu id  

pressure,  if  n e e d e d .  

In  the  hydraulic  pump  portion  3  pumping  preferably  is  a c c o m -  

plished  during  the  entire  power  stroke  and  compression  energy  is  app l i ed  

preferably  during  the  entire  compression  stroke.  The  primary  pumping  

element  is  the  pump  piston  42  with  the  minimum  number  of  seals  i l l u s t r a t e d .  

In  the  most  e f f ic ien t   mode  of  operat ing  the  hydraulic  pump  portion  3  high 

pressure  hydraulic  fluid  is  pumped  out  on  the  power  stroke  and  drawn  in  on 



the  compress ion  stroke  by  action  of  the  a r rangement   of  check  va lves  

i l lus t ra ted.   Check  valve  closing  occurs  preferably  only  at  the  ends  of  t he  

stroke  where  piston  velocity  decreases  uniformly  to  zero.  As  a  result,   t he  

valves  have  a  natural   decreasing  flow  profile  so  t h a t   when  piston  mot ion  

stops  the  valve  is  immedia te ly   seated  thereby  el iminating  a  tendency  f o r  

baekflow  leakage   when  piston  motion  reverses.  Moreover,  output   and  input  

flow  rates  are  continuous  throughout  the  strokes  with  no  d i s con t i nu i t y  
associated  with  a l t e rna t e   techniques  that  change  energy  in  d i sc re te   l eve ls  

during  the  s t rokes .   Full  stroke  pumping  also  reduces  the  peak  hydraulic  f low 

rate  passing  through  the  check  valves  and  various  flow  passages  t h e r e b y  

reducing  hydraul ic   losses .  

During  each  complete  cycle  of  operation  of  the  FPEP  1,  t he  

hydraulic  pump  portion  3  supplies  energy  for  effect ing  a  compress ion   s t r o k e  

to  bring  the  engine  pistons  5,  6  toward  one  another  thereby  to  e f f e c t  

compression  admission  of  fuel  and  air  in  the  combus t ion .   chamber   7. 

Thereaf te r ,   the  energy  of  combustion  drives  the  engine  pistons  5,  6 

relat ively  ou twardly   to  expand  the  combustion  chamber  7  in  a  power  s t r o k e  

during  which  fluid  is  pumped  by  the  hydraulic  pump  portion,  as  now  will  be  

described  in  detai l .   The  hydraulic  pump  portion  3  has  two  d is t inct   modes  o f  

operation,  namely   a  primary  high  flow  rate  mode,  which  normally  is  used  and 

is  the  more  e f f ic ien t   mode  of  operation,  and  a  secondary  high  p r e s s u r e  

mode,  depending  on  the  sett ing  of  the  control  valves  67,  68,  and  69.  

Re fe r r ing   now  to  Figs.  2A  and  2B,  operation  of  the  FPEP  1  and 

par t icular ly   the  hydraulic  pump  portion  3  in  the  primary  high  flow  rate  mode  

is  i l lus t ra ted .   In  the  primary  mode  the  control  valve  67  is  open  and  t he  

control  valves  68,  69  are  closed.  During  the  compression  s t roke  shown  in 

Fig.  2A,  energy  stored  in  the  form  of  compressed  gas  in  the  c o m p r e s s i o n  

accumula tor   49  is  delivered  via  the  hydraulic  fluid  in  the  compress ion  f luid 

flow  line  48  to  drive  the  compression  piston  portion  46  of  the  pump  piston  42 

and,  thus,  the  engine  piston  5  to  the  left  relative  to  the  i l lus t ra t ion   e f f e c t i n g  

compression  in  the  combustion  chamber  7.  On  the  compress ion  s t r o k e  

hydraulic  fluid  enters   the  first  pump  chamber  60  via  the  inlet  check  valve  62 

w h i l e   a  lesser  amount   of  fluid  exits  from  the  second  pump  chamber   61  v ia  

the  open  control   valve  67.  Subsequently  on  the  power  stroke  shown  in  Fig.  

2B,  high  pressure   fluid  is  pumped  by  the  pump  piston  42  and  exits  the  f i r s t  



pump  chamber   60  via  the  outlet   check  valve  65  as  re la t ively   low  p ressu re  
fluid  returns  to  the  second  pump  chamber  61  via  the  open  control  valve  67. 

The  inlet  fluid  provided  via  the  inlet  hydraulic  fluid  line  40  is  desirably  a t  

r e la t ive ly   low  pressure  p referab ly   stabilized  by  the  low  pressure  a c c u m u -  

lator  64  (Fig.  1),  and  the  hydraulic  fluid  pumped  from  the  first  pump  c h a m b e r  

60  to  the  outlet   hydraulic  fluid  line  41  will  be  at  re lat ively  higher  p ressu re  

and  may  be  used  to  do  work  in  external   equipment,   not  shown,  or  may  be 

stored  in  the  high  pressure  accumula to r   53. 

In  the  secondary  or  high  pressure  mode  of  operat ion  i l lustrated  in 

Figs.  3A  and  3B,  the  control   valve  67  is  closed  and  the  control  valves  68  and 

69  are  open.  On  the  compression  stroke  shown  in  Fig.  3A  high  pressure  f luid 

enters  the  first  pump  chamber   60  through  the  open  control   valve  69  and  high 

pressure  hydraulic  fluid  also  exits  the  second  pump  chamber   61  via  the  ou t l e t  

check  valve  66  and  open  control  valve  68.  Since  the  area  of  the  pump  p is ton 

42  exposed  in  the  first  pump  chamber   60  exceeds  that  exposed  in  the  second  

pump  chamber   61,  the  jus t -desc r ibed   flow  of  fluid  will  e f fec t   a  net  energy  or 

work  input  during  the  compression  stroke  to  supplement   the  compress ion  

energy  provided  by  the  compression  accumulator   49,  as  was  described  above  

with  r e f e rence   to  Fig.  2A.  However,   in  the  secondary  mode,  the  p ressu re  
level  Pc   in  the  compression  accumula to r   49  preferably   would  be  r educed  

subs tant ia l ly   in  order  to  minimize  losses,  whereupon  the  principal  c o m -  

pression  energy  is  del ivered  from  the  outlet  hydraulic  fluid  line  41. 

On  the  subsequent   power  stroke  the  compression  energy  (less 

losses)  is  re turned   to  the  output  system  by  the  pumping  action  of  the  p i s ton  

42.  More  par t icu lar ly ,   as  is  shown  in  Fig.  3B,  during  the  power  stroke  i n l e t  

fluid  enters  the  second  pump  chamber   61  through  the  inlet  check  valve  63 

and  high  pressure  fluid  is  t r ans fe r red   to  the  outlet  hydraulic  fluid  line  41, 

external   load,  not  shown,  and  high  pressure  accumula tor   53  as  established  by 

the  volume  of  the  first  pump  chamber   60.  Accordingly,  the  net  amount  of  

useful  work  produced  by  the  combustion  energy  in  the  FPEP  1  operating  in 

the  secondary  mode  is  re la ted   to  the  net  pumped  high  pressure  fluid  f rom 

the  first  pump  chamber   60. 

The  pr imary  and  secondary  modes  of  operat ion  may  be  compared  

assuming,  for  example,   equal  power  input  level  for  both  modes  of  opera t ion  

whereby  the  net  hydraulic  output  work  must  be  the  same  for  both  modes,  



disregarding  losses.  The  output  work  in  each  mode  is  propor t ional   to  t h e  

product  of  pressure  times  flow  and  input  work  equals  output  work .  

Therefore,   if  the  volume  of  the  first  pump  chamber  60  is  twice  that  of  t h e  

second  pump  chamber   61,  the  output  pressure  capabili ty  of  the  s e c o n d a r y  

mode  of  operat ion  will  be  twice  the  pressure  capabili ty  in  the  pr imary  m o d e  

of  o p e r a t i o n .  

For  s ta r t ing   the  FPEP  1  a  reset  mechanism  75  associa ted   with  t h e  

pump  half  3R,  the  other  pump  half  3L  also  having  a  similar  reset  m e c h a n i s m  

or  connections  to  the  one  shown,  is  operated  to  position  the  engine  pistons  5, 

6  and  pump  pistons  42  outward,  as  is  i l lustrated,   for  example,  in  Fig.  4.  Such 

outward  posit ioning  is  accomplished  by  venting  the  fluid  in  the  first  p u m p  
chamber  60  to  inlet  pressure  level  P,  by  a  connection  e f fec ted   th rough  

hydraulic  fluid  line  76,  chamber  77  of  a  selectively  adjustable  reset  spool  

valve  78  and  fluid  line  connection  79,  which  is  connected  to  the  low  p r e s s u r e  

accumula tor   64,  for  example.   At  the  same  time  fluid  pressure  in  the  s e c o n d  

pump  chamber   61  is  raised  by  supplying  high  pressure  fluid  from  an  e x t e r n a l  

source  (not  shown)  via  fluid  line  connection  80,  chamber  81  of  the  reset  spool  

valve  78,  reset   a c tua to r   82,  check  valve  83  and  hydraulic  fluid  line  84, 

thereby  providing  adequa te   pressure  to  force  the  pistons  outward  against  t h e  

resisting  force  of  the  compression  accumula tor   49.  

More  specif ical ly ,   to  use  the  reset  spool  valve  78  and  r e s e t  

actuator   82  of  the  reset   mechanism  75  to  effect   s tar t ing  of  the  FPEP  1,  t h e  

inlet  Pi,  out let   Po,  and  compression  accumula tor   PC  pressure  levels  m u s t  

first  be  es tabl ished  by  conventional  means  which  are  not  part  of  th is  

disclosure.  In  the  p refer red   embodiment   and  best  mode  the  FPEP  I  is 

designed  to  s ta r t   at  minimum  operat ing  pressure  level  of,  for  example,   2,000 

psi  or  g rea te r .   After   the  minimum  pressure  level  for  s tar t -up  has  b e e n  

established,  a  force  level  great  enough  to  overcome  the  c o m p r e s s i o n  

accumula tor   pressure  acting  over  the  surface  area  of  the  compression  p i s ton  

46  as  well  as  all  f r ic t ional   forces  is  required  to  move  the  engine  and  p u m p  

pistons  to  the  position  i l lustrated  in  Fig.  4  ready  for  the  beginning  of  a  

compression  s troke.   Moreover,  in  order  to  genera te   a  relat ively  high  l eve l  

of  compression  energy  for  cold  start   requirements ,   a  relat ively  high  level  of 

compression  a c c u m u l a t o r   pressure  Pc  is  desirable.  The  reset  ac tua to r   82 

provides  the  necessary   force  level  for  effect ing  the  desired  rese t t ing   of  t he  

pistons.  



The  reset   a c tua to r   82  is  a  form  of  hydraulic  pressure  i n t e n s i f i e r  

including  an  ac tua to r   piston  90  movable  in  a  stepped  cylinder  91  and  having  a  

relat ively  large  surface   area  92  exposed  in  a  fluid  chamber   93  and  a  

relat ively  small  surface   area  94  exposed  in  a  fluid  chamber   95.  A  spring  96 

ordinarily  biases  the  a c t u a t o r   piston  90  to  a  r ighthand  position  (not  shown)  in 

the  stepped  cylinder  91  when  out  of  use.  A  fluid  flow  path  97  through  t h e  

ac tua tor   piston  90  and  a  check  valve  98  therein  provide  unidirect ional   f lu id  

flow  coupling  of  the  fluid  chambers   93,  95.  The  reset   ac tua to r   82  is  sized  so 

that  the  total  d i sp laceable   volume  of  the  second  pump  chamber   61  i s  

somewhat   less  than  the  total   displaceable  volume  of  the  fluid  chamber   95. 

Additionally,   the  large  surface   area  92  of  the  ac tua tor   piston  90  is  g r e a t e r  

than  that   of  the  small  surface   area  94  by  an  amount   which  is  adequate   t o  

overcome  the  load  of  the  spring  96,  fr ict ional   forces,  and  the  force  due  t o  

pressure  in  the  second  pump  chamber  61  to  reset   the  pump  piston  42  to  t h e  

position  i l lus t ra ted   in  Fig.  4,  i.e.  against  the  compression  force,  i.e.  t h e  

product   of  Pc   t imes  the  area  of  the  compression  piston  46.  

When  r e se t t i ng   occurs,  the  reset  valve  78  is  posit ioned  as  shown  in 

Fig.  4.  The  first  pump  chamber   60  is  then  vented  to  low  pressure  Pi  and  t h e  

reset  ac tua to r   82  is  supplied  with  high  pressure  P .   The  ac tua to r   piston  90 

is  driven  toward  the  l e f thand   position  shown  in  Fig.  4  forcing  fluid  from  t h e  

fluid  chamber   95  i n to  t he   second  pump  chamber  61  driving  the  pump  p i s ton  

42  and  engine  piston  5  to  the  righthand  position  shown  in  Fig.  4.  When  t h e  

pump  piston  42  has  fully  reset,   as  may  be  sensed  by  a  position  s enso r  

described  in  detail   below  with  re ference   to  Fig.  13,  for  example,  the  spool  o f  

the  reset   valve  78  is  moved  in  its  cylinder  to  the  right  b lock ing  

communica t ion   with  the  first  pump  chamber  60  and  venting  the  r e s e t  

ac tua tor   fluid  chamber   93  to  low  pressure  Pi.  The  fluid  flow  path  97  a n d  

check  valve  98  then  permi t   the  spring  96  to  move  the  ac tua tor   piston  90  t o  

its  maximum  r ighthand  position  while  the  fluid  chamber  95  is  refil led  wi th  

fluid  and  the  check  valve  83  isolates  the  pump  from  the  chamber   95. 

In  the  reset   posit ion  i l lustrated  in  Fig.  4  the  FPEP  1  is  ready  f o r  

s tar t ing  cycle  in i t ia t ion .   Moreover,   the  i l lustrated  position  and  sett ing  o f  

the  several  control   valves  67-69  is  the  "hold"  condition  between  cycles  when 

the  FPEP  1  is  ope ra ted   in  an  i n t e rmi t t en t   m a n n e r .  

To  in i t ia te   opera t ion   of  the  FPEP  1,  then,  re la t ive   to  the  cond i t ion  



i l lus t ra ted   in  Fig.  4,  the  control  valve  67  is  opened  quickly  thereby  vent ing  

the  high  pressure   in  the  second  pump  chamber  61  to  low  inlet  pressure  level ,  

whereupon  compression  energy  from  the  compression  a c c u m u l a t o r   49  e f f e c t s  

a  compression  stroke  commencing  cyclical  operation  in  the  pr imary  mode.  

During  s tar t -up  and  especially  when  s tar t ing  and  "warming  up"  a t  

especially  cold  t e m p e r a t u r e   extremes,   it  is  desirable  subs tan t ia l ly   to  ra ise  

the  compression  energy.  Such  increase  in  compression  energy  may  be  

accompl ished   initially  by  raising  the  pressure  Pc  in  the  hydraulic  a c c u m u -  

lator  49,  and  par t icular ly   of  the  fluid  (preferably  a  compress ib le   gas)  in  t he  

bladder  50,  to  a  p rede te rmined   level  followed  by  the  a b o v e - d e s c r i b e d  

reset t ing  sequence  and  operation  init iation  with  an  init ial   compress ion  

stroke.  Fu r the rmore ,   if  even  higher  s tar t -up  compression  is  desired,  the  

control  valve  69  may  be  opened  during  the  initial  compression  stroke  and  is 

left  open  until  it  is  desired  to  effect   operat ion  specif ical ly   in  the  primary  or 

secondary  modes  described  above.  After  normal  operat ion  is  under  way  and 

the  FPEP  1  is  sa t i s fac tor i ly   warm,  the  compression  a c c u m u l a t o r   pressure  P c  

may  be  reduced  somewhat   to  lower  unnecessary  compression  energy  losses .  

If  it  is  desired  to  start   operation  of  the  FPEP  1  in  the  secondary  

mode,  the  above  noted  reset t ing  would  be  e f fec ted   initially.  Therea f t e r ,   t o  

ini t iate  a  compression  stroke,  while  maintaining  the  control  valve  67  closed,  

the  control  valve  68, first  is  opened,  and  promptly  t h e r e a f t e r   the  con t ro l  

valve  69  is  opened.  The  FPEP  1  accordingly  would  be  configured  fo r  

operat ion  in  the  secondary  mode  of  operat ion  for  succeeding  cycles,  as  is 

described  above  with  re ference   to  Figs.  3A  and  3B. 

The  FPEP  1  can  be  made  to  vary  its  cycling  f requency  from  a  

maximum  down  to  rates  as  low  as  a  few  cycles  per  minute.   Such  cycling 

frequency  control   is  accomplished  by  in terrupt ing  the  normal  cycling  mot ion 

at  the  end  of  a  power  stroke  with  a  pause  period.  Each  cycle  in  itself  is  a  

full  velocity  cycle  in  both  compression  and  power  s troke  d i rec t ions .  

In ter rupt ion   occurs  at  the  end  of  a  power  stroke  to  c rea te   a  pause  period 

until  the  in te r rupt ion   is  te rminated,   and  the  in terrupt ion  process  is  brought  

about  by  valving  operation,   as  will  now  be  desc r ibed .  

In  the  primary  mode,  during  a  power  stroke,  the  control   valves  67, 

68  are  closed.  Therefore  compression  stroke  motion  is  not  pe rmi t ted   to  

begin  because  of  the  pressure  lock  that  is  formed  in  the  second  pump 



chamber  61,  and,  accordingly,   the  normal  cycling  f requency  is  i n t e r r u p t e d .  

When  the  pump  portion  3  is  held  in  this  position,  pressure  in  the  first  pump 

chamber  60  drops  to  a  low  pressure  while  pressure  in  the  second  pump 

chamber  61  increases   until  a  force  balance  is  established.  To  ini t iate   t h e  

next  cycle,  the  high  pressure  fluid  in  the  second  pump  chamber   61  is  r e l ea sed  

to  low  pressure   by  opening  control  valve  67.  Accordingly,  i n t e r m i t t e n t  

cycling  is  accompl i shed   in  the  pr imary  mode  by  use  of  the  control  valve  67. 

Moreover,  during  such  i n t e r m i t t e n t   cycling  operation,  the  inlet  check  va lve  

63  is  act ive  or  passes  fluid  on  the  power  stroke  to  provide  a  supply  into  t he  

second  pump  chamber   61,  and,  the re fore ,   the  control  valve  67  does  not  have  

to  close  pa r t i cu la r ly   fast  during  the  power  stroke,  although  its  closure  should 

be  comple ted   by  the  end  of  the  power  s t r o k e .  

If  it  is  desired  to  reduce  the  cycle  rate  in  the  secondary  mode  of  

operation,   both  control  valves  68  and  69  must  be  sequential ly  ac tua ted   t o  

open  the  same.  More  par t icular ly ,   on  a  power  stroke  the  control  valves  68 

and  69  are  closed  and  fluid  fills  the  second  pump  chamber  61  via  the  i n l e t  

check  valve  63  and  exits  the  first  pump  chamber   60  at  high  pressure  th rough  

the  outlet   check  valve  65.  Compress ion  stroke  motion  will  be  prevented   by 

the  pressure  lock  formed  in  the  second  pump  chamber  61.  To  ini t iate   t he  

next  cycle  of  operat ion,   control  valve  68  is  first  opened  followed  by  opening 

of  control  valve  69  to  ini t ia te   a  compress ion  s t r o k e .  

Turning  now  more  par t icu lar ly   to  Figs.  5A  and  5B,  a c c e l e r a t i o n  

boost  and  energy  absorber  fea tures   of  the  invention  are  i l lus t ra ted.   The  

acce le ra t ion   booster   100  includes  two  substant ia l ly   identical   portions  100A, 

100B  shown  in  opera t ive   condition  in  Fig.  5A.  The  acce le ra t ion   booster   100B, 

for  example,   includes  a  boost  piston  101  slidable  in  a  cylinder  102.  When 

valve  103  ports  chamber  104  to  return  pressure,   output  pressure  at  port  105 

acting  on  the  exposed  surface  area  of  boost  piston  101  in  chamber   106  moves  

the  boost  piston  to  the  lef thand  position  shown  in  Fig.  5A.  At  the  end  of  a  

power  s troke  a  pad  110  on  the  back  side  of  the  engine  piston  5  engages  t h e  

rod  llI  of  the  boost  piston  101  driving  the  same  to  the  right  causing  an  

outflow  of  high  pressure  fluid  from  the  chamber  106  via  the  port  105.  Since 

the  surface  area  of  the  boost  piston  101  exposed  in  chamber  106  is  larger  t h a n  

the  surface  area  of  the  rod  111  exposed  in  the  back  side  chamber   31  of  t he  

engine  portion  2,  the  engine  piston  5  will  dece lera te   to  zero  more  rapidly  



than  would  be  expected  to  occur  without  the  acce l e ra t ion   booster  100 

ac t iva ted .   The  area  107  times  the  pressure  in  the  chamber   106,  i.e.  o u t p u t  

pressure  P ,  will  be  the  force  tending  to  expedite  such  decelerat ion.   The  

same  pressure  force  provides  quick  acce le ra t ion   during  the  beginning  of  t h e  

subsequent  compression  stroke.  The  net  result  is  that  both  power  and 

compression  stroke  time  periods  are  shortened  and  the  resul tant   cycle  and  

delivery  rates  are  i n c r e a s e d .  

To  act ivate   the  acce le ra t ion   booster  100,  the  valve  103  ports  t h e  

chamber  104  to  output  pressure  Po  urging  the  boost  piston  101  to  the  right  in 

its  cylinder  102  until  it  engages  the  energy  absorber  piston  112.  The  area  o f  

the  boost  piston  101  exposed  in  chamber  104  is  slightly  larger  than  the  a r e a  

107  exposed  in  chamber  106  so  that  the  boost  piston  has  adequate   r e t r a c t i o n  

force  to  the  position  shown,  for  example,  in  Fig.  5B  but  does  not  compres s  

the  heavy  absorber  piston  spring  113. 

Referr ing  to  Fig.  5B,  there  is  i l lustrated  one  of  the  portions  100B 

of  the  acce le ra t ion   booster  100  of  Fig.  5A  along  with  the  energy  absorber  114, 

including  the  absorber  piston  112  and  spring  113.  The  absorber  114  a lso 

includes  a  f luid- t ight   cylinder  115  in  which  the  spring  113  is  contained  and  t h e  

absorber  piston  112  may  slide.  A  fluid  passage  116  and  check  valve  117  a r e  

contained  in  the  absorber  piston  112,  and  a  fluid  path  118  between  t h e  

chamber  119  in  the  cylinder  ll5  and  the  output  port  105  conducts  f lu id  

the rebe tween   as  pe rmi t t ed   by  the  absorber  piston  l l2.  

In  the  abnormal  event  that  the  energy  of  combust ion  subs tan t i a l ly  
exceeds  the  amount  of  hydraulic  energy  removed  during  a  power  stroke,  t h e  

several  piston  elements,   including  the  engine  pistons  and  pump  pistons,  a r e  

protec ted   against  bot toming  forces  that  could  cause  s t ruc tu ra l   damage  by 

separate   energy  absorbers  ll4  associated  with  each  acce le ra t ion   boos te r  

portion  of  each  engine  piston  5,  6  which  provide  such  energy  absorbing  

function.  Each  energy  absorber  114  also  includes  a  high  force  liquid  spring  to  

dece le ra te   the  piston  masses  and  absorb  the  excessive  energy.  The  abso rbe r  

pistons  112  are  closely  fit  to  their  respect ive  cylinders  115.  The  check  va lve  

117  and  fluid  passage  116  ensure  that  all  air  is  removed  from  the  liquid  spr ing  

chamber  119.  The  fluid  path  118  includes  an  orifice  120  closed  by  the  absorber  

piston  ll2  promptly  after   r e t rac t ion   motion  of  the  la t ter   c o m m e n c e s .  

Accordingly,  if  the  engine  piston  5  contacts   the  rod  111  of  the  boost  piston  101 



on  a  power  stroke,  a  resis t ive  high  rate  liquid  spring  force  will  be  deve loped  

to  stop  the  piston  motion.  The  avai lable   travel  for  such  energy  absorb ing  

function  is  the  distance  X2  shown  in  Fig.  5B.  Such  travel  and  ene rgy  

absorpt ion  also  is  available  a f te r   the  acce l e ra t ion   boost  piston  101  may  h a v e  

t raveled   a  distance  X1  when  the  a cce l e r a t i on   booster  100  is  a c t i v a t e d .  

A  plurality  of  FPEP's  1  may  be  combined  to  increase  power  o u t p u t  

and  to  add  flexibility  of  opera t ion .   If  desired,  only  a  single  FPEP  of  a  c o m -  

bined  group  may  be  opera ted   at  a  t ime,  for  example  when  hydraulic  d e m a n d s  

are  low,  or  all  of  the  FPEP's  may  be  o p e r a t e d .  

Turning  to  Fig.  6,  a  grouped,  here  paired,  FPEP  system  130  i n -  

cludes  a  FPEP  la'  and  a  FPEP  lb',  each  of  which  is  substant ia l ly   the  same  in  

form  and  operation  as  the  FPEP  1  described  above.  In  Fig.  6  p r i m e d  

re fe rence   numerals  designate  parts  having  the  same  or  similar  form  and  

function  as  those  designated  by  the  same  unprimed  re ference   numerals  in 

Fig.  1. 

When  pairing  FPEP's  in  accordance   with  the  invention,  it  is 

desirable  to  combine  some  specif ic   pump  e lements   and  functions  to  i m p r o v e  

pumping  efficiency  and  to  reduce  pressure  pulsations  normally  a s s o c i a t e d  

with  piston  pumps.  In  the  system  130  of  Fig.  6  the  high  and  low  p r e s s u r e  
accumula to r s   53',  64'  are  shared  to  reduce  flow  losses  and  space  r e q u i r e -  

ments;  as  a  result  there  is  a  net  gain  in  output  eff iciency  over  a  s ing le  

FPEP.  The  FPEP's  la',  lb'  are  posit ioned  about  respect ive   center l ines  131a, 

131b,  which  are  parallel  and  for  the  sake  of  clarity,   the  line  131b  appears  a t  

the  top  and  at  the  bottom  of  Fig.  6,  with  the  pump  piston  and  chambers  o f  

the  hydraulic  pump  portion  3b'  thereof   being  divided  as  shown.  The  F P E P ' s  

la',  lb'  have  interact ing  e lements ,   valving  and  porting  between  the  t w o  

pumps  in  a  side-by-side  ins ta l la t ion ,   and  such  FPEP's  are  made  preferably  t o  

cycle  a l te rna te ly   by  the  e lec t ron ic   control  system  described  below  w i t h  

re fe rence   to  Fig.  13. 

In  the  system  130  flow  is  ported  directly  to  the  adjacent  pump 

through  the  control  valves  67a',  67b'  in te rconnec t ing   the  second  pump 
chambers   61a',  61b'  allowing  fluid  to  pass  freely  between  such  second  pump 
chambers   with  negligible  pressure   losses.  Additionally,  the  control  va lves  

67a',  67b'  function  to  isolate  the  FPEP's  la',  lb'  when  acting  independently  as  
well  as  to  provide  a  conversion  be tween   primary  and  secondary  modes  o f  

o p e r a t i o n .  



In  the  primary  mode  of  operat ion  shown  in  Fig.  6,  the  inlet  and 

outlet  flow  rates  are  essentially  continuous  if  power  stroke  time  app rox i -  

mates  the  compression  stroke  time.  Flow  will,  of  course,  stop  m o m e n t a r i l y  

at  the  ends  of  the  strokes  at  which  time  the  accumulators   53',  64'  supply  t h e  

flow  demand.  As  shown  the  system  130  has  the  control  valves  set  f o r  

operation  in  the  primary  mode.  The  operation  insofar  as  i n t e r m i t t e n t  

cycling  with  a  pause  period,  as  was  described  above,  the  s ta r t ing ,   and  t h e  

general  operat ion  of  the  system  130  using  both  FPEP's  la',  lb'  operat ing  ou t  

of  phase  with  each  other  or  using  only  one  of  them  at  a  time  will  be  

substant ia l ly   the  same  as  is  described  above,  and,  if  desired,  the  a c c e l e -  

ration  boost  and  energy  absorbing  fea tures   described  above  also  may  be  

included  in  the  system  130.  Fur the rmore ,   the  system  130  may  be  operated  in 

the  manner  described  above  in  the  secondary  mode,  for  example,   by  opening 

the  control  valves  68a',  68b',  69a',  69b',  and  closing  the  control  valves  67a' ,  

67b'. 

To  operate,   for  example,  only  the  FPEP  la',  while  the  FPEP  lb'  is 

disabled,  the  control  valve  67b'  would  be  closed  while  the  control   valve  67a'  

remains  open  to  permit  operation,  say  in  the  primary  mode,  or  the  FPEP  lb '  

is  operated  in  the  secondary  mode,  as  was  described  above .  

Cylinder  air  compression  requi rements   are  well  known  by  t hose  

involved  in  the  design  of  diesel  engines.  The  primary  purpose  of  c o m p r e s s i n g  
the  cylinder  air  charge  is  to  increase  its  pressure  and  associa ted   t e m p e r a -  
ture  to  an  adequate   level  for  ignition  of  the  diesel  fuel  when  it  is  i n j e c t e d .  

This  r equ i rement   varies  depending  on  conditions  such  as  the  in i t i a l  

t empera tu re   of  the  cylinder  and  air  and  the  pressure  level  of  the  inlet  a i r  

cha rge .  

In  a  free  piston  engine,  as  well  as  in  other  diesel  engines,  the  f ina l  

condition  of  the  air  charge  in  the  cylinder  when  compressed  is  d i r e c t l y  

related  to  the  initial  cylinder  volume  at  the  point  of  inlet  port  closing 

divided  by  the  final  cylinder  volume.  This  is  termed  the  compression  r a t i o  

of  the  engine  and  is  generally  fixed  in  the  rotary  engine  design  or  variable  in 

some  specific  applications  by  mechanical   means  or  by  a  l imited  hydraul ic  

control  means  in  the  piston  proper.  The  mechanizat ions   to  date  have  been  

limited  in  flexibility  and  have  generally  been  designed  for  specific  purposes  
such  as  to  res t r ic t   peak  cylinder  pressures  and  avoid  s t ruc tura l   failures  or 

for  exper imenta l   purposes .  



The  opposed  piston  free  piston  engine  pump  1  disclosed  has  unique 

capabi l i t ies   and  f lexibil i t ies  in  this  area.  They  are  the  provision  of  t o t a l  

control  over  the  amount  of  energy  put  into  compression  to  es tabl i sh  

compress ion  ratio  and  related  pressure  and  t e m p e r a t u r e   conditions  within 

the  cylinder,   thereby  optimizing  overall  eff iciency  of  the  system,  mini-  

mizing  compression  losses,  and  controlling  operating  pressure   profile  wi th in  

the  cylinder,   and  the  provision  of  control  over  the  rate  at  which  t he  

compression  energy  is  applied  which  establishes  the  velocity  and  a c c e l e r a -  

tion  profi les   of  the  piston  on  the  compression  stroke  and  resul ts   in  cycle  r a t e  

v a r i a b i l i t y .  

Typical  diesel  engine  cylinder  cha rac te r i s t i c s   and  their  r e l a t i o n -  

ship  to  compress ion  ratio  are  shown  in  Figs.  7-9.  These  are  shown  as  

background  informat ion  to  establish  the  compression  energy  r e q u i r e m e n t s  

and  d e m o n s t r a t e   the  flexibility  of  the  FPEP  disclosed.  Fig.  7  shows  t h e  

re la t ionship   be tween  compression  ratio  and  cylinder  gas  t e m p e r a t u r e   f o r  

cold  s t a r t - u p   of  a  typical  diesel  cylinder.  The  opposed  piston  FPEP  1  is 

designed  to  achieve  an  equivalent  cold  start   compression  ratio  in  the  r ange  
of  20  to  30  or  h ighe r .  

The  ideal  thermal   eff iciency  relationship  of  a  typical  d iese l  

cylinder  is  shown  in  Fig.  8.  It  is  seen  that  the  i m p r o v e m e n t   rate  in  

e f f ic iency   declines  substant ia l ly   after   a  ratio  of  8  or  10  is  a c h i e v e d .  

Fig.  9  shows  a  plot  of  charac te r i s t i c   peak  cylinder  combus t ion  

pressure  that   can  be  expected  vs.  compression  ratio  for  various  brake  m e a n  

e f fec t ive   pressures .   Typical  FPEP  operating  lines  are  shown.  The  c h a r a c -  

ter is t ic   BMEP  lines  show  dramat ica l ly   that  compression  ratio  has  a  g r e a t  

impact   on  cylinder  peak  pressure  level.  The  opposed  piston  FPEP  1  of  t h e  

present   invention  compression  energy  implementa t ion   controls   the  peak  

pressure  levels  within  the  l imita t ions   of  the  design  while  maintaining  high 

thermal   e f f ic ienc ies .   Extremely  high  peak  cylinder  pressures   can  readily  b e  

suppor ted  by  the  FPEP  I.  The  combustion  chamber  is  s t r uc tu ra l l y   suited  f o r  

high  pressure   con ta inment .   Piston  forces  are  t r ans fe r red   direct ly  in to  

hydraulic  forces  and  acce le ra t ion   of  the  piston  e lements .   No  crank  arm  or  

other  l inkage  exists  to  resist  the  high  accelera t ion  forces  on  the  p is ton .  

Fig.  10  shows  a  typical  FPEP  plot  of  compression  energy  r equ i red  

vs.  compress ion   ratio  for  various  cylinder  air  charge  p r e s s u r e s .  



The  compression  energy  is  stored  as  compressed  gas  in  t h e  

compression  accumula to r   49  (Fig.  1).  The  amount  of  energy  available  fo r  

compression  is  approx imate ly   defined  by  the  following  r e l a t ionsh ip :  

where  P  =  Accumula to r   gas  p re s su re  
V  =  Accumula to r   gas  vo lume  

n  =  Equivalent   gas  c o n s t a n t  

and  subscripts  refer  to  initial  condition  (1)  at  s tar t   of  compres s ion  

stroke  and  final  condition  (2)  at  end  of  compression  s t r o k e .  

An  operat ing  line  has  been  added  to  Fig.  10  showing  a  t yp ica l  

optimized  control  condition  for  best  overall  eff iciency.   This  line  is 

establ ished  by  actual  test  results  obtained  for  a  specific  engine  app l i ca t ion .  

Also  shown  on  Fig. 10  is  the  cold  start   capabili ty  region of  the  des ign.  

The  energy  tha t  i s   available  for  compression  and  is  stored  in  t h e  

compression  accumula tor   is  shown  in  Fig.  ll.  The  cha rac t e r i s t i c   shown  is 

based  on  an  accumula tor   gas  charge  volume  of  30  in3  and  p r e - c h a r g e  

pressure  of  1000  psi.  In  the  example  shown,  the  working  displaced  vo lume  

has  been  se lected  as  5  in3.  

A  pressure  control  valve  70  as  shown  in  Fig.  1  establishes  t h e  

nominal  pressure  level  of  the  compression  accumula tor .   This  is  va r i ed  

during  operat ion  so  that  the  p rede te rmined   per formance   requ i rements   a r e  

achieved.  The  pressure  control  valve  70  receives  its  informat ion  from  t h e  

e lec t ronic   microprocessor   control  center   as  described  below.  By  raising  or  

lowering  the  pressure  level  in  the  compression  accumula tor   49,  t h e  

compression  energy  is  varied  by  as  much  as  3  to  I or  more,  as  shown  in  Fig. 11 

for  example.   This  adequate ly   covers  the  operating  requi rements   indicated  in 

Fig.  10  which  varies  by  approximate ly   2  to  1.  In  the  secondary  mode  of 

operat ion,   some  of  the  energy  for  compression  is  supplied  by  the  o u t p u t  

pressure  accumula to r   53  as  explained  earlier.  The  amount  of  energy  
required  of  the  compression  accumula to r   49  is,  therefore ,   decreased  t o w a r d  

the  low  energy  range  shown  in  Fig.  l l .  

Fig.  12  shows  how  the  pressure  force  applied  to  the  piston  mass  

(42,  46,  5)  varies  with  stroke  and  energy  level.  As  the  net  energy  level  is 



raised  by  increas ing  the  working  pressure  of  the  compression  a c c u m u l a t o r  

49,  the  initial  force  at  the  start  of  the  compression  s troke  i n c r e a s e s  

s ignif icant ly  with  r e spec t   to  the  final  force  level.  The  advan tageous   r e s u l t  

of  this  profile  change  is  that  the  initial  acce le ra t ion   of  the  piston  mass  

increases  subs tan t ia l ly .   This  provides  an  e f fec t ive   a cce l e r a t i on   con t ro l  

means  for  "speeding  up"  the  compression  stroke  time  and  r esu l t an t   c y c l e  

r a t e .  

In  Fig.  13  the  basic  elements  of  the  pr imary  control  c ircui t   150  a r e  

i l lustrated  in  assoc ia t ion   with  the  FPEP  1.  Only  pr imary  inputs  to  t h e  

microprocessor   e l ec t ron ic   control  center  154  are  indicated  along  with  t h e  

outputs  that  control   FPEP  operation.  Other  inputs  to  the  e lec t ron ic   con t ro l  

154  of  secondary  i m p o r t a n c e   also  may  exist;  these  would  be  expec ted   usual ly  

to  have  only  low  pr ior i ty   influence  on  the  output  signals.  The  s e c o n d a r y  

inputs  include  such  i n f o r m a t i o n   as  intake  and  exhaust  manifold  t e m p e r a -  

tures,  exhaust   p ressure ,   other  oil  pressures  and  t e m p e r a t u r e s ,   and  f a i l u r e  

detect ion  s e n s o r s .  

The  pr imary   control  loop  accomplishes  the  following  f u n c t i o n s .  

The  pr imary  control  loop  provides  means  of  regulat ing  the  c y c l e - b y - c y c l e  

operation  of  the  FPEP  1  to  achieve  consis tent   operat ion  and  o p t i m i z e d  

pe r fo rmance   po t en t i a l   for  all  hydraulic  pressure  and  flow  demands  within  i t s  

design  range.  The  delivery  of  the  FPEP  may  be  control led  in  an  e f f i c i e n t  

manner  including  cycle  rate  variability  with  turn-down  ratio  of  100  to  1  or  

greater .   Also,  the  compression  energy  and  resu l tan t   compression  r a t i o  

required  by  the  engine  combustion  process  may  be  control led  to  achieve  t h e  

most  ef f ic ient   opera t ing   potential  over  all  power  output  levels  inc luding  

inlet  air  supe rcha rge   pressure   levels  of  three  a tmospheres   and  g rea te r .   The  

control  loop  provides  means  of  quickly  positioning  the  engine-pump  e l e m e n t s  

for  s tar t-up  as  well  as  a  method  of  controlling  the  dual  pumping  fea ture   o f  

the  pump  to  provide  a  smooth  transition  between  primary  high  flow  low 

pressure  mode  of  opera t ion   and  secondary  low  flow  high  pressure  mode  of  

operation.  Using  the  primary  control  loop  the  compression  energy  may  be  

substant ial ly  inc reased   at  the  first  part  of  the  compression  stroke  t o  

acce le ra te   the  cycle  rate  and  increase  the  pumping  rate  capabil i ty  of  t h e  

FPEP  1.  Moreover,   the  FPEP  module  cycle  rate  may  be  synchronized  wi th  

that  of  adjacent   FPEP  module  cycle  rates  for  the  purpose  of  p rov id ing  

continuous  hydraulic   input  and  output  f low.  



For  cycle  opt imizat ion  the  opposed  piston  FPEP  1  has  the  f l ex i -  

bility  of  varying  the  bottom  dead  position  (start   of  compression  stroke)  as 

required  to  optimize  the  energy  output  process.  Fig.  14  indicates   that  a  

control  range  exists  around  the  nominal  b o t t o m  d e a d   position  of  the  s t r o k e  

for  various  power  levels  and  cycle  rates  when  optimizing  overall  p e r f o r m -  

ance.  The  in te r re la t ionsh ip   of  factors  that  shape  the  combustion  gas  d iese l  

cycle  such  as  intake  and  exhaust  port  areas,  inlet  air  pressure  level  and  

output  power  level  can  be  optimized  by  varying  the  bottom  dead  position  as  

determined  by  actual  test  data  and  p rogrammed  into  the  logic  o f   t he  

e lectronic   microprocessor   control 154. 

Referr ing  further  to  Fig.  13,  piston  position,  inlet  air  cha rge  

pressure,  and  output  pressure  level  are  the  primary  engine  sensor  inputs  151- 

153  to  the  e lec t ronic   control  154.  Based  on  the  p rede te rmined   algorithm  fo r  

these  system  pa ramete r s ,   the  injector  fuel  delivery  control  155  operation  is 

varied  as  required  to  establish  the  required  operat ional   stroke  l e n g t h .  

For  power  delivery  control,  hydraulic  power  output  from  the  F P E P  

1  is  regulated  by  input  command  control 157  and  output  pressure  level  rate  o f  

decay  informat ion  sensed  by  pressure  sensor  153.  The  input  command  157 

coming  from  operator   or  overall  system  needs  requests  an  output  p r e s su re  
level.  As  pressure  falls  below  this  level,  the  FPEP  1  cycles  as  necessary  to  

regain  the  level.  The  electronic  control  154  de termines   the  cycle  rate,  f ue l  

delivery  set t ing,   and  air  charge  pressure  required  to  meet  the  need  based  on 

the  rate  of  pressure  level  decay  by  controll ing  the  fuel  delivery  control  155 

and  fuel  injector   10,  the  desired  supercharging,   and  the  pump  control  va lves  

160  (such  as  the  valves  67-69,  78,  and  103  of  Figs.  1,  4  and  5A).  . 

Compression  energy  level  may  be  controlled  based  on  p r e -  

programmed  informat ion  stored  in  the  e lect ronic   control  154  in  order  to  

adjust  the  pressure  level  of  the  compression  accumula tor   49  for  op t imized  

compression.  The  sensor  161  senses  compression  accumula tor   pressure  and 

this  is  cor re la ted   with  the  information  received  by  the  e lect ronic   control 154 

from  the  input  command  157,  inlet  air  pressure  sensor  152  and  ou tpu t  

pressure  sensor  153  to  operate  the  pressure  control  valve  162  which  e i t he r  

raises  or  lowers  the  pressure  level  as  required  for  the  par t icular   mode  of  

ope ra t ion .  



For  s tar t -up,   the  e lec t ron ic   control  154  logic  de te rmines   w h e t h e r  

the  FPEP  1  should  be  s ta r ted   based  on  informat ion  including  operator   input  

157,  output  153  and  compression  161  accumula to r   pressures,   inlet  air  p ressu re  

152  and  piston  positions  151.  If  condit ions  are  satisfied,   the  FPEP  pistons  5,  6 

will  be  reset ,   the  reset   valve  78  will  be  closed,  and  the  s tar t   cycle  will  b e  

i n i t i a t e d .  

Mode  select ion  can  be  made  by  either  external   operator   input  157 

or  by  au tomat i c   e lectronic   control   via  sensors  152,  153,  161  depending  on 

hydraulic  p ressure / f low  load  r equ i r emen t s .   When  mode  changing  is  requi red ,  

output  53  and  compression  49  a ccumula to r   pressures  are  sensed  and  inlet  a i r  

charge  pressure  to  the  combust ion  chamber  7  must  be  read;  neces sa ry  

ad jus tments   are  made  prior  to  switching  the  control  valves  67-69  by  t h e  

e lec t ronic   control  154,  for  example,   which  also  preferably   adjusts  t he  

compression  accumula to r   49  pressure   and  appropria te ly   controls  the  fuel  

injector  10  to  accomplish  change  and  mode-of  ope ra t ion .  

Depending  on  hydraulic  system  needs,  higher  flows  may  be  

achieved  by  ac t iva t ing   the  a c c e l e r a t i o n   booster  100.  This  is  a ccompl i shed  

au toma t i ca l l y   by  the  e lec t ronic   control   154  if  flow  rate  cannot  keep  up  wi th  

demand.  Accordingly  the  input  command  157,  output  pressure   and  decay  

rate  from  sensor  153  and  compression  accumula tor   49  pressure  from  sensor  

161  are  moni tored  by  the  e lec t ronic   control  154  which  in  turn  e f f e c t s  

appropr ia te   operat ion  of  the  pump  boost  control  valve  103,  fuel  de l ivery  

contro l ler   155,  and  compression  accumula to r   pressure  control  162. 

Two  or  more  FPEP  modules  1  within  an  ins ta l la t ion  may  be  

synchronized  by  slight  piston  s t roke  length  changes  in  one  module  as  

compared   with  another  as  r e fe rence .   By  changing  fuel  delivery  155  s l ightly,  

the  piston  stroke  length  151  is  decreased   or  increased  as  required  to  change  

the  cycle  rate  of  the  module  in  tune  with  the  re ference   module  170. 

In  view  of  the  foregoing,   the  versat i l i ty   of  the  FPEP  1  as  used 

alone  or  in  combinat ion  with  other  FPEP's  incorporat ing  one  or  more  of  t h e  

various  fea tures   described  above  to  effect   pumping  of  hydraulic  fluid  to  do 

work,  for  example,   for  a  variety  of  purposes,  now  will  be  a p p r e c i a t e d .  



1.  An  in  line  opposed  piston  free  piston  engine  pump  s y s t e m  

comprising  a  free  piston  engine  including  an  engine  cylinder  having  a  l i nea r  

axis,  a  pair  of  engine  pistons  movable  in  said  engine  cylinder  along  such  axis  

toward  each  other  during  a  compression  stroke  and  away  from  each  o t h e r  

during  a  power  stroke;  a  separa te   pump  means  associated  with  each  engine  

piston  for  pumping  fluid,  each  pump  means  including  a  pump  cylinder  ax ia l ly  

aligned  with  said  engine  cylinder,  a  pump  piston  coupled  to  a  r e s p e c t i v e  

engine  piston  for  movement   therewi th   and  forming  f i r s t  and   second  p u m p  
chambers  within  said  pump  cylinder,  and  valve  means  for  controll ing  flow  of  

fluid  into  and  out  of  said  pump  c h a m b e r s .  

2.  The  free  piston  engine  pump  system  of  claim  1,  whe re in  

said  valve  means  comprises  first  check  valve  means  for  passing  inlet  flow  of  

relat ively  low  pressure  fluid  to  said  first  pump  chamber,   second  check  va lve  

means  for  passing  outlet  flow  of  re la t ive ly   high  pressure  fluid  from  said  f i r s t  

pump  chamber ,   first  select ively  operable  valve  means  fluidically  in  p a r a l l e l  

with  said  second  check  valve  means  for  se lect ively   bypassing  the  l a t t e r ,  

third  and  fourth  check  valve  means  respec t ive ly   for  passing  inlet  flow  of  

relat ively  low  pressure  fluid  to  said  second  chamber  and  outlet   flow  of  

relat ively  high  pressure  fluid  from  said  second  pump  chamber ,   s econd  

select ively  operable  valve  means  f luidical ly  in  parallel   with  said  third  c h e c k  

valve  means  for  select ively  bypassing  the  l a t te r ,   and  third  s e l e c t i v e l y  

operable  valve  means  fluidically  in  series  with  said  fourth  check  va lve  

means  for  se lect ively  controlling  fluid  flow  through  the  l a t t e r .  

3.  The  system  of  claim  2,  wherein  said  valve  means  is 

fluidically  coupled  relative  to  said  check  valve  means  and  pump  chambers  t o  

enable  se lec t ive   operation  of  said  pump  in  a  high  pressure  mode  and  in  a  

high  flow  mode,  and  further  comprising  inlet  fluid  flow  means  for  coupl ing  

to  said  pump  relat ively  low  pressure  input  fluid,  said  inlet  fluid  flow  m e a n s  

being  coupled  to  provide  such  input  fluid  to  said  first  check  valve  means  and  

to  the  paral lel   connected  third  check  valve  means  and  second  s e l e c t i v e l y  

operable  valve  means,  and  outlet  fluid  flow  means  for  coupling  together   and  

to  a  re la t ively  high  pressure  fluid  outlet   said  parallel  connected  s econd  

check  valve  means  and  first  se lect ively   operable  valve  means  and  said  s e r i e s  

connected  fourth  check  valve  means  and  third  selectively  operable  va lve  

means .  



4.  The  free  piston  engine  pump  system  of  claim  1,  f u r t h e r  

comprising  sensor  means  for  monitoring  at  least  one  p a r a m e t e r   of  at  l e a s t  

one  of  said  engine  means  and  pump  means,  and  e lec t ronic   control   means  

responsive  to  said  sensor  means  for  controll ing  at  least  one  of  said  eng ine  

means  and  pump  m e a n s .  

5.  The  system  of  claim  4,  further  compris ing  s e l e c t i v e l y  

actuable  a c c e l e r a t i o n   boost  means  for  increasing  initial  a cce l e r a t i on   of  sa id  

engine  piston  means  in  a  compression  stroke,  including  boost  piston  m e a n s  

engageable   with  said  engine  piston  means  to  be  moved  in  one  d i r e c t i o n  

during  a  power  s troke  and  during  the  beginning  of  a  compress ion   stroke  t o  

supply  said  work  to  said  engine  piston  means  tending  to  move  the  la t te r   t o  

effect   compress ion   and  thereby  acce le ra t ing   the  compression  stroke,  and 

fluid  control   means  se lect ively   operable  to  effect   movement   of  said  boos t  

piston  means  in  an  ac t iva ted   position  to  effect   such  increased  a c c e l e r a t i o n  

and  to  a  d e a c t i v a t e d   position  in  which  said  boost  piston  means  ordinarily  is 

not  engaged  by  said  engine  piston  m e a n s .  

6.  The  free  piston  engine  pump  system  of  claim  1,  f u r t h e r  

comprising  synchroniz ing  means  for  maintaining  synchronized  movement   o f  

said  engine  piston  normally  without  t ransfer r ing   subs tant ia l   force  t h e r e -  

between  thereby   subs tan t ia l ly   to  maintain  balanced  the  r e la t ive ly   center   o f  

mass  of  the  e n g i n e .  

7.  The  free  piston  engine  pump  system  of  claim  6,  w h e r e i n  

said  synchroniz ing   means  comprises   a  rack  and pinion  a s s e m b l y .  

8.  The  free  piston  engine  pump  system  of  claim  1,  f u r t h e r  

compris ing  a  fu r the r   free  piston  engine  pump  having  inlet  and  outlet   f lu id  

flow  lines  coupled  in  paral lel   with  the  first  free  piston  engine  pump,  sa id  

further   free  piston  engine  pump  including  an  engine  cylinder  having  a  l i n e a r  

axis,  two  engine  pistons  movable  in  said  engine  cylinder  along  such  axis  

toward  each  other  during  a  compression  stroke  and  away  from  each  o t h e r  

during  a  power  s troke,   and  a  separa te   pump  means  assoc ia ted   with  e a c h  

engine  piston  for  pumping  fluid,  and  control  means  for  control l ing  o p e r a t i o n  

of  said  f ree   piston  engine  p u m p s .  

9.  The  free  piston  engine  pump  system  of  claim  1,  f u r t h e r  

comprising  a  compress ion  accumula to r   including  a  re la t ively   rigid  housing,  

fluid  coupling  means  for  coupling  a  first  fluid  into  and  out  from  said  housing,  



a  deformable   member  in  said  housing  forming  a  substant ia l ly   f lu id - t igh t  

container   therein,  a  medium  in  said  container   capable  of  compressing  t o  

store  energy  in  response  to  pressure  exerted  on  such  container  by  such  f i r s t  

fluid  during  a  power  stroke  and  of  expanding  to  expand  said  c o n t a i n e r  

thereby  to  deliver  energy  to  such  first  fluid  for  effect ing  a  compress ion  

s t r o k e .  

10.  The  free  piston  engine  pump  system  of  claim  1,  f u r t h e r  

comprising  exhaust  port  means  in  said  engine  cylinder  p roximate   one  end 

thereof   re la t ive   to  the  ordinarily  expected  maximum  d isplacement   of  one 

engine  piston  during  a  power  stroke  to  be  opened  by  such  d isplacement   for  

discharging  exhaust  products  of  combustion  from  said  engine  cylinder  and 

air  inlet  port  means  p rox ima te   the  opposite  end  of  said  engine  cyl inder  

relat ive  to  the  ordinarily  expected  maximum  displacement   of  the  o the r  

engine  piston  during  the  power  stroke  to  be  opened  by  the  la t te r   engine  

piston  to  supply  air  for  combustion  in  said  engine  cylinder,  whereby  said  po r t  

means  provide  unidirect ional   scavenging  in  said  engine  cy l inder .  
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