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@  A  hydraulic  control  system. 

A  hydraulic  control  system  for  regulation  of  fluid  flow  rate,  in 
which  the  fluid  flow  rate  to  and  from  a  load  actuator  (28)  is 
modulated  by  electric  current  in  a  single  electromagnetic  device 
(25)  such  that  the  flow  rate  is  independent  of  load  magnitude 
when  the  system  is  used  without  load  velocity  feedback  and  such 
that  the  flow  rate  is  independent  of  both  load  magnitude  and  fluid 
viscosity  when  the  system  is  used  with  load  velocity  feedback. 



This  i n v e n t i o n   r e l a t e s   to  a  h y d r a u l i c   c o n t r o l   s y s t e m .  

More  e s p e c i a l l y ,   t h i s   i n v e n t i o n   r e l a t e s   to  a  h y d r a u l i c   c o n t r o l  

sys tem  for  use  in  e i t h e r   open  or  c l o s e d   loop  modes,  for   t h e  

b i - d i r e c t i o n a l   r e g u l a t i o n   of  speed ,   a c c e l e r a t i o n   and 

d e c e l e r a t i o n   of  h y d r a u l i c a l l y - a c t u a t e d   l o a d s ,   as  t y p i c a l l y  

e n c o u n t e r e d   in  h y d r a u l i c   e l e v a t o r s   and  machines   used  i n  

m e c h a n i c a l   h a n d l i n g ,   c o n s t r u c t i o n ,   a g r i c u l t u r a l   and  m a c h i n e  

t o o l   i n d u s t r i e s .  

E x i s t i n g   known  h y d r a u l i c   c o n t r o l   sys tems   e x h i b i t   t h e  

f o l l o w i n g   d i s a d v a n t a g e s ,   e i t h e r   a lone   or  in  c o m b i n a t i o n : -  

(1)  2  or  3  e l e c t r i c a l   c o n t r o l   e l e m e n t s   are  n e c e s s a r y .  

(2)  Open  loop  sys t ems   canno t   be  used  in  c l o s e d   loop  mode  and  

v ice   v e r s a .  

(3)  A  m u l t i p l i c i t y   of  h y d r a u l i c   c o n t r o l   v a l v e s   a r e  

n e c e s s a r y .  

(4)  S l i d i n g   e l e c t r i c a l   c o n t a c t s   are  n e c e s s a r y .  

(5)  R e l a t i v e l y   high  p r e s s u r e s   are  c r e a t e d   du r ing   s y s t e m  

s t a r t - u p ,   r e f l e c t i n g   h i g h e r   than  n e c e s s a r y   s t a r t i n g   l o a d s  

onto  the  prime  mower .  

(6)  Not  a l l   h y d r a u l i c   c o n t r o l   e l e m e n t s   are  b i a s e d   to  t h e  

c l o s e d   p o s i t i o n   by  the  load  p r e s s u r e ,   r e s u l t i n g   in  p o o r  

load  h o l d i n g   c a p a b i l i t y   due  to  o i l   l e a k a g e .  

(7)  R e l a t i v e l y   high  minimum  o p e r a t i n g   p r e s s u r e s   a r e  

n e c e s s a r y ,   c a u s i n g   power  was tage   and  l i m i t i n g   minimum 



g r a v i t y   l o a d s .  

(8)  O p e r a t i n g   f l u i d   v i s c o s i t y   range  is  r e l a t i v e l y   l i m i t e d  

n e c e s s i t a t i n g   e x p e n s i v e   f l u i d   c o o l i n g   e q u i p m e n t .  

(9)  C o m p l e x i t y   is  such  t h a t   both  i n i t i a l   and  m a i n t e n a n a c e  

c o s t s   are  h i g h .  

(10)  Smooth  and  c o n s i s t e n t   c o n t r o l ,   so  e s s e n t i a l   on  e q u i p m e n t  

such  as  e l e v a t o r s   and  fork   t r u c k s ,   is  not  c o n s i s t e n t l y  

p r a c t i c a b l e   w i t h o u t   f r e q u e n t   and  e x p e n s i v e   s e r v i c i n g .  

An  aim  of  the  p r e s e n t   i n v e n t i o n   is  to  overcome  or  r e d u c e  

t h e s e   d i s a d v a n t a g e s   and  to  p r o v i d e   an  improved,   s i m p l e r   and  

e n e r g y - e f f i c i e n t   h y d r a u l i c   c o n t r o l   sys tem  c a p a b l e   of  o p e r a t i n g  

in  e i t h e r   c l o s e d   or  open  loop  sys tems   over  a  wide  range   o f  

loads   and  load  s p e e d s ,   in  a  manner  which  is  i n d e p e n d e n t   o f  

load  magn i tude   and,  in  the  case  of  o p e r a t i o n   in  the  c l o s e d  

loop  mode,  i n d e p e n d e n t   of  both  load  magn i tude   and  o i l  

v i s c o s i t y .  

A c c o r d i n g l y ,   t h i s   i n v e n t i o n   p r o v i d e s   a  h y d r a u l i c   c o n t r o l  

system  for   r e g u l a t i o n   of  f l u i d   flow  r a t e ,   in  which  the  f l u i d  

flow  r a t e   to  and  from  a  load  a c t u a t o r   is  modu la t ed   by  e l e c t r i c  

c u r r e n t   in  a  s i n g l e   e l e c t r o - m a g n e t i c   d e v i c e   such  t h a t   the  f l o w  

r a t e   is  i n d e p e n d e n t   of  load  m a g n i t u d e   when  the  sys tem  is  u s e d  

w i t h o u t   load  v e l o c i t y   f e e d b a c k   and  such  t h a t   the  flow  r a t e   i s  

i n d e p e n d e n t   of  both  load  m a g n i t u d e   and  f l u i d   v i s c o s i t y   when 

the  sys tem  is  used  with  load  v e l o c i t y   f e e d b a c k .  

P r e f e r a b l y ,   the  c o n t r o l   sys tem  u t i l i s e s   only  two  m a i n  

h y d r a u l i c   e l e m e n t s .  



In  the  open  loop  mode  of  the  h y d r a u l i c   c o n t r o l   sys tem  o f  

the  i n v e n t i o n ,   i n s t a n t a n e o u s   load  speed  may  be  r e g u l a t e d   i n  

p r o p o r t i o n   to  the  m a g n i t u d e   of  s i g n a l   a p p l i e d   by  an  e l e c t r i c  

c u r r e n t   f u n c t i o n   g e n e r a t o r   to  a  s i n g l e   e l e c t r i c   c o n t r o l  

e l emen t   which  s e r v e s   for   both  d i r e c t i o n s   of  load  movement.   I n  

the  c l o s e d   loop  mode  of  the  h y d r a u l i c   c o n t r o l   sys tem  of  t h e  

i n v e n t i o n ,   i n s t a n t a n e o u s   load  speed  may  be  r e g u l a t e d   i n  

p r o p o r t i o n   to  the  s i g n a l   m a g n i t u d e   a p p l i e d   by  an  e l e c t r i c  

s i g n a l   f u n c t i o n   g e n e r a t o r   to  an  e l e c t r i c   summing  d e v i c e ,   w h i c h  

is  a l s o   c o n n e c t e d   e l e c t r i c a l l y   with  the  s i n g l e   e l e c t r i c   c o n r o l  

e l e m e n t   and  a  t r a n s d u c e r   of  load  s p e e d .  

Embodiments   of  the  i n v e n t i o n   w i l l   now  be  d e s c r i b e d   s o l e l y  

by  way  of  example  and  with  r e f e r e n c e   to  the  a c c o m p a n y i n g  

d r a w i n g s ,   in  w h i c h :  

F i g u r e   1  is  a  s c h e m a t i c   d i ag ram  of  a  p r e f e r r e d   h y d r a u l i c  

c o n t r o l   s y s t e m ;  

F i g u r e s   2  and  3  show  on  an  e n l a r g e d   s c a l e   p a r t s   of  F i g u r e  

l ;  

F i g u r e s   4,  5  and  6  show  a l t e r n a t i v e   forms  o f  

c o n s t r u c t i o n ;   and  

F i g u r e s   7,  8  and  9  show  a  t y p i c a l   e l e c t r i c   c o n t r o l   s y s t e m  

e x t e r n a l   to  the  h y d r a u l i c   c o n t r o l   s y s t e m ;  

R e f e r r i n g   now  to  F i g u r e s   1,  2  and  3,  the  v a l v e   b lock  and  

c o v e r s   c o n t a i n i n g   the  v a r i o u s   e l e m e n t s   of  the  c o n t r o l   s y s t e m  

are  i n d i c a t e d   by  r e f e r e n c e   numbers  l a ,   lb  and  l c .  

An  a c t u a t i n g   c y l i n d e r   28  is  c o n n e c t e d   to  the  v a l v e  

a s sembly   at  a  p o r t   31,  t h rough   which  f l u i d   is  e i t h e r   d i r e c t e d  



to  or  from  the  c y l i n d e r .   A  va lve   2,  in  a d d i t i o n   to  being  a 

load  h o l d i n g   v a l v e ,   a l s o   pe r fo rms   the  f u n c t i o n   of  a 

f l o w - r e g u l a t i n g   v a l v e .   The  va lve   2  is  urged  on  to  i t s   s e a t   5 

by  a  s p r i n g   3  in  a d d i t i o n   to  the  f o r ce   c r e a t e d   by  the  f l u i d  

p r e s s u r e   in  the  c y l i n d e r   a c t i n g   upon  the  f u l l   d i a m e t e r   of  t h e  

va lve   2 .  

A  p r e s s u r e   r e g u l a t i n g   va lve   8  m e t e r s   flow  from  a  common 

flow  chamber  39  a c r o s s   a  l a n d   86  to  a  r e s e r v o i r   30,  via  an  

annu lus   33  and  an  e x h a u s t   po r t   34,  and  i t s   p o s i t i o n   i s  

d i c t a t e d   by  the  i n t e r a c t i o n   of  s p r i n g s   11  and  12  and  f l u i d  

p r e s s u r e   a c t i n g   on  the  ends  of  the  p r e s s u r e   r e g u l a t i n g   va lve   2 

and  on  two  p i s t o n s   9  and  1 0 .  

A  poppe t   va lve   26  is  o p e r a t e d   by  a  s o l e n o i d   25  which ,   i n  

t u r n ,   is  a c t i v a t e d   by  e x t e r n a l l y   a p p l i e d   e l e c t r i c   c u r r e n t .  

The  poppet   va lve   26  is  c o n n e c t e d   on  i t s   ups t r eam  s ide   w i t h  

f l u i d   under  load  p r e s s u r e   in  a  chamber  32.  On  i t s   d o w n s t r e a m  

s i d e ,   the  poppe t   va lve   26  is  c o n n e c t e d   to  p i l o t   p i s t o n s   2 3 a ,  

23b  a n d  6 .   The  p i l o t   p i s t o n s   23a  and  23b  o p e r a t e   v a l v e s   22a  

and  22b,  the  former   for  c o n d i t i o n i n g   p r e s s u r e   in  a  flow  v a l v e  

s p r i n g   chamber  7  and  the  l a t t e r   for   s u p p l y i n g   load  p r e s s u r e  

from  the  chamber  32  to  e i t h e r   chamber  14  or  16  a t  

p r e - d e t e r m i n e d   phases   in  the  system  o p e r a t i o n .   The  p i l o t  

p i s t o n   6  c o n t r o l s   the  o p e r a t i o n   of  the  flow  r e g u l a t i n g   v a l v e  

2 .  

A  s equence   va lve   24  is  b i a s e d   to  the  r i g h t   hand  p o s i t i o n  

by  a  s p r i n g   59  and  is  c o n n e c t e d   at  i t s   o t h e r   end  to  a  s u p p l y  

p o r t   chamber  20.  The  sequence   va lve   24  s e r v e s   to  e i t h e r  



i s o l a t e   or  communica te   the  supp ly   chamber  20  with  a  c h a m b e r  

13,  or  to  i s o l a t e   or  to  communica te   load  p r e s s u r e   with  t h e  

chamber  1 6 .  

A  check  v a l v e   17  o p e r a t e s   in  a  guide   18  and  is  urged  o n t o  

i t s   s e a t   by  a  s p r i n g   19.  The  check  va lve   17  i s o l a t e s   a  common 

flow  chamber  39  when  a  pump  29  is  not  s u p p l y i n g   f l u i d   to  t h e  

s y s t e m .  

R e s t r i c t o r s   35,  36,  37  and  38  f u l f i l l   an  i m p o r t a n t  

f u n c t i o n   in  the  o p e r a t i o n   of  the  s y s t e m ,   the  p u r p o s e   of  w h i c h  

w i l l   be  e x p l a i n e d   l a t e r .  

R e s t r i c t o r s   99  and  100  in  the  p r e s s u r e   r e g u l a t i n g   v a l v e   8 

form  damping  d e v i c e s .   A  va lve   89  is  an  o v e r l o a d   r e l i e f  

v a l v e .  

To  e x p l a i n   the  f u n c t i o n   of  the  c o n t r o l   sy s t em,   i t s  

o p e r a t i o n   as  an  open  loop  speed  r e g u l a t o r   c o n r o l l i n g   a  

v e r t i c a l l y   d i s p o s e d   load  w i l l   f i r s t   be  d e s c r i b e d .   F i g u r e s   7 

and  9  show  the  t o t a l   c o n t r o l   sys tem  and  load  t r a v e l   d i a g r a m  

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

When  n e i t h e r   the  s o l e n o i d   25  nor  the  pump  29  a r e  

e n e r g i s e d ,   the  load  is  held  s t a t i o n a r y .   In  t h i s   c o n d i t i o n ,   a 

load  'W'  a c t i n g   on  t h e  a c t u a t i n g   c y l i n d e r   28  c r e a t e s   a  

h y d r a u l i c   p r e s s u r e   in  the  chamber  32,  the  s p r i n g   chamber  7 ,  

c h a n n e l s   40,  41,  52,  54  and  76,  and  in  the  s p r i n g   chambers   o f  

poppe t   v a l v e s   22a,  22b  and  26.  All  o t h e r   i n t e r n a l   c a v i t i e s   o f  

the  sys tem  are  v e n t e d   to  the  r e s e r v o i r .   The  poppe t   v a l v e s  

22a,  22b  and  26,  and  the  flow  r e g u l a t i n g   va lve   2,  are  a l l   o f  

l e a k f r e e   c o n s t r u c t i o n   and  they  are  b i a s e d   to  t h e i r   c l o s e d  



p o s i t i o n s   by  s p r i n g s   42a,  42b,  27  and  3  r e s p e c t i v e l y .   The 

combined  a c t i o n s   of  the  s p r i n g s   and  the  load  p r e s s u r e   thus  a c t  

to  f i r m l y   c l o s e   the  poppe t   v a l v e s   22a,  22b  and  26,  and  v a l v e  

2,  so  h o l d i n g   the  load  s t a t i o n a r y .   The  s equence   va lve   24  i s  

b i a s e d   to  the  r i g h t   by  the  s p r i n g   59,  so  t h a t   c h a n n e l s   66  and  

69  are  i s o l a t e d   and  c h a n n e l s   68  and  70  are  c o n n e c t e d   by  means  

of  annu lus   63  and  p o r t s   64  and  65  in  the  va lve   24  and  i t s  

bush.   The  va lve   8  is  randomly  p o s i t i o n e d .   The  s p r i n g s   11  a n d  

12  are  r e l a x e d .  

To  move  the  load  up  or  down,  a p p r o p r i a t e   t r i g g e r   s w i t c h e s  

e x t e r n a l   to  the  h y d r a u l i c   c o n t r o l   sys tem  are  o p e r a t e d .   T h e s e  

t r i g g e r   the  c u r r e n t   f u n c t i o n   g e n e r a t o r   to  g e n e r a t e   an  e l e c t r i c  

c u r r e n t   p r o f i l e ,   t y p i c a l l y   as  F igu re   9  p a r t   'A'  for   up  and 

down  load  movement .  

C u r r e n t   from  the  f u n c t i o n   g e n e r a t o r   is  the  a p p l i e d   to  t h e  

s i n g l e   s o l e n o i d   25.  The  c u r r e n t   p r o f i l e   may  be  v a r i e d   to  s u i t  

the  p a r t i c u l a r   a p p l i c a t i o n   and  need  not  be  i d e n t i c a l   for  b o t h  

d i r e c t i o n s   of  load  m o v e m e n t .  

For  up  movement,   only  the  pump  29  is  e n e r g i s e d ,   b e i n g  

s t a r t e d   and  s t opped   n o m i n a l l y   s i m u l t a n e o u s l y   with  the  s t a r t  

and  s top   t r i g g e r s   r e s p e c t i v e l y .  

The  poppe t   va lve   26,  when  s e p a r a t e d   from  i t s   s e a t ,   a l l o w s  

o i l   under  the  i n f l u e n c e   of  load  p r e s s u r e   to  f low,   at  a  v e r y  

low  r a t e ,   from  the  chamber  32  via  c h a n n e l s   76,  75,  53  and  5 6 ,  

o r i f i c e   38,  chambers   57  and  84  and  tank  p o r t   34  to  the  f l u i d  

r e s e r v o i r   3 0 .  

As  a  r e s u l t   of  t h i s   p i l o t   o i l   f low,   a  c o n t r o l   p r e s s u r e  



w i l l   be  c r e a t e d   in  a l l   c h a n n e l s   c o n n e c t e d   with  the  flow  p a t h  

between  the  poppe t   va lve   26  and  the  o r i f i c e   38,  the  m a g n i t u d e  

of  which  is  v a r i e d   by  the  flow  area   between  the  poppe t   v a l v e  

26  and  i t s   s e a t .   This  a rea   v a r i e s   with  the  a x i a l   movement  o f  

the  poppe t   va lve   26  from  i t s   s e a t   which  is  r e l a t e d   to  t h e  

f o r c e   e x e r t e d   by  the  s o l e n o i d   25  on  the  poppe t   v a l v e   26,  w h i c h  

is  a  f u n c t i o n   of  the  e l e c t r i c   c u r r e n t   a p p l i e d   to  the  s o l e n o i d  

25.  Thus  c o n t r o l   p r e s s u r e   m a g n i t u d e   is  a  f u n c t i o n   of  t h e  

c u r r e n t   a p p l i e d   to  the  s o l e n o i d .  

C o n t r o l   p r e s s u r e   is  a p p l i e d   to  the  p i l o t   p i s t o n   6  via  a 

c h a n n e l   77,  and  to  p i l o t   p i s t o n s   23a  and  23b  via  the  c h a n n e l s  

75  and  53.  The  o p p o s i t e   s i d e s   of  the  p i l o t   p i s t o n s   6,  23a  and  

23b  are  m a i n t a i n e d   at  r e s e r v o i r   p r e s s u r e   by  c h a n n e l s   79,  55 

and  57  r e s p e c t i v e l y ,   a l l   of  which  c o n n e c t   with  a n n u l a r   c h a m b e r  

33  and  t hence   to  the  f l u i d   r e s e r v o i r .  

The  p r e s s u r e   r e g u l a t i n g   va lve   8  may  be  c o n d i t i o n e d   by  t h e  

s e l e c t i v e   a c t u a t i o n   of  the  p i s t o n s   9  or  10  to  r e g u l a t e  

p r e s s u r e   in  the  common  flow  chamber  39  to  be  r e s p e c t i v e l y  

e i t h e r   a  f i x e d   va lue   above  load  p r e s s u r e   or  a  f i x e d   v a l u e  

below  load  p r e s s u r e ,   the  former   c o n d i t i o n   be ing   a p p l i c a b l e   t o  

upwards  load  movement  and  the  l a t t e r   to  downwards  l o a d  

m o v e m e n t .  

For  upwards  load  movement,   the  pump  29  is  e n e r g i s e d   and 

the  o i l   which  is  d i s p l a c e d   flows  via  check  va lve   17,  common 

flow  chamber  39,  chamber  33  and  tank  por t   34  to  the  r e s e r v o i r .  

The  chamber  14  is  at  r e s e r v o i r   p r e s s u r e ,   be ing   ven ted   to  t h e  

r e s e r v o i r   via  chane l   68,  s equence   va lve   24,  c h a n n e l   7 0 ,  



o r i f i c e   37,  c h a n n e l   85  and  tank  p o r t   34.  As  the  chamber  13  i s  

at  r e s e r v o i r   p r e s s u r e ,   the  p i s t o n   9  is  ab le   to  move  to  t h e  

l e f t ,   e x h a u s t i n g   o i l   in  the  chamber  13  to  the  r e s e r v o i r   v i a  

o r i f i c e   36,  c h a n n e l   84  and  tank  p o r t   34.  Thus,  the  s p r i n g   11 

remains   r e l a x e d   and  so  does  not  e x e r t   an  a p p r e c i a b l e   f o r ce   on 

the  va lve   8.  The  v a l v e   8,  if  not  d i s p o s e d   f u l l y   l e f t   when  t h e  

pump  is  e n e r g i s e d ,   is  i n s t a n t a n e o u s l y   so  p o s i t i o n e d   b e c a u s e  

any  p r e s s u r e   which  t e n d s  t o   deve lop   in  the  flow  chamber  39  i s  

communica ted   via  c h a n n e l   82  to  the  chamber  15,  where  i t  

r e s u l t s   in  a  f o r c e   a c t i n g   on  the  va lve   8  which  moves  i t   l e f t  

u n t i l   i t   abu t s   a  bush ing   1 0 4 .  

The  va lve   8,  in  the  f u l l   l e f t   p o s i t i o n ,   p r e s e n t s   an  

u l t r a - l o w   impedance  to  o i l   flow  from  the  chamber  39  to  t h e  

chamber  33  and  hence  to  r e s e r v o i r .   P r e s s u r e   at  the  pump  i s  

d e t e r m i n e d   i n i t i a l l y   by  t h a t   needed  to  open  the  check  v a l v e  

17,  which  may  be  d e t e r m i n e d   to  be  e x t r e m e l y   low.  Thus  t h e  

pump  prime  mover  is  s t a r t e d   in  a  v i r t u a l l y   c o m p l e t e l y   u n l o a d e d  

mode .  

The  pump  p r e s s u r e   e x i s t i n g   ups t r eam  of  the  check  va lve   17 

is  a p p l i e d   via  c h a n n e l   67  to  the  r i g h t   end  of  the  s e q u e n c e  

va lve   24,  the  l e f t   end  of  which  is  ven ted   to  the  r e s e r v o i r   v i a  

c h a n n e l   79,  chamber  33  and  tank  p o r t   34.  By  a p p r o p r i a t e  

d e s i g n   of  the  s p r i n g   59,  the  sequence   va lve   24  may  be  d e s i g n e d  

to  move  f u l l   l e f t   v i r t u a l l y   s i m u l t a n e o u s l y   with  the  pump 

s t a r t i n g   to  o p e r a t e ,   so  t h a t   the  c h a n n e l s   66  and  69  p r e v i o u s l y  

i s o l a t e d ,   become  c o n n e c t e d ,   and  the  c h a n n e l s   68  and  70 

p r e v i o u s l y   c o n n e c t e d   become  i s o l a t e d .  



C o n n e c t i o n s   of  the  c h a n n e l s   66  and  69  cause   pump  p r e s s u r e  

to  be  a p p l i e d   to  the  chamber  13,  where  i t   a c t s   on  the  l e f t  

s i de   of  the  p i s t o n   9,  the  r i g h t   s ide   of  which  is  at  r e s e r v o i r  

p r e s s u r e   by  v i r t u e   of  i t s   c o n n e c t i o n   with  the  p o r t   34  and  t h e  

c h a n n e l   8 4 .  

As  the  c o n t r o l   p r e s s u r e ,   in  r e s p o n s e   to  the  i n c r e a s i n g  

e l e c t r i c   c u r r e n t   f l owing   from  the  f u n c t i o n   g e n e r a t o r   to  t h e  

s o l e n o i d   25,  g r a d u a l l y   i n c r e a s e s ,   i t   r e a c h e s   a  v a l u e   which  i s  

s u f f i c i e n t   to  s e p a r a t e   the  poppe t   22b  from  i t s   s e a t .   T h i s  

c o n n e c t s   the  load  p r e s s u r e   in  the  chamber  32,  v ia   c h a n n e l s   54 

and  58,  to  the  chamber  14  where  i t   a c t s   on  the  l e f t   end  of  t h e  

va lve   spool   8 .  

The  va lve   spool   8  now  has  load  p r e s s u r e   a c t i n g   on  i t s  

l e f t   hand  end  and  chamber  39  p r e s s u r e  -   v i r t u a l l y   r e s e r v o i r  

p r e s s u r e  -   a c t i n g   on  i t s   r i g h t   hand  end.  The  v a l v e   spool   8 

thus   moves  to  the  r i g h t ,   i n c r e a s i n g   the  impedance  to  o i l   f l o w  

from  the  chamber  39  to  33  and  the  r e s e r v o i r   p o r t   34.  The 

i n c r e a s e d   impedance  r a i s e s   chamber  39  p r e s s u r e   and  hence  pump 

p r e s s u r e ,   which  is  a p p l i e d   to  the  p i s t o n   9 .  

The  chamber  16  is  at  r e s e r v o i r   p r e s s u r e ,   so  the  p i s t o n   10 

g r a d u a l l y   moves  to  the  r i g h t   as  chamber  39  p r e s s u r e ,   c o n n e c t e d  

with  the  chamber  15  via  c h a n n e l   82,  i n c r e a s e s .   This  l e a v e s  

the  s p r i n g   12  in  a  r e l a x e d   c o n d i t i o n .  

The  d i a m e t e r   of  the  p i s t o n   9  in  the  chamber  13  has  a 

l a r g e r   area   than  the  d i a m e t e r   in  the  chamber  14  so,  under  t h e  

a c t i o n   of  the  i n c r e a s i n g   pump  p r e s s u r e ,   the  p i s t o n   9  moves  t o  

the  r i g h t   u n t i l   i t   r e g i s t e r s   a g a i n s t   the  a b u t t m e n t   in  s l e e v e  



104.  In  r e g i s t e r i n g   a g a i n s t   t h i s   a b u t m e n t ,   the  p i s t o n   9 

p o s i t i o n s   the  l e f t   end  of  the  s p r i n g   11  in  a  f i xed   a x i a l  

r e l a t i o n s h i p   with  the  flow  m e t e r i n g   land  86  of  the  p r e s s u r e  

r e g u l a t i n g   va lve   8,  which  is  thus  c o n d i t i o n e d   to  f u n c t i o n   as  a 

p r e s s u r e   r e d u c i n g   v a l v e ,   whereby  i t   w i l l   m a i n t a i n   the  p r e s s u r e  

in  the  chamber  39  at  a  n o m i n a l l y   f i xed   va lue   above  l o a d  

p r e s s u r e ,   v a r i a t i o n s   in  the  p r e s s u r e   d i f f e r e n c e   b e i n g  

d e p e n d e n t   on  the  r a t e   of  the  s p r i n g   11  which  may  be  d e s i g n e d  

to  be  s u b s t a n t i a l l y   c o n s t a n t   over   the  o p e r a t i n g   s t r o k e   of  t h e  

spool   8.  This  p r e s s u r e   d i f f e r e n c e   w i l l   be  m a i n t a i n e d  

i r r e s p e c t i v e   of  v a r i a t i o n s   in  load  p r e s s u r e ,   so  t h a t   o i l   f l o w  

r a t e   from  the  chamber  39  a c r o s s   the  flow  r e g u l a t i n g   va lve   2  i s  

d e p e n d e n t   only  on  the  flow  area   c r e a t e d   when  the  va lve   2  i s  

s e p a r a t e d   from  i t s   s e a t   5 .  

The  p i l o t   p i s t o n   23a,  whose  l e f t   end  is  ven ted   t o  

r e s e r v o i r   via  c h a n n e l s   55  and  84  and  tank  p o r t   34,  moves  l e f t  

under  the  a c t i o n   of  c o n t r o l   p r e s s u r e   a p p l i e d   to  i t s   r i g h t   end 

and  so  s e p a r a t e s   the  poppe t   22a  from  i t s   s e a t .   This  a c t i o n  

causes   the  s p r i n g   in  chamber  7,  p r e v i o u s l y   at  load  p r e s s u r e ,  

to  be  ven ted   to  r e s e r v o i r   p r e s s u r e .   o i l   flow  from  the  l o a d  

a c t u a t o r   to  r e s e r v o i r   is  l i m i t e d   to  a  very  low  r a t e   by  t h e  

o r i f i c e   3 5 .  

The  flow  r e g u l a t i n g   va lve   2,  now  b i a s e d   c l o s e d   only  by  

the  s p r i n g   3,  is  thus   able   to  r espond   smooth ly   to  c o n t r o l  

p r e s s u r e   v a r i a t i o n s   a p p l i e d   to  the  p i l o t   p i s t o n   6.  As  t h e  

c u r r e n t   in  the  s o l e n o i d   25  is  m o d u l a t e d ,   in  t h i s   t y p i c a l  

example  a c c o r d i n g   to  F igu re   9,  the  load  a c t u a t o r   w i l l  



a c c e l e r a t e ,   move  at  c o n s t a n t   speed ,   then  d e c e l e r a t e ,   move  a t  

slow  speed  and  s t o p ,   as  an  a n a l o g u e   of  the  c u r r e n t   in  t h e  

s o l e n o i d   2 5 .  

To  move  the  load  down,  only  the  s o l e n o i d   25  is  e n e r g i s e d ,  

the  pump  r e m a i n i n g   s t a t i o n a r y .  

C o n t r o l   p r e s s u r e   is  g e n e r a t e d   as  p r e v i o u s l y   d e s c r i b e d   and  

a p p l i e d   to  a l l   p i l o t   p i s t o n s   and  chambers   in  an  i d e n t i c a l  

manner  as  for   upward  load  movement.   The  s p r i n g   chamber  7  i s  

ven ted   to  r e s e r v o i r   in  the  same  way  as  for   upward  l o a d  

movement.   As  the  pump  is  not  e n e r g i s e d ,   p r e s s u r e   in  c h a m b e r  

20,  u p s t r e a m   of  check  va lve   17  w i l l   be  at  r e s e r v o i r   l e v e l   and  

hence  the  s equence   va lve   24  w i l l   remain  d i s p o s e d   to  the  r i g h t  

under   the  a c t i o n   of  the  s p r i n g   59.  Thus  the  c h a n n e l s   68  and 

70  w i l l   be  c o n n e c t e d   via  the  p o r t s   64  and  65  and  annu lus   63  i n  

the  s e q u e n c e   va lve   2 4 .  

When  the  poppe t   v a l v e   22b  is  s e p a r a t e d   from  i t s   s e a t  

under   the  i n f l u e n c e   of  i n c r e a s i n g   c o n t r o l   p r e s s u r e ,   l o a d  

p r e s s u r e   from  the  chamber  32  w i l l   now,  in  a d d i t i o n   to  b e i n g  

c o n n e c t e d   to  the  chamber  14  as  for   upward  load  movement  a l s o  

be  a p p l i e d   to  the  r i g h t   s i d e   of  the  p i s t o n   10  in  the  c h a m b e r  

1 6 .  

As  the  l e f t   s i de   of  the  p i s t o n   10  is  at  r e s e r v o i r  

p r e s s u r e   by  v i r t u e   of  i t s   c o n n e c t i o n   with  the  r e s e r v o i r   p o r t  

34  via  the  c h a n n e l   85,  the  p i s t o n   10  w i l l   move  to  the  l e f t  

u n t i l   i t   a b u t s   the  s t e p   in  the  bush  105.  Con t inued   i n c r e a s e  

in  c o n t r o l   p r e s s u r e   w i l l   be  communica ted   t h r o u g h   the  c o n t r o l  

va lve   26  to  the  r i g h t   hand  end  of  the  c o n t r o l   p i s t o n   6  and  

thus  s e p a r a t e   the  flow  r e g u l a t i n g   va lve   2  from  i t s   s ea t   5.  As 



t h i s   o c c u r s ,   load  p r e s s u r e   w i l l   be  communica ted   to  the  c h a m b e r  

39  and  t hence   via  c h a n n e l   82  to  the  chamber  15,  where  i t   w i l l  

act   on  the  spool   8 .  

As  p i s t o n   10  a rea   in  the  chamber  16  is  l a r g e r   than  t h a t  

in  the  chamber  15,  load  p r e s s u r e   a c t i n g   in  the  chamber  16  on 

the  p i s t o n   10  w i l l   d i s p l a c e   the  p i s t o n   10  l e f t . u n t i l   i t  

r e g i s t e r s   a g a i n s t   an  a b u t t m e n t   in  the  s l e e v e   105.  In  s o  

r e g i s t e r i n g ,   the  p i s t o n   10  p o s i t i o n s   the  r i g h t   end  of  t h e  

s p r i n g   12  in  a  f i xed   a x i a l   r e l a t i o n s h i p   with  the  flow  m e t e r i n g  

land  86  of  the  p r e s s u r e   r e g u l a t i n g   va lve   8,  which  is  t h u s  

c o n d i t i o n e d   to  f u n c t i o n   as  a  p r e s s u r e   r e d u c i n g   va lve   w h e r e b y  

i t   w i l l   m a i n t a i n   the  p r e s s u r e   in  the  chamber  39  at  a  n o m i n a l l y  

f i x e d   va lue   below  load  p r e s s u r e ,   v a r i a t i o n s   in  the  p r e s s u r e  

d i f f e r e n c e   being  d e p e n d e n t   on  the  fo rce   of  the  s p r i n g   12  w h i c h  

may  be  d e s i g n e d   to  be  s u b s t a n t i a l l y   c o n s t a n t   w i t h i n   very  s m a l l  

l i m i t s ,   over  the  o p e r a t i n g   s t r o k e   of  the  spool   8.  T h i s  

p r e s s u r e   d i f f e r e n c e   w i l l   be  m a i n t a i n e d   i r r e s p e c t i v e   o f  

v a r i a t i o n   in  load  p r e s s u r e ,   so  t h a t   o i l   flow  r a t e   from  t h e  

chamber  32  a c r o s s   the  flow  r e g u l a t i n g   va lve   2  is  d e p e n d e n t  

only  on  the  flow  a rea   c r e a t e d   when  the  va lve   2  is  s e p a r a t e d  

from  i t s   s e a t .  

The  p i s t o n   9  is  ab le   to  move  f u l l y   l e f t ,   as  the  c h a m b e r  

13  is  at  r e s e r v o i r   p r e s s u r e ,   so  e n s u r i n g   t h a t   the  s p r i n g   11  i s  

r e l a x e d .  

The  flow  r e g u l a t i n g   v a l v e   2  is  thus  able   to  r espond   t o  

c o n t r o l   p r e s s u r e   v a r i a t i o n s   a p p l i e d   to  the  p i l o t   p i s t o n   6,  i n  

p r i n c i p l e   the  same  as  for   upward  load  movement .  



The  o r i f i c e s   36  and  37  s e rve   the  dual   f u n c t i o n s   o f  

l i m i t i n g   flow  r a t e   to  the  r e s e r v o i r   when  the  chambers   13  and  

16  are  p r e s s u r i s e d ,   and  a l l o w i n g   both  chambers   to  vent   when 

the  p i s t o n s   9  or  10  move  away  from  t h e i r   r e s p e c t i v e  

a b u t t m e n t s .  

The  r e l i e f   v a l v e   89  p r o v i d e s   an  o v e r l o a d   r e l i e f   f u n c t i o n  

for   the  sys tem  when  the  pump  29  is  a c t i v a t e d .   P r e s s u r e   f r o m  

the  common  flow  chamber  39  is  t r a n s m i t t e d   via  c h a n n e l   82  t o  

the  chamber  15.  If  the  p r e s s u r e   exceeds   the  p r e d e t e r m i n e d  

l i m i t ,   the  p r e s s u r e   r e g u l a t i n g   va lve   8  is  urged  to  the  l e f t .  

The  same  p r e s s u r e   is  t r a n s m i t t e d   to  the  chamber  13  but  s i n c e  

the  head  of  the  p i s t o n   9  is  l a r g e r   than  i t s   second  d i a m e t e r   in  

the  chamber  14,  the  p i s t o n   9  w i l l   be  urged  to  the  r i g h t .  

P r e s s u r e   in  the  chamber  14  then  becomes  equa l   to  t h e  

e x c e s s   p r e s s u r e   in  the  chamber  15  and  is  e x h a u s t e d   t h rough   t h e  

r e l i e f   va lve   89,  thus  a l l o w i n g   the  va lve   8  to  move  to  the  l e f t  

i n to   the  space   c r e a t e d   by  the  d i s p l a c e d   f l u i d   and  e n a b l i n g  

e x c e s s   p r e s s u r e   in  the  chamber  39  to  e x h a u s t   a c r o s s   t h e  

a n n u l u s   33  back  to  the  r e s e r v o i r .  

F igu re   4  i l l u s t r a t e s   a  s imple   a l t e r n a t i v e   c o n s t r u c t i o n  

for   the  p i s t o n s   9  and  10  in  which  a  s i n g l e   p i e c e   form  has  b e e n  

r e p l a c e d   by  a  two  p i e c e   d e s i g n   c o n s i s t i n g   of  a  l a r g e   p i s t o n   71 

and  a  s m a l l e r   p i s t o n   and  s p r i n g   guide   7 2 .  

It  w i l l   be  a p p r e c i a t e d   t h a t   by  m o d i f y i n g   the  f o r c e  

e x e r t e d   by  the  p r e s s u r e   r e g u l a t i n g   va lve   s p r i n g s   11  and  1 2 ,  

e i t h e r   i n d i v i d u a l l y   or  both  at  the  same  t ime ,   t h e  

c h a r a c t e r i s t i c s   of  t h i s   va lve   and  hence  the  c o n t r o l   sys tem  c a n  

be  a l t e r e d   to  s u i t   r e q u i r e m e n t s .   To  t h i s   end,  a l t e r n a t i v e  

c o n s t r u c t i o n s   of  t h i s   va lve   s u b - a s s e m b l y   are  i l l u s t r a t e d .  

In  F i g u r e   5,  shims  101  are  added  i n s i d e   the  s p r i n g   r e c e s s  

between  the  va lve   s p r i n g s   11  and  12  and  t h e i r   r e s p e c t i v e  



p i s t o n s   9  and  10  to  a d j u s t   the  s p r i n g   t e n s i o n .  

F igu re   6  i n d i c a t e s   yet   a n o t h e r   c o n s t r u c t i o n   in  which  t h e  

p i s t o n s   9  and  10  are  e n c a p s u l a t e d   by  a  s l i d i n g   bush  93  and  an  

end  cap  95  and  a  s l i d i n g   bush  96  and  an  end  cap  97 

r e s p e c t i v e l y .   The  p o s i t i o n   of  the  s l i d i n g   bushes   and  end  c a p s  

can  thus  be  m o d i f i e d   e x t e r n a l l y   to  c h a n g e  t h e   i n f l u e n c e   of  t h e  

s p r i n g s   11  and  12  by  means  of  a d j u s t i n g   screws  94  and  98 

w i t h o u t   d i s m a n t l i n g   the  p r e s s u r e   r e g u l a t i n g   v a l v e .  

O p e r a t i o n s   in  the  c l o s e d   loop  mode  w i l l   now  be  d e s c r i b e d  

and  r e f e r e n c e   w i l l   be  made  to  F i g u r e s   8  and  9 .  

I n s t a n t a n e o u s   load  speed  is  e l e c t r i c a l l y   t r a n s d u c e d   a t  

8.1  and  i t s   s i g n a l   is  a p p l i e d   to  one  e l ement   of  a  d i f f e r e n t i a l  

c o m p a r a t o r   sys t em  8 .2 ,   the  second  e l emen t   of  which  i s  

c o n n e c t e d   with  a  s i g n a l   f u n c t i o n   g e n e r a t o r   8 .3 ,   and  the  t h i r d  

e l e m e n t   of  which  is  c o n n e c t e d ,   via  an  a m p l i f i e r ,   with  t h e  

s o l e n o i d   2 5 .  

To  move  the  load  up  or  down,  a p p r o p r i a t e   t r i g g e r   s w i t c h e s  

e x t e r n a l   to  the  c o n t r o l   sys tem  are  o p e r a t e d .   These  t r i g g e r  

the  f u n c t i o n   g e n e r a t o r   8.3  to  g e n e r a t e   e l e c t r i c   s i g n a l  

p r o f i l e s   t y p i c a l l y   as  F igu re   9  p a r t   'A'  and  'B'  for   up  and  

down  load  movement  r e s p e c t i v e l y .  

The  d i f f e r e n t i a l   c o m p a r a t o r   c o n n e c t e d   with  the  s o l e n o i d  

25  r e c e i v e s   a  s i g n a l   which  is  the  a r i t h m e t i c   sum  of  t h e  

f u n c t i o n   g e n e r a t o r   s i g n a l   and  the  load  speed  t r a n s d u c e r  

s i g n a l .  

O p e r a t i o n   of  the  system  is  o t h e r w i s e   i d e n t i c a l   with  t h a t  

d e s c r i b e d   for   the  open  loop  mode,  with  the  added  a d v a n t a g e  



t h a t   f l u i d   v i s c o s i t y ,   which  w i l l   cause  i n a c c u r a c i e s   in  t h e  

open  loop  mode  due  to  the  r e l a t i o n s h i p   Flow  Rate  A r e a / F l u i d  

V i s c o s i t y ,   w i l l   not  a f f e c t   the  p e r f o r m a n c e   of  the  system  i n  

the  c l o sed   loop  mode.  

I t   is  to  be  a p p r e c i a t e d   t h a t   the  embodiments   of  t h e  

i n v e n t i o n   d e s c r i b e d   above  have  been  g iven   by  way  of  e x a m p l e  

only   and  t h a t   m o d i f i c a t i o n s   may  be  e f f e c t e d .   Thus,  f o r  

example ,   an  a l t e r n a t i v e   c o n s t r u c t i o n   for   a  c o n t r o l   p r e s s u r e  

p i l o t   va lve   to  t h a t   d e s c r i b e d   above  with  r e f e r e n c e   to  t h e  

poppe t   va lve   26  is  a  3-way  va lve   c o m p r i s i n g   a  spool   l o c a t e d   i n  

a  c l o s e d   h o u s i n g ,   with  t h r e e   l ands   spaced  l o n g i t u d i n a l l y   a l o n g  

the  spool   and  a r r a n g e d   to  c r e a t e   two  h y d r a u l i c a l l y   s e p a r a t e  

chambers   with  the  h o u s i n g .  

One  of  the  chambers   ( r e f e r r e d   to  as  the  "T"  chamber)   i s  

c o n n e c t e d   to  the  h y d r a u l i c   r e s e r v o i r   via  p o r t   34  and  the  o t h e r  

chamber  ( r e f e r r e d   to  as  the  "P"  chamber)   is  c o n n e c t e d   to  t h e  

load  p o r t   31  via   a  p o p p e t - t y p e   flow  check  va lve   ( n o n - r e t u r n  

v a l v e ) ,   the  a r r a n g e m e n t   of  which  in  r e l a t i o n   to  the  3 -way  

va lve   spool   is  s u b s e q u e n t l y   d e s c r i b e d .  

The  end  of  the  spool   n e a r e s t   the  "T"  chamber  is  a c t e d  

upon  by  a  s p r i n g   which  g i v e s   a  b i a s i n g   f o r ce   which  tends   t o  

move  the  spool   towards   an  e l e c t r o - m a g n e t i c   dev ice   l o c a t e d   a t  

the  o p p o s i t e   end  of  the  spool   and  so  a r r a n g e d   t h a t   t h e  

a r m a t u r e   of  the  e l e c t r o - m a g n e t i c   dev i ce   is  in  c o n t a c t   with  t h e  

end  of  the  spool   n e a r e s t   the  "P"  c h a m b e r .  



The  c e n t r e   land  of  the  spool   o v e r l a p s   a  hole  in  t h e  

hous ing   d i s p o s e d   p e r p e n d i c u l a r l y   to  the  s p o o l ,   the  hole  b e i n g  

h y d r a u l i c a l l y   c o n n e c t e d   to  a  chamber  at  the  end  of  the  s p o o l  

to  which  the  b i a s i n g   f o r ce   is  a p p l i e d   and  h y d r a u l i c a l l y  

c o n n e c t e d   to  c h a n n e l s   5 3 , 5 6 , 7 5 , 7 7 .  

The  spool   between  the  c e n t r e   land  and  the  land  at  t h e  

e l e c t r o - m a g n e t i c   d e v i c e  e n d   of  the  spool   is  t a p e r e d   such  t h a t  

i t s   d i a m e t e r   where  i t   j o i n s   the  c e n t r e   land  is  s m a l l e r   t h a n  

t h a t   where  i t   j o i n s   the  land  at  the  e l e c t r o - m a g n e t i c   d e v i c e  

end  of  the  s p o o l .  

The  p o p p e t - t y p e   check  va lve   is  a r r a n g e d   so  t h a t   i t s   p o l a r  

ax i s   is  n o m i n a l l y   p e r p e n d i c u l a r   to  and  in  the  same  p lane   a s  

the  ax is   of  the  3-way  valve   spoo l .   The  poppet   is  a r r a n g e d   so  

t h a t   h y d r a u l i c   p r e s s u r e   from  p o r t   31  p r e s s e s   the  poppet   o n t o  

i t s   s e a t ,   thus  e f f e c t i v e l y   s e a l i n g   the  load  p r e s s u r e   from  t h e  

"P"  c h a m b e r .  

The  poppet   is  l i g h t l y   s p r i n g   b i a sed   onto  i t s   sea t   in  t h e  

h o u s i n g   and  the  stem  of  the  poppe t   is  so  a r r a n g e d   in  r e l a t i o n  

to  the  t a p e r e d   p o r t i o n   of  the  3-way  va lve   spool  t h a t   a  s l i g h t  

l o n g i t u d i n a l   movement  of  the  spool   towards   the  b i a s i n g   f o r c e  

end  w i l l   l i f t   the  poppe t   from  i t s   s e a t ,   thus  a d m i t t i n g  

p r e s s u r e   from  p o r t   31  t o  t h e   "P"  c h a m b e r .  

The  f u n c t i o n a l   o p e r a t i o n   of  the  a l t e r n a t i v e   c o n t r o l  

p r e s s u r e   p i l o t   va lve   is  as  f o l l o w s .   E l e c t r i c   c u r r e n t   a p p l i e d  

to  the  e l e c t r o - m a g n e t i c   dev ice   c r e a t e s   a  fo rce   which  d i s p l a c e s  



the  spool   which  in  t u rn   l i f t s   the  p o p p e t ,   so  a d m i t t i n g  

p r e s s u r e   ( i . e .   load)   to  the  "P"  chamber .   C o n t i n u e d  

d i s p l a c e m e n t   of  the  spool   as  a  r e s u l t   of  i n c r e a s i n g   e l e c t r i c  

c u r r e n t   e v e n t u a l l y   e l i m i n a t e s   the  o v e r l a p   of  the  c e n t r e   l a n d  

of  the  spool   with  the  hole   in  the  hous ing   which  is  c o n n e c t e d  

to  c h a n n e l s   5 3 , 5 6 , 7 5 , 7 7   and  the  end  of  the  spool  to  which  t h e  

b i a s i n g   f o r c e   is  a p p l i e d .   The  p r e s s u r e   a c t i n g   on  the  end  o f  

the  spool   c r e a t e s   a  fo rce   which  a c t s   in  o p p o s i t i o n   to  t h a t  

e x e r t e d   at  the  o t h e r   end  of  the  spool   by  the  e l e c t r o - m a g n e t i c  

d e v i c e .   The  spool   adop t s   a  p o s i t i o n   of  e q u i l i b r i u m   d e t e r m i n e d  

by  the  o p p o s i n g   h y d r a u l i c ,   e l e c t r o - m a g n e t i c   and  b i a s i n g  

f o r c e s ,   such  t h a t   the  h y d r a u l i c   p r e s s u r e   e x i s t i n g   at  t h e  

f o r c e - b i a s e d   end  of  the  spool   w i l l   be  a  f u n c t i o n   of  t h e  

e l e c t r i c   c u r r e n t   in  the  e l e c t r o - m a g n e t i c   d e v i c e .  



1.  A  h y d r a u l i c   c o n t r o l   sys tem  for  r e g u l a t i o n   of  f l u i d   f l o w  

r a t e ,   in  which  the  f l u i d   flow  r a t e   to  and  from  a  load  a c t u a t o r  

is  modu la t ed   by  e l e c t r i c   c u r r e n t   in  a  s i n g l e   e l e c t r o - m a g n e t i c  

d e v i c e   such  t h a t   the  flow  r a t e   is  i n d e p e n d e n t   of  l o a d  

m a g n i t u d e   when  the  sys tem  is  used  w i t h o u t   load  v e l o c i t y  

f e e d b a c k   and  such  t h a t   the  flow  r a t e   is  i n d e p e n d e n t   of  b o t h  

load  magn i tude   and  f l u i d   v i s c o s i t y   when  the  system  is  u s e d  

wi th   load  v e l o c i t y   f e e d b a c k .  

2.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  1  and  i n c l u d i n g   a 

flow  r e g u l a t i n g   va lve   which  is  b i a s e d   to  a  c l o s e d   p o s i t i o n   and  

which  v a r i e s   the  impedance  to  f l u i d   flow  between  a  common  f l o w  

chamber  and  a  sys tem  load  p o r t   in  both  d i r e c t i o n s   of  f l u i d  

f l o w .  

3.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  1  or  c la im  2  and 

i n c l u d i n g   a  p r e s s u r e   r e g u l a t i n g   va lve   one  end  of  which  i s  

p e r m a n e n t l y   c o n n e c t e d   with  a  common  flow  chamber  and  the  o t h e r  

end  of  which  is  c o n n e c t a b l e   with  a  load  p o r t ,   which  p r e s s u r e  

r e g u l a t i n g   va lve   when  a p p r o p r i a t e l y   c o n d i t i o n e d   by  l o g i c  

d e v i c e s   in  the  c o n t r o l   sys t em,   v a r i e s   the  impedance  to  f l u i d  

flow  between  the  common  flow  chamber  and  a  f l u i d   r e s e r v o i r  

p o r t   of  the  c o n t r o l   sys tem  and  so  m a i n t a i n s   f l u i d   p r e s s u r e   i n  

the  common  flow  chamber  at  a  f i xed   va lue   above  t h a t   in  t h e  

load  p o r t   when  f l u i d   flow  is  from  the  common  flow  chamber  t o  



the  load  p o r t ,   and  at  a  f i x e d   va lue   below  t h a t   in  the  l o a d  

p o r t   when  f l u i d   flow  is  from  the  load  p o r t   to  the  common 

flow  c h a m b e r .  

4.  A  c o n t r o l   sys tem  a c c o r d i n g   to  any  one   of  t h e  

p r e c e d i n g   c l a ims   and  i n c l u d i n g   a  c o n t r o l   p r e s s u r e   p i l o t  

v a l v e   b i a s e d   to  a  c l o s e d   p o s i t i o n ,   the  flow  area  of  t h e  

c o n t r o l   p r e s s u r e   p i l o t   va lve   be ing   m o d u l a t a b l e   by  means  o f  

an  e l e c t r i c   c u r r e n t   in  the  e l e c t r o - m a g n e t i c   d e v i c e ,   t h e  

e l e c t r o - m a g n e t i c   d e v i c e   be ing   in  c o n t a c t   with  the  c o n t r o l  

p r e s s u r e   p i l o t   v a l v e ,   which  c o n t r o l   p r e s s u r e   p i l o t   v a l v e  

when  open  p e r m i t s   f l u i d   to  flow  from  a  load  p o r t   to  a 

f l u i d   r e s e r v o i r   p o r t   via  a  f ixed   area  o r i f i c e   and  t h u s  

e n a b l e s   c h a n n e l s   be tween   the  c o n t r o l   p r e s s u r e   p i l o t   v a l v e  

and  the  f i xed   area   o r i f i c e   to  r e c e i v e   a  c o n t r o l   p r e s s u r e ,  

the  m a g n i t u d e   of  which  is  r e l a t e d ,   for   a  g iven   load  p o r t  

p r e s s u r e ,   to  the  magn i tude   of  e l e c t r i c   c u r r e n t   in  t h e  

e l e c t r o - m a g n e t i c   d e v i c e .  

5.  A  c o n t r o l   sys tem  a c c o r d i n g   to  any  one   of  t h e  

p r e c e d i n g   c l a ims   and  i n c l u d i n g   a  f i r s t   c o n d i t i o n i n g   p i s t o n  

l o c a t e d   at  one  end  of  a  p r e s s u r e   r e g u l a t i n g   va lve   bore ,   so  

s i t u a t e d   to  form  a  chamber  between  i t s e l f   and  a  p r e s s u r e  

r e g u l a t i n g   va lve   in  the  p r e s s u r e   r e g u l a t i n g   va lve   b o r e ,  

which  chamber  is  c o n n e c t a b l e   with  a  load  p o r t ,   the  f i r s t  

c o n d i t i o n i n g   p i s t o n   having  a  second  l a r g e r   d i a m e t e r  

p o r t i o n   the  u n d e r s i d e   of  which  forms  a  space  between  t h e  

s t e p   of  the  two  d i a m e t e r s   which  is  p e r m a n e n t l y   c o n n e c t e d  

and  ven ted   to  a  f l u i d   r e s e r v o i r   p o r t ,   and  the  o t h e r  



s ide   of  the  f i r s t   c o n d i t i o n i n g   p i s t o n   forms  a  chamber  at  t h e  

end  of  the  va lve   bore  c o n n e c t a b l e   with  a  source   of  f l u i d  

p r e s s u r e ,   t h e r e   being  a  s p r i n g   i n t e r p o s e d   between  the  f i r s t  

c o n d i t i o n i n g   p i s t o n   and  the  p r e s s u r e   r e g u l a t i n g   va lve   so  t h a t  

when  the  f i r s t   c o n d i t i o n i n g   p i s t o n   is  s u b j e c t e d   to  the  a c t i o n  

of  d i f f e r e n t i a l   p r e s s u r e   r e s u l t i n g   from  p r e s s u r e   from  t h e  

c o n t r o l   sys tem  f l u i d   energy   s o u r c e ,   the  f i r s t   c o n d i t i o n i n g  

p i s t o n   moves  a g a i n s t   the  r e s i s t a n c e   of  the  s p r i n g   u n t i l   i t  

abu t s   the  s t e p   between  the  f i r s t   and  second  d i a m e t e r s   of  t h e  

va lve   bore  which  p r o v i d e s   a  p r e - a r r a n g e d   a x i a l   r e l a t i o n s h i p  

wi th   the  p r e s s u r e   r e g u l a t i n g   v a l v e .  

6.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  5  and  i n c l u d i n g   a 

second  c o n d i t i o n i n g   p i s t o n   l o c a t e d   at  the  o t h e r   end  of  t h e  

p r e s s u r e   r e g u l a t i n g   va lve   bore  to  the  f i r s t   c o n d i t i o n i n g  

p i s t o n   and  s i t u a t e d   in  a  s i m i l a r   manner  to  form  a  c h a m b e r  

between  i t s e l f   and  the  p r e s s u r e   r e g u l a t i n g   va lve   and 

p e r m a n e n t l y ' c o n n e c t e d   with  a  common  chamber,   t h e r e   being  an  

i n t e r m e d i a t e   space  formed  by  the  s t epped   bores   and  the  f i r s t  

and  second  d i a m e t e r s   of  the  second  c o n d i t i o n i n g   p i s t o n  

p e r m a n e n t l y   c o n n e c t e d   and  ven ted   to  the  f l u i d   r e s e r v o i r   p o r t ,  

and  the  o t h e r   s ide   of  the  second  c o n d i t i o n i n g   p i s t o n   forming  a 

chamber  at  the  end  of  the  va lve   bore  c o n n e c t a b l e   with  p r e s s u r e  

e x i s t i n g   in  the  load  p o r t   so  t h a t   when  the  second  c o n d i t i o n i n g  

p i s t o n   is  s u b j e c t e d   to  d i f f e r e n t i a l   p r e s s u r e   t r a n s m i t t e d   f rom 

t h i s   s o u r c e ,   the  second  c o n d i t i o n i n g   p i s t o n   moves  a g a i n s t   t h e  

r e s i s t a n c e   of  the  s p r i n g   u n t i l   i t   abuts   the  s tep   between  t h e  



f i r s t   and  second  d i a m e t e r s   of  the  va lve   bore  which  p r o v i d e s   a  

p r e - a r r a n g e d   a x i a l   r e l a t i o n s h i p   with  the  p r e s s u r e   r e g u l a t i n g  

v a l v e .  

7.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  5  or  c la im  6  and  

i n c l u d i n g   a  p r e s s u r e   r e g u l a t o r   c o n d i t i o n i n g   va lve   b i a s e d   to  a  

c l o s e d   p o s i t i o n   d i r e c t l y   by  load  p r e s s u r e   via  a  b o r e  

p e r m a n e n t l y   c o n e c t e d   with  a  load  p o r t ,   and  opened  d i r e c t l y   o r  

i n d i r e c t l y   by  c o n t r o l   p r e s s u r e ,   with  the  o t h e r   s ide   of  t h e  

p r e s s u r e   r e g u l a t o r   c o n d i t i o n i n g   va lve   c o n n e c t e d   p e r m a n e n t l y   by 

means  of  a  bore  with  the  chamber  formed  between  the  end  of  t h e  

p r e s s u r e   r e g u l a t i n g   va lve   and  the  f i r s t   c o n d i t i o n i n g   p i s t o n .  

8.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  1  and  i n c l u d i n g   a 

flow  r e g u l a t o r   c o n d i t i o n i n g   va lve   b i a s e d   to  a  c l o s e d   p o s i t i o n  

by  p r e s s u r e   t r a n s m i t t e d   from  a  load  chamber  via  a  c h a n n e l ,   an 

o r i f i c e ,   a  s p r i n g   chamber  and  a  bore  and  opened  d i r e c t l y   o r  

i n d i r e c t l y   by  c o n t r o l   p r e s s u r e ,   with  the  o t h e r   s ide   of  t h e  

flow  r e g u l a t o r   c o n d i t i o n i n g   va lve   being  p e r m a n e n t l y   c o n n e c t e d  

t h r o u g h   a  bore  with  a  f l u i d   r e s e r v o i r .  

9.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c l a im  1  and  i n c l u d i n g   a 

flow  check  va lve   which  p e r m i t s   flow  to  a  common  flow  c h a m b e r  

from  a  f l u i d   energy   p o r t   of  the  c o n t r o l   sys tem  but  not  v i c e  

v e r s a .  



10.  A  c o n t r o l   sys tem  as  c l a imed   in  c la im  2  and  i n c l u d i n g   an  

o r i f i c e   l o c a t e d   in  a  channe l   c o n n e c t i n g   the  load  p o r t ,   with  a 

chamber  s i t u a t e d   at  t h a t   end  of  the  flow  r e g u l a t i n g   va lve   t o  

which  the  c l o s i n g   b ias   is  a p p l i e d .  

11.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c l a im  2  or  c la im  10  and  

i n c l u d i n g   a  c o n t r o l   p i s t o n   l o c a t e d   at  the  o p p o s i t e   end  of  t h e  

flow  r e g u l a t i n g   va lve   to  which  the  c l o s i n g   b ias   is  a p p l i e d   and 

a b l e ,   when  s u b j e c t e d   to  a  p r e - c o n d i t i o n e d   c o n t r o l   p r e s s u r e ,   t o  

modu la t e   the  p o s i t i o n   of  the  flow  r e g u l a t i n g   v a l v e ,   with  t h e  

s ide   of  the  c o n t r o l   p i s t o n   n e a r e s t   the  flow  r e g u l a t i n g   v a l v e  

p e r m a n e n t l y   c o n n e c t e d   with  a  f l u i d   r e s e r v o i r   p o r t   and  t h e  

o p p o s i t e   s ide   of  the  c o n t r o l   p i s t o n   p e r m a n e n t l y   c o n n e c t e d   w i t h  

a  channe l   which  r e c e i v e s   the  c o n t r o l   p r e s s u r e .  

12.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  7  and  i n c l u d i n g   a 

p i l o t   p i s t o n   which  o p e r a t e s   the  p r e s s u r e   r e g u l a t o r  

c o n d i t i o n i n g   v a l v e ,   the  p i l o t   p i s t o n   having  one  s i d e  

p e r m a n e n t l y   c o n n e c t e d   wi th   the  f l u i d   r e s e r v o i r   p o r t   and  t h e  

o p p o s i t e   s ide   remote  from  the  p r e s s u r e   r e g u l a t o r   c o n d t i o n i n g  

va lve   c o n n e c t e d   with  a  channe l   which  r e c e i v e s   the  c o n t r o l  

p r e s s u r e .  

13.  A  c o n t r o l   system  a c c o r d i n g   to  c la im  8  and  i n c l u d i n g   a 

p i l o t   p i s t o n   which  o p e r a t e s   the  flow  r e g u l a t o r   c o n d i t i o n i n g  

v a l v e ,   the  p i l o t   p i s t o n   having  one  s ide   p e r m a n e n t l y   c o n n e c t e d  

with  the  f l u i d   r e s e r v o i r   p o r t   and  the  o p p o s i t e   s ide   r e m o t e  



from  the  flow  r e g u l a t o r   c o n d i t i o n i n g   va lve   c o n n e c t e d   with  a 

c h a n n e l   which  r e c e i v e s   the  c o n t r o l   p r e s s u r e .  

14.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  7  and  i n c l u d i n g   a 

s e q u e n c e   va lve   having   four   p o r t s   p e r m a n e n t l y   c o n n e c t e d   by 

i n d i v i d u a l   c h a n n e l s ,   the  f i r s t   p o r t   be ing  c o n n e c t e d   t h rough   a 

c h a n n e l   with  a  f l u i d   ene rgy   p o r t ,   the  second  po r t   b e i n g  

c o n n e c t e d   by  a  c h a n n e l   with  t h a t   s ide   of  the  f i r s t  

c o n d i t i o n i n g   p i s t o n   which  r e c e i v e s   the  f l u i d   p r e s s u r e ,   t h e  

t h i r d   p o r t   be ing   c o n n e c t e d   with  a  channe l   which  r e c e i v e s   t h e  

load  p o r t   p r e s s u r e   when  the  p r e s s u r e   r e g u l a t o r   c o n d i t i o n i n g  

v a l v e   is  open,   and  the  f o u r t h   p o r t   being  c o n n e c t e d   b y - a  

c h a n n e l   with  t h a t   s ide   of  the  second  c o n d i t i o n i n g   p i s t o n   w h i c h  

r e c e i v e s   the  load  p r e s s u r e ,   and  the  s equence   va lve   b e i n g  

a r r a n g e d   so  t h a t   when  p o s i t i o n e d   only  by  the  b i a s i n g   m e a n s ,  

the  s e q u e n c e   va lve   i s o l a t e s   the  f i r s t   and  second  p o r t s   f r o m  

each  o t h e r   and  c o n n e c t s   the  t h i r d   and  f o u r t h   p o r t s   t o g e t h e r ,  

and  when  o p e r a t e d   by  p r e s s u r e   from  the  f l u i d   energy   por t   t h e  

s e q u e n c e   va lve   c o n n e c t s   the  f i r s t   and  second  p o r t s   and 

i s o l a t e s   the  t h i r d   and  f o u r t h   p o r t s   from  each  o t h e r .  

15.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  14  and  i n c l u d i n g   a 

p e r m a n e n t   c o n n e c t i o n   channe l   between  the  chamber  u p s t r e a m   o f  

the  flow  check  va lve   and  the  end  of  the  sequence   v a l v e  

o p p o s i t e   to  t h a t   to  which  the  b ias   is  a p p l i e d .  

16.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  6  and  in  which  p i s t o n  



bores   of  the  f i r s t   and  second  c o n d i t i o n i n g   p i s t o n s   which  a r e  

on  t h a t   s ide   remote  from  the  p r e s s u r e   r e g u l a t i n g   va lve   and 

which  are  s u b j e c t i v e   to  the  a p p l i c a t i o n   of  p r e s s u r e ,   are  e a c h  

c o n n e c t e d   with  the  r e s e r v o i r   po r t   via  f ixed   area  o r i f i c e s .  

17.  A  c o n t r o l   sys tem  a c c o r d i n g   to  c la im  6  or  c la im  16  i n  

which  the  i n f l u e n c e   e x e r t e d   by  the  two  s p r i n g s   on  the  p r e s s u r e  

r e g u l a t i n g   va lve   is  m o d i f i e d   by  shims  l o c a t e d   between  the  e n d s  

of  the  s p r i n g s   and  t h e i r   r e s p e c t i v e   p i s t o n s ,   and  hence  t h e  

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

18.  A  c o n t r o l   system  a c c o r d i n g   to  c la im  6,  c la im  16  or  c l a i m  

17  in  which  the  p r e s s u r e   r e g u l a t i n g   va lve   c o n d i t i o n i n g   p i s t o n s  

are  e n c a p s u l a t e d   by  s l i d i n g   bushes   and  end  caps  so  t h a t   t h e  

e f f e c t i v e   f o r c e   of  the  p r e s s u r e   r e g u l a t i n g   s p r i n g s   and  h e n c e  

the  c h a r a c t e r i s t i c s   of  the  p r e s s u r e   r e g u l a t i n g   v a l v e ,   can  be 

a d j u s t e d   by  m o d i f y i n g   the  p o s i t i o n s   of  a b u t t m e n t   screws  w h i c h  

are  in  d i r e c t   c o n t a c t   with  the  end  c a p s .  

19.  A  c o n t r o l   sys tem  a c c o r d i n g   to  any  one   of  the  p r e c e d i n g  

c l a ims   and  i n c l u d i n g   a  t h r e e - e l e m e n t   e l e c t r i c   summing  d e v i c e  

c o n n e c t e d   e l e c t r i c a l l y   with  the  s i n g l e   e l e c t r o - m a g n e t i c   d e v i c e  

and  a  load  v e l o c i t y   t r a n s d u c e r   in  such  a  way  t h a t   e l e c t r i c  

c u r r e n t   in  the  e l e c t r o - m a g n e t i c   dev i ce   r e g u l a t e s   f l u i d   f l o w  

r a t e   between  the  c o n t r o l   sys tem  and  the  load  a c t u a t o r   to  be  i n  

a  p a r t i c u l a r   r e l a t i o n s h i p   with  the  magn i tude   of  an  e l e c t r i c  

demand  s i g n a l   a p p l i e d   to  the  t h i r d   e l ement   of  the  summing 



d e v i c e .  
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