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portional, hydraulic flow control valve (4) includes a fluid flow control poppet valve (5), a
pilot operator (6), a solenoid operator (7) and a pressure compensator (8). The poppet valve
(5) includes a poppet (31) and a seat (32). The pilot operator (6) includes a pilot (36) and a
pilot seat (37). The solenoid operator (7) includes a solenoid tube (42) and an armature
(44). The pressure compensator (8) Includes a pressure balanced pressure compensator
spool (58), a smaller diameter differential pressure compensator control piston (64), and
springs (61) that balance the forces on the compensator control piston (64). The compensat-
or control piston (64) moves the compensator spool (58) to maintain a substantially con-
stant pressure differential across the poppet valve (5). The valve (4) may be used in a vari-
ety of hydraulic systems. A similar normally opened valve (104) is also disclosed.
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ELECTRO-PROPORTIONAL PILOT OPERATED POPPET VALVE WITH

PRESSURE COMPENSATION

CROSS REFERENCE TO RELATED APPLICATIONS

(0001] The present application claims the benefit of the filing date of United
States Provisional Application Seral No. 61/466,163, filed March 22, 2011, the

disclosure of which is incomporated herein by reference in its entirety.

TECHNICAL FIELD

[0001] This invention relates to the fleld of hydraulic control valves. More
specifically, this invention relates to a hydraulic flow control valve with pressure
compensation. Still more specifically, this invention relates to a cartridge style
poppet type electro-proportional valve with an integral low leakage and optimum
flow pressure compensation feature, having a normally opened or a nommally

closed configuration.

BACKGROUND OF THE INVENTION

[0002] Hydraulic control valves are well-known and are suitable for a wide
variety of applications. Solenoid actuated hydraulic control valves typically have

a coil of wire surrounding an armature and an end cap or plug. The ammature
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and cap are made of a ferromagnetic material and are coaxially arranged with an
air gap between the armature and the cap. A valve member extends from the
armature. When the coil is energized, the armature, and hence the valve
member, are moved due to magnetic flux forces through the air gap. For
proportional solenoid actuated hydraulic control valves, the movement of the

valve member is proportional to the input current on the solenoid coil.

[0003] One type of proportional solenoid control valve is a pilot-operated
valve, that is, a valve which has a pilot valve member and a main valve member.
The solenold in such a valve controls the position of the armature {0 move the
pilot valve to an actuated position to thereby allow movement of the main vaive
member. Pilot-operated valves are most typically used in high pressure

situations where smooth control of the flow is necessary.

[0004] Electro-proportional pilot operated poppet type valves are used to
control flow in many applications. They provide an opening for flow based on the
amount of current applied. These can be normally opened or normally closed
type valves, and the flow either increases or decreases with applied current. The
advantage of the poppet valve is that it provides low leakage when fully closed.
This contrasts with spool valves, which may be used to throttle flow but which
may tend to allow leakage which may allow a load held at a height to drift over

time.
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[0005] While the poppet valve controls the flow based on a current applied to
the solenoid coil, any variation in the differential pressure across the poppet
valve changes the flow rate for any given size opening of the poppet. One
method to remedy this is to utilize the electro-proportional poppet valve with a
separate conventional pressure compensating spool that maintains a constant
pressure drop across the poppet valve opening. The problem with this method is
that the compensator spool itself leaks and allows the load to drift. The addition
of seals on the compensator spool can help control the leakage but adds

hysteresis to the valve's performance.

[0008] Additionally, it is desirable to select the compensator spool diameter to
allow maximum flow across the compensator spool with minimum pressure
losses. This means that the compensator spool diameter should be selected as
large as the size of the poppet valve allows. Also, for the compensator spool to
maintain a constant high pressure drop across the poppet valve in order to
provide high flow rate across the poppet valve, a relatively large diameter
conventional compensator spool requires a relatively high preload compensator
spring. This is because the pressure drop across the poppet valve also exists
across the compensator spool, and the compensator spring must balance the
opposing forces on the conventional compensator spool caused by this

differential pressure. When a poppet valve is used in a cartridge style hydraulic
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valve assembly, the inherent space limitations imposed by the cartridge design
may limit or preclude the use of a high pressure drop conventional pressure
compensator spool and compensator spring integral with the cartridge due at
least in part to these typical design considerations for conventional compensator

spools.

SUMMARY OF THE INVENTION

[0007] The present invention provides a pressure compensator which allows a
reduced size compensator spring while maintaining a high pressure drop and
high flow rates. Further, the pressure compensator of this invention minimizes
leakage through the pressure compensator to minimize drift of a load. The
pressure compensator includes a pressure balanced compensator spool and a
pressure unbalanced or differential pressure compensator control piston. The
compensator control piston acts on the compensator spool, and the compensator
spring acts on the compensator spool and against the compensator control
piston. The compensator control piston includes a poppet which closes and
minimizes leakage through the compensator when there is no flow across the

valve poppet and a load is to be held in a fixed position.

[0008] More specifically, the pressure compensator controls a pressure

differential across a valve area. The pressure compensator includes a
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compensator spool and a compensator control piston. The compensator spool
defines a vanrable fluid flow orfice with a fluid flow area determined by the
position of the compensator spool. The compensator control piston acts against
the compensator spool to move the compensator spool and change the position
of the compensator spool to control the pressure differential across the valve

area.

[0008] The compensator spool is pressure balanced, and the compensator
control piston is pressure unbalanced. The compensator control piston has a
first lateral cross sectional area exposed to fluid pressure on one side of the
valve area and an oppositely facing second lateral cross section area exposed to
fluid pressure on another side of the valve area. The first and second lateral
cross sectional areas of the compensator control piston are substantially equal.
The compensator spool has first and second oppositely facing lateral cross
sectional areas exposed to fluid pressure on one side of the valve area, and the
first and second lateral cross sectional areas of the compensator spooi are
substantially equal. The first and second lateral cross sectional areas of the
compensator control piston are each smaller than each of the first and second

lateral cross sectional areas of the compensator spool.

[6010] The compensator control piston acts against the compensator spool in

one longitudinal direction. The compensator further includes a spring, and the
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spring acts against the compensator spool or the compensator confrol piston in a
longitudinal direction opposite the one direction. The compensator spool has
oppositely facing lateral cross sectional areas exposed to fluid pressure from the
downstream side of the valve area, providing a pressure balanced compensator
spool. The compensator control piston has oppositely facing lateral cross
sectional areas, with one of its areas exposed to fluid pressure from the
upstream side of the valve area and with the other of its areas exposed to lower
fluid pressure from the downstream side of the valve area, to create a differential
pressure control piston. The unbalanced forces created by the differential

pressures acting on the control piston are balanced by a spring.

[0011] A leakage flow path exists around the control piston between the
upstream side and the downstream side. The compensator control piston
includes a valve surface that substantially fully closes the leakage fluid flow path
around the compensator control piston when the compensator control piston is

moved in one longitudinal direction.

[0012] The valve area is defined by a valve poppet and a valve seat. The
compensator includes a spring, and the spring acts against the compensator
spool in a longitudinal direction opposite the direction in which the control piston
acts against the compensator spool. The compensator spool lateral cross

sectional area includes oppositely facing substantially equal lateral cross
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sectional areas exposed to substantially equal fiuid pressure from the upstream
side of the valve area. The compensator control piston lateral cross sectional
area includes substantially equal oppositely facing lateral cross sectional areas
with one of its areas exposed to fluid pressure from the upstream side of the
valve area and with the other of its areas exposed to fluid pressure from the
downstream side of the valve area. The compensator control piston includes a
valve surface that substantially fully closes the fluid leakage path around the
compensator control piston between the oppositely facing lateral cross section
areas of the compensator control piston when the compensator control piston is

moved in one longitudinal direction.

[80013] The compensator spool and the compensator control piston are
coaxially disposed in a stepped bore. The stepped bore has a larger diameter
portion in which the compensator spool is disposed and a smaller diameter
portion in which the compensator control piston is disposed. The spring urges
the compensator spool against the compensator control piston. The spring is
disposed in the stepped bore on the side of the compensator spool opposite the
compensator control piston. A pin extends laterally into the bore, and the spring

acts between the pin and the compensator spool.

[0014] The valve area and the compensator are integral and are disposed in a

valve cartridge cage. The valve cartridge cage has an inlet and an outlet and an
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intermediate chamber between the inlet and the outlet. The valve area opens
and closes fluid pressure communication between the inlet and the intermediate
chamber. The compensator spool opens and closes fluid pressure
communication between the intermediate chamber and the outlet. The
compensator maintains a substantially constant pressure differential across the

valve area between the inlet and the intermediate chamber.

[0015] The force of the spring acting against the compensator spool is equal
to the difference between the force created by the intermediate chamber
pressure against the one lateral cross sectional area of the compensator control
piston and the force created by the inlet pressure acting against the other lateral
cross sectional area of the compensator control piston. A pilot operator is
operatively connected to the valve poppet, and an electrical solenoid armature is
operatively connected to the pilot operator. The position of the valve poppet
relative to the valve seat is proportional to electrical power supplied to the
solenoid operator, and the pressure differential between the inlet and the

intermediate chamber across the valve area is substantially constant.

[0016] The compensator control piston is operable to sense the pressure
differential across the valve area. The compensator control piston has one end

exposed to inlet pressure upstream of the valve area, and inlet pressure acting
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on the compensator control piston forces a compensator control piston surface to

sealingly engage a compensator control piston seat.

[0017] A housing has a bore, and the compensator member is disposed in the
bore with the leakage flow path defined between the bore and the member. The
compensator includes a valve that substantially closes the leakage flow path
between the upstream and downstream lateral cross sectional areas of the

control piston when the valve area is in a substantially closed position.

[0018] The invention also provides various ones of the features and structures
and methods described in the claims set out below, alone and in combination,

and the claims are incorporated by reference in this summary of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Embodiments of this invention will now be described in further detail

with reference to the accompanying drawings, in which:

[0020] Figure 1 is a longitudinal cross sectional view of a cartridge style,
normally closed, electro-proportional, pilot operated poppet valve with pressure
compensation, shown with no inlet pressure applied, according to a preferred

embodiment of the invention;
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[0021] Figure 2 is a longitudinal cross sectional view of the valve of Figure 1,

shown in an at rest operating position with inlet pressure applied;

[0022] Figure 3 is a longitudinal cross sectional view of a valve block in which

the valve of Figure 1 is installed, with the valve of Figure 1 shown in elevation;

{0023] Figure 4 is a schematic circuit diagram of the valve of Figure 1;

[0024] Figure 5 is a schematic circuit diagram of a first example of a hydraulic

circuit in which the valve of Figure 1 may be used;

[0025] Figure 6 is a schematic circuit diagram of a second example of a

hydraulic circuit in which the valve of Figure 1 may be used; and

{0028) Figure 7 is a longitudinal cross sectional view of a cartridge style,
normally opened, electro-proportional, pilot operated poppet valve with pressure
compensation, shown in an at rest operating position with inlet pressure applied,

according to another preferred embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0027] Referring now to the drawings in greater detail, the principles,

embodiments and operation of the present invention are shown in the
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accompanying drawings and described in detail herein. These drawings and this
description are not to be construed as being limited to the particular illustrative
forms of the invention disclosed. It will thus become apparent to those skilled in
the art that various modifications of the embodiments herein can be made

without departing from the spint or scope of the invention.

[0028] A preferred embodiment of a normally closed valve 4, constructed in
accordance with the present invention, is illustrated in Figures 1-4. The valve 4
assembled in various hydraulic circuits is illustrated schematically in Figures 5
and 6. A preferred embodiment of a normally opened valve 104, constructed in
accordance with the present invention, is illustrated in Figures 7 and 8. All
components of the valves 4 and 104 are of a suitable matenal selected according
to the pressure, temperature, fluid type, and other requirements of the application
in which the valves 4 and 104 are to be used. In the illustrated embodiments, the
metal components are of carbon steel that may be case hardened as
appropriate. The O-ring seals may be of other suitable material such as a
fluorocarbon material, and the backup rings may be of non-rubber thermoplastic
matenal. The valves 4 and 104 are of the general type referred to as a cartridge
valve. More specifically, the valves 4 and 104 are cartridge type electo-
proportional pilot operated poppet valves with integral pressure compensation. A

hydraulic cartridge valve is a hydraulic flow control device that includes the
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internal integral moving elements of a valve without an integral housing. A
cartnidge valve is inserted into a cavity of a housing with appropriate flow
passageways, such as a manifold, and the resulting combination performs like
any conventional hydraulic valve. The term integral means two or more
functionally different cooperating components that are assembled without
externally exposed fluid connections and used as a whole such that at least one
of the components is an essential part to complete the other. For example, an
integral cartridge valve may include a valve poppet and a valve seat and an
actuator for controlling the valve poppet relative to the valve seat. The term
pressure compensated or pressure compensator includes both post
compensation and pre-compensation. The term balanced with reference to a
movable hydraulic member refers to a device that is subject to substantially equal
hydraulic pressures acting in opposite directions on oppositely facing lateral
cross sectional areas. The term unbalanced or differential pressure with
reference to a movable hydraulic member refers to a device that is subject to
differential hydraulic pressures acting in opposite directions on oppositely facing

lateral cross sectional areas.

[0028] Referring first to Figures 1-4, the valve 4 is illustrated in Figure 1
without inlet pressure applied and is illustrated in Figure 2 with iniet pressure

applied. The valve 4 is illustrated as assembled in a valve block or manifold in
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Figure 3, and the valve 4 is illustrated schematically with inlet pressure applied in
Figure 4. The valve 4 includes a main fluid flow control valve 5, a pilot operator
6, a solenoid actuator 7 and a pressure compensator 8. The fluid flow contro!
valve 5§ controls the flow rate of hydraulic fluid through the valve 4. The pilot
operator 6 controls the position of the fluid flow control valve 5, and the solenoid
actuator 7 controls the position of the pilot 6. The pressure compensator 8
maintains a substantially constant pressure drop or pressure differential across
the main control valve 5. An electrical power source (not shown) is connected to
the solenoid actuator 7. As further described below, the opening of the main
control valve 5 and flow rate through the valve 4 are proportional to the electrical
current supplied by the power source to the solenoid actuator 7. These
components are integral with one another and are coaxially disposed along a

longitudinal axis 11.

[0030] The valve 4 includes a hydraulic fluid inlet 12 and a hydraulic fluid
outlet 13. The inlet 12 and outlet 13 are each a plurality of circumferentially
spaced radial drilled passages in a valve cage 14. The external surface of the
valve cage 14 includes O-ring and backup ring seal assemblies 15. The
components of the valve 4 are assembled as an integral cartridge that is
assembled into a machined stepped diameter opening 16 in a manifold 17

(Figure 3), and the seal assemblies 15 separate the inlet 12 and outlet 13. The
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valve 4 is secured in the opening 16 by a threaded adapter 18, which camies the
cage 14 by threads 19 on its internal surface and which connects to the opening
16 by threads 20 on its external diameter. An O-ring seal 21 seals between the
external surface of the adapter 18 and the manifold 17. A stepped bore or
central passage 22 extends longitudinally from end to end through the cage 14.
Fluid enters the cross drilled inlet holes 12 of the cage14 from an inlet port 30 of
the manifold 17. Main valve 5 includes a generally cylindrical valve poppet 31
and an associated annular valve seat 32 which is carried on the interior surface
of the cage 14. When the valve 4 is in its normally closed position, inlet fluid from
inlet holes 12 and inlet port 30 upstream of main valve 5 is blocked by the poppet

31 engaging the seat 32.

[0031] The pilot operator 6 of the valve 4 includes a longitudinal passage 33
that extends through one side of the poppet 31. The passage 33 allows fluid to
travel from the inlet holes 12 upward as viewed in Figure 1 to the top side 34 of
the poppet 31. The fluid from the top side 34 of the poppet then travels down
through a central longitudinally extending passage 35 in a cylindrical pilot 36.
The lower end of the passage 35 terminates at a radial passage which connects
the central passage 35 to the exterior of the pilot 36. Fluid traveling down
through the passage 35 is blocked by the bottom end of the pilot 36 engaging a

pilot seat 37 in the back side of the poppet 31. The engagement of the valve
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poppet 31 with the valve seat 32 and the engagement of the pilot 36 with the pilot
seat 37 prevent fluid from passing downstream from inlet holes12 and inlet port
30 fo outlet holes 13 and outlet port 38, A spring 39 acts between the pilot 36

and the poppet 31.

[0032] Referring still to Figures 1-4, the top part of the adapter 18 camies the
solenoid actuator 7. The solenoid actuator 7 includes a solenoid tube 42. The
solenoid tube 42 has an externally threaded portion near its bottom region that is
connected to an intemally threaded portion of the adapter 18. A solenoid plug or
cap 43 is fixed to the tube 42 by external threads on the cap 43 which engage
internal threads on the top region of the tube 42. An armature 44 is slidably
disposed for longitudinal movement within the tube 42, and an air gap 45 is
provided between the armature 44 and the cap 43. A hole 46 extends
longitudinally from end to end through the cap 43, and a hole 47 extends
longitudinally from end to end through the armature 44. A rod 48 is slidably
disposed in the holes 46 and 47, and the top end of the hole 46 is closed by a set
screw 49 and a tamper resistant screw 50. Springs 51 act between the bottom
end of the rod 48 and the pilot 36, to bias the pilot 36 downward toward its seat
37. The set screw 49 adjusts the spring load acting in the downward direction
against the pilot 36. Radially extending pins 52 provide a universal joint

connection between the armature 44 and the pilot 36, which allows for any
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misalignment between the armature 44 and pilot 36 while securing them for

longitudinal movement together.

[0033] A solenoid coil 53 (not illustrated in Figures 1 and 3 but shown in
Figure 2) surrounds the cap 43 and armature 44. As electrical power is applied
to the solenoid coil 53, the armature 44 moves upward to close the air gap 45
proportional to the current applied. This upward movement of the armature 44
lifts the pilot 36 off the pilot seat 37, which allows fluid to pass from inlet holes 12
through passage 33 and to the downstream side of the poppet 31 and seat 32.
The passage 33 in the side of the poppet 31 that allows flow to the pilot 36 is
connected fo inlet 12 through an orifice 33a which extends radially from the
passage 33 to the outer peripheral surface of the poppet 31. As the pilot 36 to
pilot seat 37 opening area increases for any given inlet pressure, the pressure
behind the poppet 31 (which is the pressure on the top 34 of the poppet 31 as
viewed in Figure 1) decreases. The inlet pressure from inlet holes 12 acting on
the differential area on the bottom of the poppet 31 (which is the annular area of
the bottom of the poppet 31 between the outside diameter of the poppet 31 and
the seat diameter at which the poppet 31 engages the seat 32) provides a lifting
force to move the poppet 31 in an upward or opening direction. In this way the

poppet 31 moves to balance the forces acting on it, and the position of the



WO 2012/128797 PCT/US2011/062976

7

poppet 31 is proportional to the pilot 36 position and proportional to the electrical

current applied to the solenoid coil 53.

[0034] The pressure compensator 8 of the valve 4 includes a generally
cylindrical member that is a pressure compensator spool 58. The compensator
spool 58 is slidably disposed in the central opening 22 of the cage 14. The
compensator spool 58 and outlet passages 13 define a variable orifice, and the
compensator spool 58 is arranged to cover and uncover the outlet passages 13
to increase and decrease the size of the orifice. The outlet passages 13 are
uncovered by the pressure compensator spool 58 when the pressure
compensator spool 58 is in its position illustrated in Figure 1. A laterally
extending pin 59 is arranged in a cross drilled hole in the cage 14, and a spring
retainer 60 engages the pin 59 to retain the spring retainer 60 against
longitudinal movement relative to the cage 14. Concentric springs 61 act
between pin 59 (through the spring retainer 60) and the pressure compensator
spool 68. Fluid passing the pilot 36 and then the poppet seat 32 then is exposed
to the spring side or top of the compensator spool 58. A longitudinally extending
central passage 62 extends through the spool 58. Fluid passes through passage
62 in the center of the spool 58 and radial notches on the bottom end of the spool
58. In this manner, the fluid is in open communication with both sides of the

pressure compensator spool §8. The fluid pressure is equal on the opposite
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sides 58a and 58b of the spool 58 and the opposite sides have the same lateral
cross sectional area, to balance the forces acting in opposite directions on the

spool 58.

[0035] A longitudinal passage 63 extends between the inlet passage 12 and
the bottom end of the manifold stepped bore 16 and bottom end of the central
passage 22. Another generally cylindrical pressure compensator member is a
pressure compensator control piston 64 which is slidably disposed in the bottom
end of the central passage 22. The passage 63 establishes open or unrestricted
fluid pressure commu lication between the inlet passage 12 and the bottom end
64b of compensator control piston 64. The pressure compensator control piston
64 acts against the bottom end of the pressure compensator spool 58 in an
upward direction. Springs 61 on the opposite or top side of the compensator
spool 58 act against the spool 58 in a downward direction and push the
compensator spool 58 and control piston 64 together. The bottom end of the
central passage 22 of the cage 14 and the bottom end 64b of the control piston
64 are exposed to inlet pressure in the inlet passages 12 by way of the open
passage 63. Port 65 of manifold 17 (Figure 3) is plugged by a threaded plug (not
shown). Port 65 is not used as an inlet or outlet but is a pressure compensation
control port exposed to inlet fluid pressure through passage 63. Alternatively, the

described threaded plug could be eliminated by a design (not shown) in which
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the longitudinal passage in the manifold 17 is machined as a blind bore rather

than as a through bore.

[0038] The central passage 22 in cage 14 is stepped and includes a farger
diameter portion in which larger diameter pressure compensator spool 58 is
disposed and a reduced or smaller diameter portion in which the smaller
diameter pressure compensator control piston 64 is disposed. The top lateral
end face 64a of the control piston 64 provides a latera! cross sectional area that
is exposed to the fluid pressure downstream of the poppet 31 and seat 32 by the
passage 62. The bottom lateral end face 64b of the control piston 64 provides an
oppositely facing lateral cross sectional area that is exposed to higher fluid
pressure upstream of the poppet 31 and seat 32 by the passage 63. In this
manner, the control piston 64 is subject to differential pressures acting against its
opposite and equal lateral end surface areas. The control piston 64 has an
enlarged diameter head portion 66 at its bottom end, and the central stepped

passage 22 in the cage 14 includes an annular valve seat 67.

[0037] When the valve 4 has no hydraulic fluid pressure applied to the inlet
port 30 and inlet passages 12, the valve 4 is in the position illustrated in Figure 1.
In this position, the springs 61 bias the pressure compensator spool 58 and
control piston 64 downward until the control piston 64 engages a retaining ring

68. The pressure compensator spool 58 opens outlet passages 13. The springs
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51 and 39 in this position bias the poppet 31 to its normally closed position

against the seat 32.

f0038] When hydraulic fluid pressure is applied to inlet passages 12 in the
absence of an actuating electrical current to the solenoid coil 53, the valve 4
retains a first or at rest operating position illustrated in Figure 2. In this position,
the poppet 31 remains closed against its seat 32. The fluid inlet pressure in inlet
passages 12 is communicated through passage 63 fo the bottom of pressure
compensator control piston 64. The top 64a of compensator control piston 64 is
at outlet or downstream drain pressure through passage 62, and the greater inlet
pressure moves the compensator control piston 64 and the pressure
compensator spool 58 upward against the bias of the springs 61 until the head
portion 66 of pressure compensator control piston 64 engages seat 67. The inlet
pressure in port 65 holds the piston 64 in this position, with its conical seating
face of its head portion 66 engaging against the seat 67. There is a normal
leakage flow path between the exterior surface of the compensator control piston
64 and the stepped bore 67 and between the exterior surface of the compensator
spool 58 and the stepped bore 67. The engagement of the head portion 66 of
the compensator control piston 64 against the seat 67 substantially closes this
leakage flow path. The compensator spool 58 covers or closes the outlet

passages 13, and there is no pressure drop across the compensator spool 58
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and piston 64 because there is no flow due to engagement of the piston head 66
with its seat 67. Because there is substantially zero fluid leakage across the
compensator control piston 64 and poppet 31 in this position, any hydraulic motor
such as a hydraulic cylinder {not shown in Figures 1-3) that is connected to
receive outlet flow from outlet passages 13 and outlet port 38 or that is
connected to inlet passages 12 and inlet port 30 will be substantially stationary
and will not tend to substantially drift or move. In this manner, any load that is
controlled by the valve 4 will not substantially leak down during this mode of
operation. In Figure 4 the compensator 8 is illustrated in the shifted position as if
inlet pressure is applied and holding a load for the normally closed version of the

valve 4.

[0038] The steady state normally closed first position or condition or mode of
the valve 4 continues until the poppet 31 is opened by electrical current to the
solenoid coil 53 moving the pilot 36 upward as viewed in Figure 2 away from seat
37 to reduce fluid pressure on the top of poppet 31. Fluid then begins to flow
from the upstream side of poppet 31 and seat 32 toward the downstream side.
This causes increased pressure downstream of poppet 31 and seat 32 at
chamber 69, and this increased pressure is communicated through passage 62
to the fop end 64a of compensator control piston 64. The force created by this

increased pressure acting on the top end of compensator control piston 64 is
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added to the force of springs 61, and this combined force moves the
compensator control piston 64 and compensator spool 58 downward to open the
passages 13 and permit flow through the valve 4. As the compensator control
piston 64 and compensator spool 58 move as a unit to open the passages 13,
the compensator control piston 64 and compensator spool 58 operate as a
normal pressure compensation device to maintain a constant pressure drop
across the poppet 31 to seat 32 opening. This constant pressure drop is
achieved by the compensator spool 58 and control piston 64 operating as a unit
to balance the forces acting in opposite directions on the unit. The compensator
8 provides a variable pressure drop between the outlet side of the poppet 31 in
intermediate chamber 69 and the outiet passages 13, to maintain a substantially

constant pressure drop across the poppet 31 to seat 32 opening.

[0040] The force balance on the compensator spool 58 and compensator
control piston 64 as a unit is then:

P1A1=P2A2 +F, and

the spring force is:

P1A1 -P2A2 =F,
Where:

P1 is the fluid pressure upstream of the poppet 31 to seat 32 opening;
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A1 is the area 64a of the compensator control piston 64 exposed to
pressure P1;

P2 is the fluid pressure downstream of the poppet 31 o seat 32 opening;

A2 Is the area 64b of the compensator control piston 64 exposed to
pressure P2 (which is equal to A1 in this example); and

F is the force of springs 61.

[0041] This arrangement of the pressure compensator spool 58 and smaller
diameter pressure compensator control piston 64 acting as a unit allows for a
lower spring force (hence a small spring) with the use of the larger spool 58
(which is required to handle a higher flow rate). This helps to reduce the size of
the valve 4, particularly when the valve 4 is a cartridge valve with limited space
availability. This enables the valve 4 to provide a main valve 5 and an integral
pressure compensator 8 that are in coaxial alignment in an integral cartridge
valve, while accommodating high pressures drops across the main valve 5 and
high flow rates with a relatively small spring force. While any pressures and
sizes of the valve 4 may be selected, the compensator spool 58 diameter may be
selected to allow maximum flow to pass through the spool chamber with
minimum pressure losses. In other words, the diameter of the spool 58 may be

selected to be as large as the size of the valve 4 allows.
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[0042] The illustrated embodiment shown in Figures 1-4 provides a
compensator unit 8 that includes the compensator spool 58 that is pressure
balanced and a separate unbalanced compensator control piston 64 of smaller
diameter to sense the pressure differential. The diameter of the compensator
control piston 64 can be as small as desired (that is, the areas A1 and A2
described above can be as small as desired) so that a relatively smaller spring
will accommodate a relatively larger differential pressure according to the above
described formulae. Also, while conventional pressure compensatiorl spools
may allow some amount of leakage flow unless they are provided with a resilient
seal (which may provide an undesirable hysteresis effect), the compensator
spool and control piston illustrated in the drawings preclude any substantial flow
around the compensator members and minimize or substantially eliminate load
drift. Further, the separate piece compensator spool and compensator control
piston illustrated in the drawings minimize concentricity issues during
manufacture. In the illustrated embodiment of Figures 1-4, more than one spring
Is used for the force F (two concentric springs 61 are used). This use of
concentric springs can further reduce the size of the springs needed to provide
the desired large pressure drop across the poppet 31 and seat 32 to provide the

desired large flow rates.
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[0043] Referring now to Figure 5, the valve 4 is illustrated in a hydraulic circuit
which may, for example, be a circuit of a lift mechanism used to lift a load 75 of a
mobile truck (not shown) such as a fork lift truck. A hydraulic pump 76 supplies
hydraulic fluid under pressure to a hydraulic cylinder or other hydraulic motor 77
to lift the load 75. When a control valve 78 connects the pump 76 to drain or tank
79, a logic check valve 80 closes and fluid from the cylinder 77 is directed fo the
valve 4. If the load 75 is to be held substantially stationary, no electrical power is
provided to the solenoid coil 53. The valve 4 then is in its normmally closed
position illustrated in Figures 1-4 and described above, and the pressure
compensator spool 58 and control piston 64 substantially eliminate or reduce
substantially to zero leakage flow from cylinder 77 to drain 79 to substantially
eliminate drift of the load 75. When the load 75 is to be lowered, electricai
current is provided to the solenoid coil 53 to begin to move poppet 31 away from
seat 32 by a distance that is proportional to the applied current. The pressure
compensator spool 58 and pressure compensator control piston 64 during this
mode of operation maintain a constant pressure drop across the poppet 31 and
seat 32, so that flow through the valve 4 is proportional to the opening between
the poppet 31 and seat 32 and proportional to the electrical current supplied to
the solenoid coil 53. In this manner, the lowering speed of the load 75 is
controlled by and is proportional to the current supplied to the solenoid coil 53,

substantially independently of the weight of the load 75
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[0044] Referring now to Figure 6, a hydraulic schematic circuit diagram is
shown in which multiple valves 4a-4d are used to control fluid flow into and out of
both sides of the hydraulic motor 77. The hydraulic motor 77 may, for example,
be any type of linear or rotary hydraulic actuator, and is a hydraulic cylinder in the
Figure 6 illustrated schematic. The valves 4a-4d are substantially identical to the
valve 4 described above. When fluid is to be supplied to the piston side of the
motor 77 (that is, the left side as viewed in Figure 5) from the pump 76, electrical
current is applied fo the solenoid coil 53 of valve 4a and fluid at a flow rate
determined by valve 4a flows through logic check valve 80a to the piston side of
the motor 77. Fluid flow returning to tank 79 from the rod side of the motor 77
(that is, the right side of motor 77) is controlled by valve 4d. Valves 4b and 4¢
during this mode of operation remain in their normally closed positions, with no
electrical current supplied to their solenoid coils. When the direction of travel of
the hydraulic motor 77 is to be reversed, electrical current is supplied only to
valves 4c and 4b, and valves 4a and 4d remain in their normally closed positions.
Fluid from pump 76 in this mode of operation flows through valve 4¢ and logic
check valve 80b to the rod side of hydraulic motor 77, and fluid from the piston

side of the hydraulic motor 77 flows through valve 4b to drain 79.

[0045] Referring now to Figure 7, a preferred embodiment of a normally

opened valve 104, constructed in accordance with the present invention, is
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illustrated. Figure 7 illustrates the valve 104 with inlet pressure applied in the at
rest operating position. Components illustrated in Figure 7 that are similar in
structure or function to components illustrated in Figures 1-4 and described
above are indicated with the same reference numbers applied to Figures 1-4, but
with the number 100 added. The embodiment illustrated in Figure 7 differs from
that illustrated in Figures 1-4 in that the Figure 1-4 embodiment is a normally
closed valve while the Figure 7 embodiment is a normally opened valve. The
terms nomally closed and normally opened refer to the configuration of the
poppets 31, 131 relative to their respective seats 32, 132 when inlet pressure is
applied but no electrical power is applied to move the pilot 36. 136. The fluid
control valve 105, pilot operator 106, solenoid operator 107 and pressure
compensator 108 illustrated in the Figure 7 embodiment operate in a similar
manner to their corresponding components illustrated in the Figure 1-4
embodiment, except as described below or as apparent to one of ordinary skill in

the art.

[0048] When the valve 104 is in the at rest normally opened position
illustrated in Figures 7 and 8, inlet pressure is applied to inlet passages 112.
Inlet pressure acting against the bottom of poppet 131 holds the poppet 131 in its
opened position relative to its seat 132. Spring 139 maintains the pilot 136 in an

opened position relative to its pilot seat 137, to reduce the pressure on the top
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side of the poppet 131 that is communicated through passage 133. In this
position, no electrical power is applied to the solenoid actuator 107 and the valve
104 is in its normally opened position. When electrical power is applied to
solenoid actuator 107, armature 144 begins to move down to close air gap 145.
This downward movement of armature 144 pushes rod 148 downward to close
pilot 136 relative to its seat 137. Pressure on the top of poppet 131 increases,
resulting in movement of the poppet 131 downward toward its seat 132 to close
the distance between poppet 131 and seat 132 in proportion to the electrical
current applied fo solenoid actuator 107. The valve 104 may be used in a

manifold such as manifold 17 illustrated in Figure 3.

[0047] As described above, one aspect of the invention uses a normally
closed or normally opened pilot operated electro-proportional poppet valve 4 or
104 and combines that with a unique pressure compensator that provides low
leakage when the pilot operated. poppet 31, 131 is in the closed position. This is
combined into a single cartridge valve 4, 104. The proportional poppet valves
currently on the market that are known to the inventor do not include integral;
pressure compensation. The compensator 8, 108 is made up of two elements
rather than the normal single spool. The first element is the spool 58, 158 which
is used in the regulation mode to maintain a constant pressure drop across the

pilot operated poppet 31, 131 and seat 32, 132. The spool 58, 158 at rest
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position has the metering passage 13, 113 closed. The spool 58, 158 moves to
open the cross drilled holes 13, 113 in the sleeve 14, 114 in order to maintain the
flow rate. The position of the spool 58, 158 in relation to the holes13, 113 is
proportional to the differential of the valve inlet 12, 112 to outlet 13, 113 pressure.
The second element is the piston 64, 164. The piston 64, 164 is used to sense
the pressure downstream of the poppet 31, 131 and at the inlet to the valve
before the poppet 31, 131. One unique feature of the spool/piston combination is
that the smaller piston 64, 164 diameter allows the spring 61, 161 to remain
smaller than the larger spool 58, 158 needed to pass the higher flow rates. That
allows for a more compact design. An additional feature of the piston 64, 164 is
that one end of the piston exposed to the inlet pressure acting on the piston
pushes the piston poppet end against a seat 67, 167 built into the sleeve 14, 114.
The seat design provides for low leakage and would allow the valve to hold a

load in position over a longer period of time than a spool valve.

[0048] Presently preferred embodiments of the invention are shown and
described in detail above. The invention is not, however, limited to these specific
embodiments. Various changes and modifications can be made to this invention
without departing from its teachings, and the scope of this invention is defined by
the claims set out below. Also, while the terms first and second, one and

another, left and right, are used fo more clearly describe the structure and
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operation of the illustrated embodiments, it should be understood these terms are
used for purposes of clarity and may be interchanged as appropriate. Also, the
terms open or opened and close or closed may include partially or fully opened
or closed, according to the context. Further, separate components illustrated in
the drawings may be combined into a single component, and single components

may be provided as multiple parts
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CLAIMS
What is claimed is:
1. A pressure compensator (4) for controlling a pressure differential across a

valve area (31, 32; 131, 132), the pressure compensator comprising a
longitudinally movable compensator spool (58, 158) and a longitudinally movable
compensator control piston (64, 164), the compensator spool defining a variable
fluid flow orifice (58, 13; 158, 113) having a fluid flow area determined by the
position of the compensator spool, and the compensator control piston acting
against the compensator spool to move the compensator spool and change the
position of the compensator spool to control the pressure differential across the

valve area.

2. A pressure compensator as set forth in claim 1, wherein the compensator
spool is pressure balanced and the compensator control piston is pressure

unbalanced.

3. A pressure compensator as set forth in claim 1, wherein the compensator
control piston has a first lateral cross sectional area (64a, 164a) exposed to fluid

pressure on one side of the valve area and an oppositely facing second lateral
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cross sectional area (64b, 164b) exposed to fluid pressure on another side of the

valve area.

4, A pressure compensator as set forth in claim 3, wherein the first and
second lateral cross sectional areas of the compensator control piston are

substantially equal.

5. A pressure compensator as set forth in claim 4, wherein the compensator
spool has first and second oppositely facing lateral cross sectional areas (58a,
58b; 158a, 158b) exposed to fluid pressure on one side of the valve area, and
the first and second lateral cross sectional areas of the compensator spool are

substantially equal.

6. A pressure compensator as set forth in claim 5, wherein the first and
second lateral cross sectional areas of the compensator control piston are each
smaller than each of the first and second lateral cross sectional areas of the

compensator spool.

7. A pressure compensator as set forth in claim 1, wherein the compensator
spool and the compensator control piston each has oppositely facing equal size

lateral cross sectional areas (58a, 58b; 158a, 158b; 64a, 64b; 164a, 164b), and
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the lateral cross sectional areas of the compensator piston are smaller than the

lateral cross sectional areas of the compensator spool.

8. A pressure compensator as set forth in claim 7, wherein the compensator
control piston acts against the compensator spool in one longitudinal direction,
the compensator further includes a spring (61, 161), and the spring acts against
the compensator spool or the compensator control piston in a longitudinal

direction opposite the one direction.

9. A pressure compensator as set forth in claim 8, wherein the compensator
spool has oppositely facing lateral cross sectional areas 58a, 58b; 158a, 158b)
exposed to fluid pressure from one side of the valve area, the compensator
control piston has oppositely facing lateral cross sectional areas (64a, 64b; 164a,
164b) with one of its areas exposed to fluid pressure from the one side of the
valve area and with the other of its areas exposed to fluid pressure from the other

side of the valve area.

10. A pressure compensator as set forth in any of preceding claims 1-9,
wherein the compensator control piston includes a valve surface (66, 166) that
substantially fully closes leakage fluid flow around the compensator control piston

between the oppositely facing lateral cross section areas of the compensator
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control piston when the compensator control piston is moved in one longitudinal

direction.

11. A pressure compensator as set forth in claim 1, wherein the valve area is
defined by a valve poppet (31, 131) and a valve seat (32, 132), the compensator
control piston acts against the compensator spool in one longitudinal direction,
the compensator includes a spring, the spring acts against the compensator
spool in a longitudinal direction opposite the one direction, the compensator
spool lateral cross sectional area includes oppositely facing substantially equal
lateral cross sectional areas exposed to substantially equal fluid pressure from
one side of the valve area, the compensator control piston lateral cross sectional
area includes substantially equal oppositely facing lateral cross sectional areas
with one of its areas exposed to fluid pressure from the one side of the valve
area and with the other of its areas exposed to fluid pressure from the other side
of the valve area, the compensator control piston includes a valve surface that
substantially fully closes fluid leakage between the oppositely facing lateral cross
section areas of the compensator control piston when the compensator control

piston is moved in one longitudinal direction.

12. A pressure compensator as set forth in claim 11, wherein the one side of
the valve area is the upstream side of the valve area and the other side of the

valve area is the downstream side of the valve area.
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13. A pressure compensator as set forth in claim 12, wherein the compensator
spool and the compensator control piston are coaxially disposed in a stepped
bore (67, 167), the stepped bore has a larger diameter portion in which the
compensator spool is disposed and a smaller diameter portion in which the

compensator control piston is disposed.

14. A pressure compensator as set forth in claim 13, wherein the spring urges

the compensator spool against the compensator control piston.

15. A pressure compensator as set forth in claim 14, wherein the spring is
disposed in the stepped bore on the side of the compensator spool opposite the
compensator control piston, a pin 59, 159) extends laterally into the bore, and the

spring acts between the pin and the compensator spool.

16. A pressure compensator as set forth in any of preceding claims 11-15,
including a valve cartridge cage (14, 114), the valve area and the compensator
being integral and being disposed in the valve cartridge cage, the valve cartridge
cage having an inlet (12, 112) and an outlet (13, 113) and an intermediate
chamber (59, 159) between the inlet and the outlet, the valve area opening and
closing fluid pressure communication between the inlet and the intermediate
chamber, the compensator spool opening and closing fluid pressure

communication between the intermediate chamber and the outlet, and the
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compensator maintaining a substantially constant pressure differential between

the inlet and the intermediate chamber.

17. A pressure compensator as set forth in claim 16, wherein the force of the
spring acting against the compensator spool is equal to the difference between
the force created by the intermediate chamber pressure against the one lateral
cross sectional area (64a, 164a) of the compensator control piston and the force
created by the inlet pressure acting against the other lateral cross sectional area

{64b, 164b) of the compensator control piston.

18. A pressure compensator as set forth in any of preceding claims 11-15,

including a pilot operator (7, 107) operatively connected to the valve poppet.

19. A pressure compensator as set forth in any of preceding claims 11-15,
including a pilot operator operatively connected to the valve poppet and an
electrical solenoid armature (44, 144) operatively connected to the pilot operator,
whereby the position of the valve poppet relative to the valve seat is proportional
to electrical power supplied to the solenoid operator, and the pressure differential
between the inlet and the intermediate chamber across the valve area is

substantially constant.
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20. A pressure compensator as set forth in any of preceding claims 1-9,
wherein the compensator spool is selectively operable to proportionally open and
close a metering passage (58, 13; 158, 113) through a housing sleeve, the
position of the compensator spool in blocking the metering passage is
proportional to the inlet to outlet pressure differential, the compensator control
piston is operable to sense the pressure differential across the valve area, the
compensator control piston having one end exposed o inlet pressure, and inlet
pressure acting on the compensator control piston forcing a compensator control

piston surface to sealingly engage a compensator control piston seat.

21. A pressure compensator as set forth in claim 20, wherein the compensator

control piston includes a conical sealing surface (66, 166).

22. A pressure compensator as set forth in any of preceding claims 1-9,
wherein the compensator control piston lateral cross sectional area includes one
lateral cross sectional area exposed to fluid pressure upstream of the valve area
and another lateral cross sectional area exposed to fluid pressure downstream of
the valve area, a leakage flow path between the upstream and downstream
lateral cross sectional areas is defined by the compensator control piston, and
the compensator control piston includes a valve that substantially closes the

leakage flow path when the compensator control piston is in a position that
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moves the compensator spool to substantially close its variable fluid flow orifice

when the valve area is in a substantially closed position.

23. A pressure compensator for controlling a pressure differential across a
valve area, the valve area having an upstream side and a downstream side, the
pressure compensator including a generally cylindrical member (58 or 64; 158 or
164) having one lateral cross sectional area exposed to fluid pressure from the
upstream side of the valve area and another lateral cross sectional area exposed
to fluid pressure from the downstream side of the valve area, a leakage flow path
between the upstream and downstream lateral cross sectional areas defined by
an exterior surface of the member, and the member including a valve (66, 166)
that substantially closes the leakage flow path when the valve area is in a

substantially closed position.

24. A pressure compensator as set forth in claim 23, including a housing (14)
having a bore (67)), the member is disposed in the bore, and the leakage flow

path is defined between the bore and the member.

25. A pressure compensator as set forth in any of preceding claims 23 and 24,
including a compensator spool having a variable fluid flow orifice with a fluid flow
area determined by the position of the compensator spool, the member is a

control piston, the control piston acts against the compensator spool to move the
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