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FIG 1

(57) Abstract: A steering system (10) includes a fluid motor (18)
and a steering unit (16). The steering unit (16) is in tluid commu-
nication with the fluid motor (18). The steering unit (16) includes
a tluid meter (36) adapted to meter fluid to the tluid motor (18) in
response to actuation of the steering unit (16). A valve housing
(40) is in fluid communication with the fluid meter (36). The
valve housing (40) detines a valve bore (50). A valve assembly
(56) is disposed in the valve bore (50). The valve assembly (56)
defines a primary fluid path (124) to the fluid meter (36) and to
the fluid motor (18) from the fluid meter (36). The valve assembly
(56) further detines a secondary fluid path (126) to the fluid mo-
tor (18) that bypasses the fluid meter (36). An amount of fluid
through the secondary fluid path (126) is based on volumetric ef-
ficiency of the fluid motor (18).
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STEERING SYSTEM WITH DYNAMIC SLIP REDUCTION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/347,326, filed on May 21, 2010, the disclosure of which is hereby

incorporated by reference.

TECHNICAL FIELD
[0002]  The present invention generally relates to a steering system configured for

attachment to a steering wheel.

BACKGROUND

[0003] Steering systems for vehicles allow the operator to turn the vehicle by
turning a steering wheel or similar component which turns the wheels of the vehicle.
Power steering systems assist the driver in steering the motor vehicle by providing

additional force to the steering motion at the wheels.

SUMMARY

[0004] A steering system is configured for attachment to a steering wheel. The
steering system includes a fluid motor and a steering unit. The steering unit is
configured for receiving and expelling fluid. The steering unit is in fluid
communication with the fluid motor and includes a fluid meter, a valve housing, and a
valve assembly. The fluid meter is configured to meter fluid to the fluid motor in
response to actuation of the steering unit. The valve housing is in fluid
communication with the fluid meter. The valve housing defines a valve bore. The
valve assembly is disposed in the valve bore and is configured for receiving an input
from the steering wheel. The valve assembly is moveable between a first open
position and a second open position. The valve assembly defines a first variable
orifice, a second variable orifice, a third variable orifice, and a fourth variable orifice
on a primary fluid path to the fluid meter and to the fluid motor from the fluid meter
when the valve assembly is in the second open position. The valve assembly further
defines the first variable orifice, the fourth variable orifice, and a bypass orifice on a

secondary fluid path to the fluid motor when the valve assembly is in the first open
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position that bypasses the fluid meter. The bypass orifice is only open to allow fluid
to flow therethrough when the valve assembly is in the first open position. Fluid
flows through the secondary fluid path in response to input from the steering wheel,
as a function of a volumetric inefficiency of the fluid motor.

[0005] A steering unit is configured for attachment to a steering wheel and is
configured to be in fluid communication with a fluid motor. The steering unit
includes a fluid meter, a valve housing, and a valve assembly. The fluid meter is
configured to meter fluid to the fluid motor in response to actuation of the steering
unit. The valve housing is in fluid communication with the fluid meter. The valve
housing defines a valve bore. The valve assembly is disposed in the valve bore and is
configured for receiving an input from the steering wheel. The valve assembly
defines a primary fluid path to the fluid meter and to the fluid motor from the fluid
meter. The valve assembly further defines a secondary fluid path to the fluid motor
that bypasses the fluid meter. The valve assembly includes a sleeve and a spool. The
sleeve includes an inner surface opposing an outer surface. The inner surface defines
a bore that extends along a central longitudinal axis. The sleeve defines a bypass
opening. The spool is disposed in the bore of the sleeve and is configured to be
rotationally displaced relative to the sleeve, about the central longitudinal axis, to
move between a closed position, a first open position, and a second open position in
response to input from the steering wheel. The spool defines an inlet slot and a
bypass passage. The spool cooperates with the sleeve to define a first and a fourth
variable orifice when the spool is in the first open position. The bypass opening of
the sleeve overlaps with the inlet slot and the bypass passage to define a bypass
orifice located on the secondary fluid path when the spool is in the first open position
such that fluid flows through the secondary fluid path to the fluid motor, via the first
variable orifice, the fourth variable orifice, and the bypass orifice as a function of a
volumetric inefficiency of the fluid motor. The bypass orifice is operatively disposed
downstream of the first variable orifice and is operatively disposed upstream of the
fourth variable orifice such that fluid is prevented from being communicated to the
fluid motor prior to input from the steering wheel. Fluid is prevented from flowing
through the secondary fluid path to the fluid motor when the spool is not in the first

open position.
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[0006] A steering system is configured for attachment to a steering wheel. The
steering system includes a fluid motor and a steering unit. The steering unit is
configured for receiving and expelling fluid. The steering unit is in fluid
communication with the fluid motor. The steering unit includes a fluid meter, a valve
housing, and a valve assembly. The fluid meter is configured to meter fluid to the
fluid motor in response to actuation of the steering unit. The valve housing is in fluid
communication with the fluid meter. The valve housing defines a valve bore. The
valve assembly is disposed in the valve bore and defines first, second, third, and
fourth variable orifices. The valve assembly further defining a bypass orifice. The
valve assembly defines a primary fluid path and a secondary fluid path and is movable
in response to input from the steering wheel between a closed position, a first open
position, and a second open position. The fluid meter and the second and third
variable orifices are disposed on the primary fluid path, between the first and fourth
variable orifices. The bypass orifice is disposed on the secondary fluid path, between
the first and fourth variable orifices. Fluid flows through the bypass orifice, via the
secondary fluid path to the fluid motor, when the valve assembly is in the first open
position. Fluid flows through the second variable orifice, the fluid meter, and the
third variable orifice, via the primary fluid path to the fluid motor, when the valve
assembly is in the second open position. The bypass orifice is only open to allow
fluid to flow therethrough when the valve assembly is in the first open position, as a
function of a volumetric inefficiency of the fluid motor.

[0007]  The above features and advantages and other features and advantages of
the present invention are readily apparent from the following detailed description of
the best modes for carrying out the invention when taken in connection with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]  Figure 1 is a schematic representation of a steering system in accordance
with the principles of the present disclosure;

[0009] Figure 2 is an isometric view of a steering unit suitable for use in the
steering system of Figure 1;

[0010]  Figure 3 is a cross-sectional view of the steering unit of Figure 2, taken

along line 3-3;
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[0011] Figure 4 is view of a fluid meter suitable for use with the steering unit of
Figure 2, taken along line 4-4;

[0012]  Figure 5 is an isometric view of a valve assembly suitable for use with the
steering unit of Figure 2;

[0013] Figure 6 is an exploded isometric view of the valve assembly of Figure 5;
[0014] Figure 7 is a layout view of a sleeve of the valve assembly of Figure 5;
[0015]  Figure 8 is a layout view of a spool of the valve assembly of Figure 5;
[0016]  Figure 9 is a flow diagram of the steering unit of Figure 2, showing
various orifices;

[0017]  Figure 10 is an overlay view of the valve assembly of Figure 5, shown in a
neutral position;

[0018]  Figure 11 is an overlay view of the valve assembly of Figure 5, shown
displaced from the neutral position, in a first open position; and

[0019]  Figure 12 is an overlay view of the valve assembly of Figure 5 shown

further displaced from the neutral position, in a second open position.

DETAILED DESCRIPTION

[0020] Referring to the Figures, wherein like reference numerals refer to like
elements, a steering system is shown at 10 in Figure 1. The steering system 10 is a
hydrostatic steering system that is adapted, i.e., configured, for use on off-highway
vehicles (e.g., skid steers, combines, backhoes, etc.). The steering system 10 includes
a fluid pump 12 in fluid communication with a fluid reservoir 14 and a steering unit
16 in fluid communication with the fluid pump 12 and a fluid motor 18.

[0021]  In the depicted embodiment, a priority valve 20 is disposed between the
fluid pump 12 and the steering unit 16. The priority valve 20 is adapted to apportion
fluid between a first circuit 22, including the steering unit 16 and the fluid motor 18,
and a second circuit 24.

[0022] The steering unit 16 includes a fluid inlet 26, a fluid outlet 28, a first
control port 30 and a second control port 32. The fluid inlet 26 is in fluid
communication with the fluid pump 12, while the fluid outlet 28 is in fluid
communication with the fluid reservoir 14. The first and second control ports 30, 32

are in fluid communication with the fluid motor 18.
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[0023]  In the depicted embodiment, the fluid motor 18 is a rotary device. It will
be understood, however, that the scope of the present disclosure is not limited to the
fluid motor being a rotary device as it could be a linear device. The fluid motor 18 is
adapted to steer wheels of a vehicle (not shown) in response to fluid provided by the
steering unit 16 at a given metered rate that corresponds to the magnitude of rotation
of a steering wheel W. In conventional steering systems, volumetric inefficiencies in
the fluid motor 18 affect the responsiveness of the fluid motor 18 at low fluid metered
rates from a conventional steering unit. These volumetric inefficiencies may be
caused by leakage from within the fluid motor 18. The term “slip” or “dynamic slip”
is used to describe a condition where a steering device (e.g., steering wheel, joystick,
etc.) 1s actuated but the fluid motor 18 does not move in response to the actuation of
the steering device. This lack of movement results when the fluid motor 18 does not
receive an adequate supply of fluid upon initial actuation of the steering device. The
volumetric inefficiencies are a result of the structure of the fluid motor 18 and, under
such conditions when the relatively small fluid flow is sent from the steering unit 16
to the fluid motor 18, the fluid is allowed to leak through the fluid motor 18 without
causing the desired rotary motion in the fluid motor 18.

[0024]  Referring now to Figures 2 and 3, the steering unit 16 is shown. The
steering unit 16 is adapted to reduce or eliminate the effect of the volumetric
inefficiencies of the fluid motor 18. In the depicted embodiment, the steering unit 16
includes an end plate 34, a fluid meter 36, a port plate 38, and a valve housing 40. A
plurality of fasteners 42 (e.g., bolts, etc.) engage and retain the end plate 34, the fluid
meter 36, the port plate 38, and the valve housing 40 together.

[0025]  Referring now to Figure 4, the fluid meter 36 is a gerotor-type fluid meter.
The fluid meter 36 includes an internally toothed ring 44 and an externally toothed
star 46. The internally toothed ring 44 includes a plurality of internal teeth 45 which
are circumferentially disposed. The externally toothed star 46 includes a plurality of
external teeth 47, which are circumferentially disposed about the star 46. The
internally toothed ring 44 and the externally toothed star 46 cooperatively define a
plurality of expanding and contracting volume chambers 48. The number of volume
chambers 48 is equal to the number of teeth disposed externally on the star 46 plus at

least one. The teeth 47 of the star 46 are adapted to mesh with the teeth 45 of the ring
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44 such that the star 46 rotates and orbits within the ring 44, causing the
corresponding volume chambers 48 to continuously expand and contract.

[0026]  Referring now to Figures 2 and 3, the valve housing 40 defines the fluid
inlet 26, the fluid outlet 28 and the first and second control ports 30, 32. The valve
housing 40 further defines a valve bore 50. The valve bore 50 includes a central
longitudinal axis 52.

[0027] Referring specifically to Figure 3, the valve housing 40 further defines a
plurality of annular grooves 54a, 54b, 54c¢, 54d that are in fluid communication with
the valve bore 50. More specifically, the grooves 54a-54d include a first groove S4a,
a second groove 54b, a third groove 54c, and a fourth groove 54d. The first groove
54a s in fluid communication with the fluid inlet 26. The second groove 54b is in
fluid communication with the fluid outlet 28. The third groove 54c is in fluid
communication with the first control port 30 while the fourth groove 54d is in fluid
communication with the second control port 32,

[0028] A valve assembly 56 is disposed in the valve bore 50 of the housing 40 of
the steering unit 16 so that the valve assembly 56 is selectively rotatable in the valve
bore 50. In the depicted embodiment, the valve assembly 56 includes a sleeve 58 and
a spool 60. The sleeve 58 is adapted to rotate about the central longitudinal axis 52 of
the valve bore 50. The sleeve 58 includes a first end 62 and an oppositely disposed
second end 64. The sleeve 58 defines a bore 66 that extends through the first and
second ends 62, 64.

[0029]  The spool 60 is disposed in the bore 66 of the sleeve 58. The spool 60 is
adapted to rotate in the bore 66 of the sleeve 58, about the longitudinal axis 52. In the
depicted embodiment, the spool 60 includes a first end 68 and a second end 69. The
first end 68 of the spool 60 has a reduced diameter and defines a set of internal splines
70 that provide a mechanical interface between the spool 60 and a stecring wheel W
(shown schematically in Figure 1).

[0030] A main drive 72 is disposed within the spool 60 and mechanically couples
the sleeve 58 of the valve assembly 56 to the star 46 of the fluid meter 36. In the
depicted embodiment, the main drive 72 includes a first end 74 that includes a
plurality of external splines 76 and an oppositely disposed second end 78. The
external splines 76 of the first end 74 of the main drive 72 are engaged in meshing

relationship with internal splines 80 of the star 46. The second end 78 of the main
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drive 74 may be bifurcated. The main drive 72 is connected to the sleeve 58 at the
second end. More specifically, a pin 82 passes through a pair of circumferentially
elongated pin openings 83 defined in the spool 60 and a pair of pin holes &1 defined
in the sleeve 58. The circumferentially elongated pin openings 83 have a first
diameter D1 and the pin holes 81 have a second diameter D2, which is less than the
first diameter. The second diameter D2 pin holes 81 are sized to be small enough
such that the pin 82 is retained to the sleeve 58 with limited free movement, i.¢., a
tightly controlled clearance fit. The first diameter D1 of the pin openings &3 is larger
than a diameter of the pin 82. Therefore, the difference between the diameter of the
pin 82 and the first diameter D1 of the pin openings 83 allows the spool 60 to be
rotationally displaced from the sleeve 58.

[0031] In operation, as the steering wheel W is turned, the spool 60 is rotationally
displaced from the sleeve 58. This rotational displacement causes pressurized fluid
from the fluid pump 12 to flow through the valve assembly 56, and into an expanding
volume chamber 48 of the fluid meter 36. As the pressurized fluid enters the
expanding volume chamber 48 of the fluid meter 36, the star 46 orbits and rotates
about a central axis 84 (shown as a “+” in Figure 4) of the ring 44. The orbital and
rotational movement of the star 46 about the central axis 84 of the ring 44 causes the
expanding volume chambers 48 to eventually become contracting volume chambers
48, where the pressurized fluid is expelled from the contracting volume chambers 46
of the fluid meter 36. The expelled pressurized fluid then flows through the valve
assembly 54 to the fluid motor 18. The volume or quantity of the pressurized fluid
flowing through the fluid meter 36 is metered or otherwise limited by the summation
of volumes of the expanding volume chamber 48.

[0032]  The engagement between the second end 78 of the main drive 72, the pin
82, and the sleeve 58 and the orbital and rotational movement of the star 46 within the
ring 44 causes the sleeve 58 to rotate within the valve bore 50 of the valve housing 40.
This rotation of the sleeve 58 in the valve bore 50 allows the sleeve 58 to “follow” the
rotation of the spool 60, which maintains an appropriate relative rotational
displacement between the spool 60 and the sleeve 58. The degree of displacement
between the spool 60 and the sleeve 58 corresponds to a rate of rotation of the steering
wheel W. For example, at a given rotation rate of the steering wheel W, the spool 60

is rotationally displaced from the sleeve 58 allowing fluid to flow to the fluid motor
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18 at a first metered rate. If the rotation rate of the steering wheel W is increased, the
rotational displacement of the spool 60 and the sleeve 38 is also increased, allowing
fluid to flow to the fluid motor 18 at a second metered rate, where the second metered
rate is higher than the first metered rate.

[0033] Referring again to Figure 1, in the subject embodiment, the steering unit
16 further includes a plurality of leaf springs 86 or other biasing devices. The leaf
springs 86 act on the sleeve 58 to bias the sleeve 58 toward a neutral position N,
relative to the spool 60.

[0034] Referring now to Figures 3, 5, and 6, the valve assembly 56 is shown. The
sleeve 58 of the valve assembly 56 includes an inner surface 90 and an outer surface
92, opposing the inner surface 90. The inner surface 90 is adapted to interface with
the spool 60 while the outer surface 92 is adapted to interface with the valve bore 50
of the valve housing 40.

[0035]  Referring now to Figures 5-7, the sleeve 58 defings an inlet groove 94 and
an outlet groove 96. In the depicted embodiment, the inlet groove 94 is axially
disposed on the sleeve 58 at a location that is adjacent to the second end 64 of the
sleeve 58. The outlet groove 96 is axially disposed on the sleeve 58 at a location that
is adjacent to the first end 62 of the sleeve 58.

[0036] The inlet and outlet grooves 94, 96 extend circumferentially around the
sleeve 58 to form annular grooves. The inlet groove 94 is adapted for fluid
communication with the first groove 54a in the valve housing 40. The outlet groove
96 1s adapted for fluid communication with the second groove 54b in the valve
housing 40.

[0037]  The sleeve 58 defines a plurality of inlet openings 98 disposed in the inlet
groove 94. The inlet openings 98 extend through the inner and outer surfaces 90, 92.
In the depicted embodiment, there are twelve inlet openings 98, symmetrically
disposed about the sleeve 58.

[0038]  The sleeve 58 further defines a first plurality of control openings 100 and a
second plurality of control openings 102. The first plurality of control openings 100
are axially disposed on the sleeve 58 at a location that is between the inlet and outlet
grooves 94, 96 of the sleeve 58. The first plurality of control openings 100 are in
fluid communication with the third groove 54c of the valve housing 40. In the

depicted embodiment, there are six control openings 100.
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[0039]  The second plurality of control openings 102 are axially disposed on the
sleeve 58 at a location that is between the first plurality of control openings 100 and
the inlet groove 94. The second plurality of control openings 102 are
circumferentially offset from the first plurality of control openings 100. The second
plurality of control openings 102 are in fluid communication with the fourth groove
54d of the valve housing 40.

[0040]  The sleeve 58 further defines a plurality of meter ports 104a, 104b. The
meter ports 104a, 104b of the sleeve 58 are adapted for fluid communication with a
plurality of radial bores 106 defined in the valve housing 40. In the depicted
embodiment, there is one radial bore 106 in the valve housing 40 per each volume
chamber 48 of the fluid meter 36. Each radial bore 106 in the valve housing 40 is in
fluid communication with one of the volume chambers 48 of the fluid meter 36. The
plurality of meter ports 104a, 104b are axially disposed on the sleeve 58 at a location
that is between the inlet groove 94 and the second plurality of control openings 102.
[0041]  The sleeve 58 further defines a first bypass opening 108a and a second
bypass opening 108b. The first and second bypass openings 108a, 108b are axially
disposed on the sleeve 58 at a location that is between the second plurality of control
openings 102 and the plurality of meter ports 104a, 104b. In the depicted
embodiment, there are only two bypass openings 108a, 108b. The first and second
bypass openings 108a, 108b will be described in greater detail subsequently.

[0042]  Referring now to Figures 3, 5, and 8, the spool 60 will be described. The
spool 60 includes an exterior surface 110. The exterior surface 110 of the spool 60
defines a first annular groove 112 and a second annular groove 114. The first annular
groove 112 is axially disposed on the spool 60 at a location that is adjacent to the
second end 69 of the spool 60. The second annular groove 114 is axially disposed on
the spool 60 at a location that is between the first end 68 of the spool 60 and the first
annular groove 112,

[0043]  The spool 60 further defines a plurality of inlet slots 116 that are in fluid
communication with the first annular groove 112. The inlet slots 116 extend
outwardly from the first annular groove 112 in an axial direction toward the first end
68 of the spool 60. The plurality of inlet slots 116 are in fluid communication with
the plurality of inlet openings 98 of the sleeve 58 when the spool 60 is rotationally

displaced from the sleeve 58.
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[0044]  The spool 60 further defines a plurality of first control slots 118 that are in
fluid communication with the second annular groove 114. The plurality of first
control slots 118 extend axially along a portion of the spool 60 and are adapted to
provide fluid communication between the second meter ports 104b of the sleeve 58
and the first and second plurality of control openings 100, 102 when the spool 60 is
rotationally displaced from the sleeve 58. When the spool 60 is rotationally displaced
from the sleeve 58 in a first direction (e.g., a clockwise direction), the plurality of first
control slots 118 provide fluid communication between the second meter ports 104b
and the second plurality of control openings 102 in the sleeve 58. When the spool 60
is rotationally displaced from the sleeve 58 in a second direction (e.g., a
counterclockwise direction), the plurality of first control slots 118 provides fluid
communication between the second meter ports 104b and the first plurality of control
openings 100 in the sleeve 58.

[0045]  The spool 60 defines a plurality of second control slots 120. The second
control slots 120 extend axially along a portion of the spool 60 and are adapted to
provide fluid communication between the first and second pluralities of control
openings 100, 102 of the sleeve 58 and the second groove 54b of the valve housing 40
when the first or second plurality of control openings 100, 102 are radially aligned
with the second control slots 120. The first and second control slots 118, 120 are
alternately disposed about the sleeve 58.

[0046]  The spool 60 further defines a first bypass passage 122a and a second
bypass passage 122b. The first and second bypass passages 122a, 122b are in fluid
communication with the second annular groove 114. Each of the first and second
bypass passages 122a, 122b extend outwardly from the second annular groove 114 in
an axial direction toward the second end 69 of the spool 60. The first and second
bypass passages 122a, 122b are disposed between two immediately adjacent first
control slots 118. In the depicted embodiment, a portion of one of the inlet slots 116
is disposed partly between the first and second bypass passages 122a, 122b. The first
and second bypass passages 122a, 122b will be explained in more detail below.
[0047]  Referring now to Figure 9, a primary fluid path 124 of the steering system
10 will be described. Fluid from the fluid pump 12 enters the fluid inlet 26 of the
steering unit 16. The fluid from the fluid inlet 26 is communicated to the first groove

54a in the valve housing 40. From the first groove 54a, fluid enters the inlet groove

10
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94 of the sleeve 58. Fluid from the inlet groove 94 of the sleeve 58 is communicated
to the inlet slots 116 in the spool 60 through first variable orifices Al (shown in
Figure 9) in the valve assembly 56. The first variable orifices Al are defined by the
overlap between the inlet openings 98 in the sleeve 58 and the corresponding inlet
slots 116 in the spool 60. The size of the first variable orifices Al varies based on the
amount of relative rotational displacement between the spool 60 and the sleeve 58.
More specifically, as the rotational displacement between the spool 60 and the sleeve
58 increases, the size of each of the first variable orifices A1 increases.

[0048]  Fluid flowing within the inlet slots 116 defined in the spool 60 then flows
through second variable orifices A2 (shown in Figures 1, 9, and 12) which are defined
by the overlap between the inlet slots 116 of the spool 60 and the first meter ports
104a of the sleeve 58. The size of the second variable orifices A2 varies based on the
amount of relative rotational displacement between the spool 60 and the sleeve 58.
The fluid flowing out through the first meter ports 104a are then communicated to the
corresponding volume chambers 48, which are expanding, through the corresponding
radial bores 106 defined in the valve housing 40

[0049] As the expanding volume chambers 48, containing the fluid, transforms
into the volume chambers 48, which are contracting, fluid from the contracting
volume chambers 48 is communicated to the second meter ports 104b through the
radial bores 106 in the valve housing 40. The fluid is communicated to the first
control slots 118 in the sleeve 58 through third variable orifices A3 (shown in Figures
1,9, and 12) in the valve assembly 56. The third variable orifices A3 are created by
the overlap between the second meter ports 104b defined in the sleeve 58 and the first
control slots 118 defined in the spool 60, where the overlap results from rotational
displacement of the spool 60 relative to the sleeve 58. The size of the third variable
orifices A3 varies based on the amount of relative rotational displacement between the
spool 60 and the sleeve 58

[0050]  Referring again to Figures 1, 9, and 12, the valve assembly 56 includes a
plurality of fourth variable orifices A4 which are defined by an overlap between the
first control slots 118 defined in the spool 60 and the first or second plurality of
control openings 100, 102 defined in the sleeve 58, where the overlap results from
rotational displacement of the spool 60 relative to the sleeve 58. Fluid passing

through the fourth variable orifices A4 flows through the third or fourth grooves 54c,

11
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54d, defined in the valve housing 40, and into the fluid motor 18 through the
respective first and second control ports 30, 32. The size of the fourth variable
orifices A4 varies based on the amount of relative rotational displacement between the
spool 60 and the sleeve 58

[0051] Fluid from the fluid motor 18 is communicated to the second groove 54b
defined in the valve housing 40 through a plurality of fifth variable orifices AS
defined in the valve assembly 56 (Figures 1, 9, and 12). The fifth variable orifices A5
are defined by an overlap between the first or second plurality of control openings
100, 102 defined in the sleeve 58 and the second control slots 120 defined in the spool
60, where the overlap results from rotational displacement of the spool 60 relative to
the sleeve 58. The size of the fifth variable orifices AS varies based on the amount of
relative rotational displacement between the spool 60 and the sleeve 58

[0052]  When the spool 60 is not rotationally displaced relative to the sleeve 58
(i.c., when the valve assembly 56 is in the neutral position N), the spool 60 is in a
closed position PO and the variable orifices A1-AS are blocked (best shown in Figures
1 and 10). When the spool is rotationally displaced relative to the sleeve 58, the
variable orifices A1-AS begin to open. However, as previously provided, volumetric
inefficiencies in the fluid motor 18 make the motor unresponsive to low flow rates
(i.e., small rotational displacements between the spool 60 and the sleeve 58). This
unresponsiveness of the fluid motor 18 to low flow rates means that when the steering
wheel W is rotated at low revolutions per minute, the fluid motor 18 is not actuated.
[0053]  In order to account for the volumetric inefficiencies in the fluid motor 18,
the valve assembly 56 of the steering unit 16 includes a secondary fluid path 126
(shown in Figure 9) through the steering unit 16. The secondary fluid path 126
provides a path through the valve assembly 56 through which fluid from the fluid inlet
26 is communicated to one of the first and second control ports 30, 32, while
bypassing the fluid meter 36. The secondary fluid path 126 provides an amount of
fluid, in addition to the fluid provided through the primary fluid path 124 of the valve
assembly 56, to the fluid motor 18 at low revolutions per minute of the steering wheel
W. The additional amount of fluid flowing through the secondary fluid path 126 of
the valve assembly 56 compensates for fluid that bypasses a displacement assembly
(e.g., gerotor set, piston assembly, radial piston assembly, cam-lobe assembly, vane

assembly, etc.) of the fluid motor 18 to reduce dynamic slip. As the revolutions per
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minute of the steering wheel W increase, the amount of fluid that passes through the
primary fluid path 124 of the valve assembly 56 increases. As the amount of fluid
that passes through the primary fluid path 124 increases, the effects of the volumetric
inefficiencics of the fluid motor 18 on the steering system 10 arc minimized. As a
result, the secondary fluid path 126 through the valve assembly 56 closes.

[0054]  The secondary fluid path 126 is only open at small rotational
displacements of the valve assembly 56. In one embodiment, the secondary fluid path
126 is only open when the rotational displacement of the spool 60 relative to the
sleeve 58 is less than or equal to about 5°. In another embodiment, the secondary
fluid path 126 is only active when the rotational displacement of the spool 60 relative
to the sleeve 58 is in a range of about 3° to about 5°. In another embodiment, the
secondary fluid path 126 is only active when the rotational displacement of the spool
60 relative to the sleeve 58 is in a range of about 3.7° to about 5°.

[0055] Referring now to Figures 9 and 11, the secondary fluid path 126 includes a
bypass orifice A6, hereinafter referred to as a sixth variable orifice A6, disposed
downstream of the first variable orifices A1 and upstream of the fourth variable
orifices A4. The disposition of the sixth variable orifice A6 between the first and
fourth variable orifices A1, A4 prevents fluid from being communicated to the fluid
motor 18 before actuation of the steering wheel W.

[0056]  The sixth variable orifice A6 provides a path through which fluid bypasses
the second and third variable orifices A2, A3 and therefore bypasses the fluid meter
36. The sixth variable orifice A6 provides a direct path from one of the inlet slots 116
to the first control slots 118. In the depicted embodiment, the sixth variable orifice
A6 is formed by the overlap between one of the first and second bypass openings
108a, 108b of the sleeve 58 with one of the inlet slots 116 and one of the first and
second bypass passages 122a, 122b of the spool 60. The volume of fluid which is
permitted to flow through the sixth variable orifice A6 is configured to be sufficient to
compensate to the leakage of the corresponding fluid motor 18. The volume of fluid
permitted to flow through the sixth variable orifice A6 and into the fluid motor 18
may be configured based on the size of the first and second bypass openings 108a,
108D of the sleeve 58, the size of the inlet slots 116, and/or the size of the first and
second bypass passages 122a, 122b of the spool 60. Additionally, the volume of fluid
permitted to flow through the sixth variable orifice A6 and into the fluid motor 18

13
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may be influenced by the amount of fluid permitted to through the first variable
orifice A1 and/or the fourth variable orifice A4.

[0057]  Referring to Figure 11, with the spool 60 rotationally displaced relative to
the sleeve 58 by a slight angle (e.g., between about 3° to about 5°), the spool 60 is in a
first open position P1 and the first variable orifice A1, formed between the inlet
openings 98 of the sleeve and the inlet slots 116 in the spool 60, opens. Referring to
Figure 11, the angular displacement between the spool 60 and the sleeve 58 is linearly
represented in the layout in Figure 11 as angle o. Therefore, fluid from the fluid inlet
26 1s communicated to the inlet slots 116 through the first variable orifice Al. Fluid
in the inlet grooves 116 is communicated to the first bypass passage 122a in the spool
60 through the first bypass opening 108a in the sleeve 58, which overlaps one of the
inlet grooves 116 and the first bypass passage 122a. The fluid in the fluid bypass
passage 122a in the spool is communicated to the first control slots 118 through the
second annular groove 114,

[0058]  Referring now to Figure 12, with the spool 60 further displaced relative to
the sleeve 58 (e.g., greater than about 5°), the size of the first variable orifice Al
increases so that more fluid is communicated to the inlet grooves 116 in the spool 60,
and the spool 60 moves to the second open position P2. The sixth variable orifice A6,
however, closes. While the fluid bypass opening 108a in the sleeve 58 overlaps the
fluid bypass passage 122a in the spool 60, the fluid bypass opening 108a does not
overlap the inlet groove 116. Therefore, the secondary fluid path 126 is closed.
[0059]  In one embodiment, the amount of fluid that passes through the secondary
fluid path 126 is a function of the size of the fluid bypass opening 108 and distance
between the fluid bypass passage 122 and the inlet slot 116 immediately adjacent to
the fluid bypass passage 122. Spools 60 and sleeves 58 with different sizes for the
fluid bypass opening 108 and different distances between the fluid bypass passage
122 and the inlet slot 116 can be manufactured to account for different fluid motor 18
efficiencies. In one embodiment, a given valve assembly 56 with a given size fluid
bypass opening 108 and a given distance between the fluid bypass passage 122 and
the inlet slot 116 may be used with fluid motors 18 whose efficiencies differ by less
than or equal to about 15%. In another embodiment, the given valve assembly 56
may be used with different fluid motors 18 whose efficiencies differ by less than or

equal to about 10%. In another embodiment, the given valve assembly 56 may be
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used with different fluid motors 18 whose efficiencies differ by less than or equal to
about 5%.

[0060]  Various modifications and alterations of this disclosure will become
apparent to those skilled in the art without departing from the scope and spirit of this
disclosure, and it should be understood that the scope of this disclosure is not to be
unduly limited to the illustrative embodiments set forth herein.

[0061]  While the best modes for carrying out the invention have been described in
detail, those familiar with the art to which this invention relates will recognize various
alternative designs and embodiments for practicing the invention within the scope of

the appended claims.
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CLAIMS
1. A steering system (10) configured for attachment to a steering
wheel (W), the steering system (10) comprising:
a fluid motor (18);
a steering unit (16) configured for receiving and expelling fluid;
wherein the steering unit (16) is in fluid communication with the fluid
motor (18), the steering unit (16) including:
a fluid meter (36) configured to meter fluid to the fluid motor
(18) in response to actuation of the steering unit (16);
a valve housing (40) in fluid communication with the fluid
meter (36), the valve housing (40) defining a valve bore (50); and
a valve assembly (56) disposed in the valve bore (50) and
configured for receiving an input from the steering wheel (W);
wherein the valve assembly (56) is moveable between a first
open position (P1) and a second open position (P2); wherein the valve
assembly (56) defines a first variable orifice (A1), a second variable orifice
(A2), a third variable orifice (A3), and a fourth variable orifice (A4) on a
primary fluid path (124) to the fluid meter (36) and to the fluid motor (18)
from the fluid meter (36) when the valve assembly (56) is in the second open
position (P2);
wherein the valve assembly (56) further defines the first
variable orifice (A1), the fourth variable orifice (A4), and a bypass orifice
(A6) on a secondary fluid path (126) to the fluid motor (18) when the valve
assembly (56) is in the first open position (P1) that bypasses the fluid meter
(36);
wherein the bypass orifice (A6) is only open to allow fluid to
flow therethrough when the valve assembly (56) is in the first open position
(P1); and
wherein fluid flows through the secondary fluid path (126) in
response to input from the steering wheel (W), as a function of a volumetric

inefficiency of the fluid motor (18).
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2. A steering system (10), as set forth in claim 1, wherein more
fluid is permitted to flow through each of the first and fourth variable orifices (A1),
(A4) when the valve assembly (56) is in the second open position (P2) than when the
valve assembly (56) is in the first open position (P1).

3. A steering system (10), as set forth in claim 1, wherein fluid is
prevented from flowing through the secondary fluid path (126) when there is no input

from the steering wheel (W).

4. A steering system (10), as set forth in claim 1, wherein the
valve assembly (56) includes:

a sleeve (58) defining a bore (66);

a spool (60) disposed in the bore (66) of the sleeve (58);

wherein the sleeve (58) and the spool (60) cooperate to define the
bypass orifice (A6).

5. A steering system (10), as set forth in claim 4, wherein the
sleeve (58) and the spool (60) extend about a central longitudinal axis (52) and the
spool (60) is configured for receiving input from the steering wheel (W) such that the
sleeve (58) and the spool (60) rotate about the central longitudinal axis (52), relative

to the valve housing (40), in response to rotation of the steering wheel (W).

6. A steering wheel (W), as set forth in claim 5, wherein the spool
(60) is configured to rotate about the central longitudinal axis (52), relative to the
sleeve (58), such that the spool (60) is rotationally displaced, relative to the sleeve
(58), about the central longitudinal axis (52) in response to receiving input from the
steering wheel (W); and

wherein the valve assembly (56) moves between the first open position
(P1) and the second open position (P2) in response to an amount of rotational

displacement (a) between the spool (60) and the sleeve (58).

7. A steering wheel (W), as set forth in claim 6, wherein the

bypass orifice (A6) is only in the open position (P1) when the amount of rotational
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displacement (a) of the spool (60), relative to the sleeve (58), is less than or equal to

about 5 degrees.

8. A steering wheel (W), as set forth in claim 7, wherein the
bypass orifice (A6) is only in the open position (P1) when the amount of rotational
displacement (a) of the spool (60), relative to the sleeve (58), is between about 3

degrees and about 5 degrees.

9. A steering wheel (W), as set forth in claim §, wherein the
bypass orifice (A6) is only in the open position (P1) when the amount of rotational
displacement (a) of the spool (60), relative to the sleeve (58), is between about 3.7

degrees and about 5 degrecs.

10. A steering unit (16) configured for attachment to a steering
wheel (W) and configured to be in fluid communication with a fluid motor (18), the
steering unit (16) comprising:

a fluid meter (36) configured to meter fluid to the fluid motor (18) in
response to actuation of the steering unit (16);

a valve housing (40) in fluid communication with the fluid meter (36),
the valve housing (40) defining a valve bore (50);

a valve assembly (56) disposed in the valve bore (50) and configured
for receiving an input from the steering wheel (W);

wherein the valve assembly (56) defines a primary fluid path (124) to
the fluid meter (36) and to the fluid motor (18) from the fluid meter (36);

wherein the valve assembly (56) further defines a secondary fluid path
(126) to the fluid motor (18) that bypasses the fluid meter (36), the valve assembly
(56) including:

a sleeve (58) including an inner surface (90) opposing an outer
surface (92), wherein the inner surface (90) defines a bore (66) extending
along a central longitudinal axis (52);

wherein the sleeve (58) defines a bypass opening (108a, 108b);

a spool (60) disposed in the bore (66) of the sleeve (58) and
configured to be rotationally displaced relative to the sleeve (58) about the

central longitudinal axis (52) to move between a closed position (P0), a first
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open position (P1), and a second open position (P2) in response to input from
the steering wheel (W);

wherein the spool (60) defines an inlet slot (116) and a bypass
passage (122a, 122b);

wherein the spool (60) cooperates with the sleeve (58) to define
a first and a fourth variable orifice (A1), (A4) when the spool (60) is in the
first open position (P1);

wherein the bypass opening (108a, 108b) of the sleeve (58)
overlaps with the inlet slot (116) and the bypass passage (122a, 122b) to
define a bypass orifice (A6) located on the secondary fluid path (126) when
the spool (60) is in the first open position (P1) such that fluid flows through
the secondary fluid path (126) to the fluid motor (18), via the first variable
orifice (A1), the fourth variable orifice (A4), and the bypass orifice (A6) as a
function of a volumetric inefficiency of the fluid motor (18);

wherein the bypass orifice (A6) is operatively disposed
downstream of the first variable orifice (A1) and operatively disposed
upstream of the fourth variable orifice (A4) such that fluid is prevented from
being communicated to the fluid motor (18) prior to input from the steering
wheel (W); and

wherein fluid is prevented from flowing through the secondary
fluid path (126) to the fluid motor (18) when the spool (60) is not in the first
open position (P1).

11. A steering unit (16), as set forth in claim 11, wherein the sleeve
(58) defines:

a first control opening (100) and a second control opening (102),
axially spaced from the first control opening (100);

a first meter port (104a) and a second meter port (104b); and

an inlet opening (98);

wherein the bypass opening (108a, 108b) is axially disposed between
the second control opening (102) and the first and second meter port (104a), (104b).
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12. A steering unit (16), as set forth in claim 11, wherein the spool
(60) defines:

a first annular groove (54a) and a second annular groove (54b); and

a first control slot (118) in fluid communication with the second
annular groove (54b);

wherein the first control slot (118) of the spool (60) is configured to
provide fluid communication between the second meter port (104b) of the sleeve (58)
and the first and second control openings (100), (102) of the sleeve (58) when the
spool (60) is rotationally displaced, relative to the sleeve (58).

13. A steering unit (16), as set forth in claim 12, wherein the spool
(60) further defines a second control slot (120) in fluid communication with the first
and second control openings (100), (102) of the sleeve (58) when one of the first and
second control openings (100), (102) of the sleeve (58) are radially aligned with the
second control slots (120) of the spool (60) when the spool (60) is rotationally

displaced relative to the sleeve (58).

14. A steering unit (16), as set forth in claim 13, wherein the valve
assembly (56) further defines a second and a third variable orifice (A2), (A3);

wherein the first variable orifice (A1) is defined by an overlap between
the inlet opening (98) of the sleeve (58) and the inlet slot (116) of the spool (60);

wherein the second variable orifice (A2) is defined by an overlap
between the inlet slot (116) of the spool (60) and the first meter port (104a) of the
sleeve (58);

wherein the third variable orifice (A3) is defined by an overlap
between the second meter port (104b) defined in the slecve (58) and the first control
slot (118) defined in the spool (60);

wherein the fourth variable orifice (A4) is defined by an overlap
between the first control slot (118) defined in the spool (60) and one of the first and

second plurality of control openings (100), (102) defined in the sleeve (58).

15. A steering unit (16), as set forth in claim 14, wherein the spool
(60) is configured to be rotationally displaced relative to the sleeve (58) about the
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central longitudinal axis (52) to move between the closed position (P0), the first open
position (P1), and the second open position (P2) in response to input from the steering
wheel (W);

wherein fluid flows through the first variable orifice (A1), the bypass
orifice (A6), and the fourth variable orifice (A4) to the fluid motor (18) when the
spool (60) is in the first open position (P1); and

wherein fluid flows through the first, second, third, and fourth variable
orifices (A1), (A2), (A3), (A4) to the fluid motor (18) when the spool (60) is in the

second open position (P2).

16. A steering unit (16), as set forth in claim 15, wherein the
bypass orifice (A6) is in the first open position (P1) when the rotational displacement
(o) of the spool (60), relative to the sleeve (58), is less than or equal to about 5
degrees; and

wherein the first, second, and third variable orifices (A1), (A2), (A3)
are only in the second open position (P2) when the rotational displacement (@) of the

spool (60), relative to the sleeve (58), is greater than about 5 degrees.

17. A steering unit (16), as set forth in claim 15, wherein more
fluid 1s permitted to flow through each of the first and fourth variable orifices (A1),
(A4) when the valve assembly (56) is in the second open position (P2) than when the
valve assembly (56) is in the first open position (P1).

18. A steering unit (16), as set forth in claim 14, wherein the valve
housing (40) defines a first, a second, a third, and a fourth groove (54a), (54b), (54¢),
(54d) in fluid communication with the valve bore (50);

wherein the first groove (54a) is configured to be in fluid
communication with the inlet groove (94) of the sleeve (58) such that fluid flows from
the first groove (54a) and into the sleeve (58);

wherein the second groove (54b) is configured to be in fluid
communication with the outlet groove (96) of the sleeve (58) such that fluid flows

from the outlet groove (96)and into the second groove (54b);
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wherein the third groove (54c¢) is configured to be in fluid
communication with the first control opening (100) of the sleeve (58) such that fluid
flows from the first control opening (100) and into the fluid motor (18); and

wherein the fourth groove (54d) is configured to be in fluid
communication with the second control opening (102) of the sleeve (58) such that

fluid flows from the fluid motor (18) and into the first control opening (100).

19. A steering system (10) configured for attachment to a steering
wheel (W), the steering system (10) comprising:
a fluid motor (18);
a steering unit (16) configured for receiving and expelling fluid,
wherein the steering unit (16) is in fluid communication with the fluid
motor (18), the steering unit (16) including:
a fluid meter (36) configured to meter fluid to the fluid motor
(18) in response to actuation of the steering unit (16);
a valve housing (40) in fluid communication with the fluid
meter (36), the valve housing (40) defining a valve bore (50); and
a valve assembly (56) disposed in the valve bore (50) and
defining first, second, third, and fourth variable orifices (A1), (A2), (A3), (A4)
and further defining a bypass orifice (A6);
wherein the valve assembly (56) defines a primary fluid path
(124) and a secondary fluid path (126) and is movable in response to input
from the steering wheel (W) between a closed position (P0), a first open
position (P1), and a second open position (P2);
wherein the fluid meter (36) and the second and third variable
orifices (A2), (A3) are disposed on the primary fluid path (124), between the
first and fourth variable orifices (A1), (A4),
wherein the bypass orifice (A6) is disposed on the secondary
fluid path (126), between the first and fourth variable orifice (A1), (A4);
wherein fluid flows through the bypass orifice (A6), via the
secondary fluid path (126) to the fluid motor (18), when the valve assembly
(56) is in the first open position (P1);
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wherein fluid flows through the second variable orifice (A2),
the fluid meter (36), and the third variable orifice (A3), via the primary fluid
path (124) to the fluid motor (18), when the valve assembly (56) is in the
second open position (P2); and

wherein the bypass orifice (A6) is only open to allow fluid to
flow therethrough when the valve assembly (56) is in the first open position

(P1), as a function of a volumetric inefficiency of the fluid motor (18).
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