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(57) Abrége/Abstract:
Pumps (6) and injectors (4) utilize a control valve (46) having a valve body (48) with a valve stem (88) having a step (94)

adjacent to the seating surface (92). The step extends a limited distance away from the seating surface to provide limited
pressure relief when the valve body Is at an intermediate position that is between the opened and closed positions. Step cross-
section and axial length may be configured based on desired hydraulic behavior. In a preferred embodiment, the control valve

step Is configured for injection rate shaping.
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(54) Title: CONTROL VALVE ASSEMBLY FOR PUMPS AND INJECTORS

(57) Abstract

Pumps (6) and injectors (4) utilize a control valve
(46) having a valve body (48) with a valve stem (88) 1
having a step (94) adjacent to the seating surface (92). —
The step extends a limited distance away from the seating
surface to provide limited pressure relief when the valve
body is at an intermediate position that is between the
opened and closed positions. Step cross—section and axial

length may be configured based on desired hydraulic i
behavior. In a preferred embodiment, the control valve |

step is configured for injection rate shaping.
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CONTROL VALVE ASSEMBLY FOR PUMPS AND INJECTORS

TECHNICAL FIELD

This invention relates to a control valve for use in a pump or injector

of a fuel 1njection system.

BACKGROUND ART

Engine exhaust emission regulations are becoming increasingly
restrictive. One way to meet emission standards is to rate shape the quantity and
timing of the fuel injected into the combustion chamber to match the engine cycle.
Effective rate shaping may result in reduced levels of particulate and oxides of
nitrogen in the engine exhaust. Further, effective rate shaping that injects fuel

siower during the early phase of the combustion process results in less engine noise.

Existing rate shaping techniques attempt to control injection rates by
making various modifications to the injector nozzle assembly. The nozzle assembly
rate shaping technologies create undesirable effects such as poor spray patterns
resulting in less than optimal fuel economy and particulates. Although these existing
rate shaping techniques have been employed in some applications, there is a need for
a rate shaping technique that allows more precise rate shaping than the existing

modified injector nozzle assemblies.

DISCLOSURE OF INVENTION

It 1s, therefore, an object of the present invention to provide pumps

and njectors having a control valve capable of shaping the injection rate.

In carrying out the above object. a pump for a fuel injection system
1s provided. The pump comprises a pump body having a pumping chamber, a fuel

inlet for supplying fuel to the pumping chamber, an outlet port, and a valve chamber
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between the pumping chamber and the outlet port. The valve chamber defines a
valve seat and has an axial guiding portion with a central axis. A plunger is disposed
in the pumping chamber. A valve body disposed in the valve chamber controls fuel.
The valve body has a valve stem defining a seating surface. The valve body further
has a valve guide that is received in the valve chamber guiding portion. The valve
body is axially movable with respect to the guiding portion over a stroke range
between a closed position and an open position. In the closed position, the valve
body seating surface engages the valve seat of the valve chamber. In the open
position, the valve body seating surface 1s spaced from the valve seat to provide
pressure relief. The valve stem has a step adjacent to the seating surface. The step
extends a limited distance away from the seating surface to provide limited pressure

relief when the valve body is at an intermediate position that is between the open and

closed positions.

The pump further comprises a valve spring arrangement, an armature,
and a stator. The valve spring arrangement biases the valve body toward the open
position. The stator includes an actuator that 1s operative to urge the valve body

toward the closed position against the bias of the valve spring.

In a preferred embodiment, the valve body has a generally circular
cross-section, and the step diameter is less than the valve guide diameter.
Preferably, the step has a cross-section that is sized based on a desired intermediate
pressure. Further, preferably, the step has an axial length that is sized based on a
desired hydraulic performance at the end of an injection event. In a preferred
embodiment, the step is configured primarily for injection rate shaping at the

beginning of an injection event. The step preferably has a cross-section that is s1zed

based on a desired rate shaping pressure.

In a preferred embodiment, the stroke range is at least about 0.1
millimeters. Further, a distance between the closed position and the intermediate
position is preferably at most about 0.03 millimeters. Further, the step preferably
has an axial length that is about two times a distance between the closed position and

the intermediate position. Preferably, the step axial length 1s about 0.05 millimeters.

.
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Further, preferably, the valve body has a generally circular cross-section, with the

valve guide having a guide diameter of about 7.00 millimeters, and the step having

a step diameter of about 6.99 millimeters.

In a preferred construction, the valve spring arrangement COmprises
a primary spring biasing the valve body toward the open position Over substantially
the entire stroke range, and a secondary spring biasing the valve body toward the

closed position over a limited portion of the stroke range between the intermediate

position and the open position.

Further, in carrying out the present invention, a fuel injector is
provided. The fuel injector comprises an injector body having a pumping chamber
with a plunger disposed therein, and a valve chamber with a valve body disposed
therein. The valve body includes a valve stem with a step adjacent to the seating
surface. The step extends a limited distance away from the seating surface to provide
limited pressure relief when the valve body is at an intermediate position that 1s

between the open and closed positions.

Still further, in carrying out the present invention, a control valve for
use in a fuel injection system is provided. A control valve comprises a housing
defining a valve chamber. The valve chamber defines a valve seat and further
defines an axial guiding portion with a central axis. The control valve further
comprises a valve body disposed in the valve chamber. The valve body includes a
valve stem having a step adjacent to the seating surface. The step extends a limited
distance away from the seating surface to provide limited pressure relief when the

valve body is at an intermediate position that is between the open and closed

pOS1t1onS.

Yet further, in carrying out the present invention, an engine 1S
provided. The engine comprises an engine block having at least one cylinder, at
least one fuel injector positioned to feed fuel to the at least one cylinder, and a
control valve. The fuel injector is in communication with a fuel supply. The control

valve is located between the at least one cylinder and the fuel supply. The control
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valve includes a valve stem having a step adjacent to the seating surface. The step
extends a limited distance away from the seating surface to provide limited pressure

relief when the valve body is at an intermediate position that 1s between the open and

closed positions.

The advantages associated with embodiments of the present invention
are numerous. For example, control valves made in accordance with the present
invention for pumps or injectors allow effective rate shaping by controlling the
pressure supplied to the pump outlet or injector nozzle assembly of a unit injector.
Rate shaping at the control valve advantageously allows more precise rate shaping
than some existing rate shaping téchniques that attempt to rate shape with a modified
injector nozzle assembly. Injection pressure control is used instead of throttling at
the nozzle for injection rate shaping. Further, the step facilitates the achievement of
a limited and controlled pressure relief. That 1s, the step provides a small amount
of tolerance for th.e intermediate position, which may be a rate shaping position.
Further, when combined with multiple springs and current control, the stepped

control valve may greatly improve the ability to throttle at the control valve.

It is to be appreciated that the throttie step cross-section and axial
length may be varied to produce whatever hydraulic behavior is desired at different
portions of the injection event. Of course, control valves of the present invention are

particularly useful for beginning of injection rate shaping; however, other uses may

be contemplated.

The above object and other objects, features, and advantages of the
present invention will be readily appreciated by one of ordinary skill in the art from
the following detailed description of the best mode for carrying out the invention

when taken in connection with the accompany drawings.
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BRIEF DESCRIPTION OF DRAWINGS

FIGURE 1 is an engine made in accordance with the present

invention;

FIGURE 2 is a side elevation, in section, of a pump for a fuel

injection system made in accordance with the present invention;

FIGURE 3 is an enlarged cross-sectional view of the control valve

environment on the pump shown in FIG. 1;

FIGURE 4 is an enlarged cross-sectional view of a control valve of

the present invention, showing the valve body in the fully closed position;

FIGURE 5 is an enlarged cross-sectional view of a control valve of

the present invention, showing the valve body 1n an intermediate position such as a

rate shaping position;

FIGURE 6 is an enlarged cross-sectional view of a control valve of

the present invention, showing the valve body in the fully open position;

FIGURE 7 is an enlarged plan view of a valve body for a control

valve of the present invention;

FIGURE 8 is a further enlarged plan view of the valve stem on the
valve body shown 1n FIG. 7;

FIGURE 9 is a graph depicting fuel injection characteristics 1n a

single boot type injection with the control valve environment shown in FIG. 3; and

FIGURE 10 is a side elevation, in section, of an injector for a fuel

injection system made in accordance with the present invention;
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BEST MODE FOR CARRYING OUT THE INVENTION

Referring to Figure 1, an engine made in accordance with the present
invention is generally indicated at 1. An engine block 2 has a plurality of cylinders.
Fuel injectors 4 are positioned to feed fuel to the cylinders. Fuel injectors 4 may be
unit injectors having a pumping device incorporated therein, or may be 1n
communication with one or more high pressure pumps 6. As shown, each imjector
4 is in communication with a high pressure pump 6, and a throttling control valve of
the present invention would accordingly be located within each pump 6. Fuel 18

supplied to engine block 2 by one or more low pressure pumps 8 in communication

with one or more fuel supplies 9.

Referring to Figures 2 and 3, and primarily to Figure 2, a pump 10
made in accordance with the present invention is illustrated. Pump 10 has a pump
body 12 with a pump body end portion 14. A pumping chamber 16 is detined by
pump body 12. A fuel inlet 18 supples fuel to pumping chamber 16 (through
passage 161, stop cavity 158, past control valve seat 47, control valve annulus 22
and passageway 28). Pump body 12 further has an outlet port 20, and a control
valve chamber 22 between pumping chamber 16 and outlet port 20. O-rings 24 are
provided to seal fuel inlet 18 with respect to an engine block which receives pump

10. Passageways 26 and 28 connect outlet port 20, control valve chamber 22, and

pumping chamber 16.

A reciprocating plunger 30 is disposed in pumping chamber 16.
Plunger 30 is reciprocatable over a stroke range between an extended position
indicated at 30 and a compressed position (not specifically shown). A plunger Spring

40 resiliently biases plunger 30 to the extended position.

A stator assembly 42 includes an electromagnetic actuator such as a
solenoid 44, and has terminals for connecting to a power source to provide power for
electromagnetic actuator 44. An electromagnetically actuated control valve 46 1s
disposed in control valve chamber 22 for controlling fuel. Control valve 46 includes

a valve body 48. Valve body 48 is movable over stroke range between an open
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position and a closed position as will be further described. The closed position 1s the
actuated position for valve body 48 where the valve is pulled to the valve seat 47,

and the open position is the deactuated position for valve body 48.

An armature 52 is secured to valve body 48 by a fastener such as a
screw 54. A valve stop 60 is disposed in pump body 12 adjacent to control valve
chamber 22. A control valve spring arrangement resiliently biases valve body 438
toward the deactuated position, which is the open position, as will be further
described below. A stator spacer 80 has a central opening receiving armature 52
therein, and is disposed between pump body 12 and stator assembly 42. Stator
spacer 80 has notches 81 for réceiving retainer 76. O-rings seal stator spacer 80
against stator assembly 42 and pump body 12. Electromagnetic actuator 44 1s near
armature 52, and upon actuation, urges valve body 48 toward the closed position
against the bias of the control valve spring arrangement when current 1s applied to

the stator, producing a magnetic field that attracts the armature to the stator.

With continuing reference to Figures 2 and 3, a cam follower
assembly 100 is illustrated. Cam follower assembly 100 has a housing 102 with an
elongated slot 104. Cam follower assembly 100 has an axle 106 and a roller 108 for
engagement with a camshaft (not shown). Plunger 30 1s reciprocated within pumpmg
chamber 16 between the extended and compressed positions by cam follower
assembly 100. A cylindrical sleeve 110 has an aperture 112 1n communication with
elongated slot 104. Cylindrical sleeve 110 has first and second end portions 114 and
116, respectively. Pump body end portion 14 interfits with first end portion 114 of

cylindrical sleeve 110.

Second end portion 116 of cylindrical sleeve 110 relatively
reciprocatably interfits with cam follower assembly 100 for allowing cam follower
assembly 100 to drive plunger 30. Cam follower assembly 100 reciprocates within
cylindrical sleeve 110 and drives plunger 30 relative to cylindrical sleeve 110 over
the plunger stroke range. Preferably, a retainer guide 120 extends through aperture

112 and engages slot 104 in cam follower assembly 100. A clip 122 retains guide
120 within aperture 112.
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A plunger spring seat 130 is received in housing 102 of cam follower
assembly 100. Plunger spring seat 130 abuts a first end 132 of plunger spring 40.
Pump body end portion 14 abuts a second end 134 of plunger spring 40.

Pump body 12 has a first annulus 150 in communication with fuel inlet
18 for supplying fuel to the pumping chamber 16. Pump body 12 further has a
second annulus 152 in communication with pumping chamber 16 for receiving excess
fuel therefrom. An annular belt 154 separates first and second annuli 150 and 152,
respectively. Of course, alternative embodiments may employ an inlet/outlet
passageway instead of separate inlet 18 and outlet 160, as is appreciated by one of

ordinary skill in the art of fuel injection system control valves.

An excess fuel chamber 158 also called the stop cavity, receives
excess fuel from control valve chamber 22 when the valve body 48 is open past
control valve seat 47. A fuel pressure equalizing passage 161 provides fuel
communication between excess fuel chamber 158 and the control valve and spring
chambers such that control valve 46 is operable as a pressure balanced valve.
Preferably, valve body 48 has passage 56 and 58 (Figure 3) to provide additional fuel
communication and to also provide cooling. A return passageway 160 connects
excess fuel chamber 158 to second annulus 152. Another return passageway 162
connects pumping chamber 16 to second annulus 152 for receiving any fuel that leaks
between plunger 30 and pump body 12. Second annulus 152 1s defined by annular
belt 154 and first end portion 114 of cylindrical sleeve 110. As well known in the
art, fuel is supplied to pump 10 through internal fuel passageways 1n the engine block

(not shown).

With reference to FIGS. 3 through 6, and as best shown 1n FIG. 3,
valve stop 60 is adjacent to control valve chamber 22. Valve body 48 has a valve
stem 86 that defines a seating surface 92. Further, valve body 48 has a valve guide
88 received in guiding portion 90 of the valve chamber. Valve body 48 is axially
moveable over a stroke range between closed position and an open position, with an
intermediate position located therebetween. In a preferred embodiment of the present

invention, the control valve spring arrangement includes a primary spring 72 and a

_8-
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secondary spring 74. Primary spring 72 abuts seat 73 to bias valve body 48 ot
control valve 46 toward the open position over substantially the entire stroke range.
Secondary spring 74 abuts stop piston 75 to bias valve body 48 toward the closed
position over a limited portion of the stroke range between the intermediate position
and the open position. Preferably, the intermediate position is a rate shaping

position. Preferably, stop piston 75 has an axial passage 62 to further assist In

damping valve opening.

As best shown in Figure 4, valve body 48 is in the fully closed
position with valve seating portion 92 abutting control valve seat 47. As such, when
the pump plunger causes pressure to build in control valve chamber 22, passageway
26, and passageway 28, the pressure bypass to stop cavity 158 (best shown in FIG.
3) 1s precluded.

As best shown in Figure 5, valve body 48 is in the intermediate
position. In a preferred embodiment of the present invention, the intermediate
position is a rate shape position that, with the assistance of a step 94 adjacent to
seating surface 92, provides limited pressure relief at the beginning of injection.
Step 94 extends a limited distance away from seating surface 92 such that a partial
opening of the control valve provides limited pressure relief, while a full opening
allows significantly greater pressure relief to prevent pumping. Ot course, one of
ordinary skill in the art appreciates that step 94 may be employed to produce other
hydraulic behavior, as desired, when appropriate cross-section and length are used
for step 94. As such, when plunger 30 causes pressure to build in control valve
chamber 22 and passageways 26 and 28, limited pressure relief or throttling takes

place through gap 96 between step 94 and control valve seat 47.

In a preferred embodiment, valve body 48 has a generally circular
cross-section.  Of course, circular cross-section is preferred to facilitate
manufacturing under the extremely small tolerances present in control valves for fuel
injection systems. Further, it is preferred that the valve guide 88 of valve body 48
which is received in valve body guiding portion 90 has a larger diameter than step

94. Of course, this relationship is preferred so that control valve chamber 22 may

0.
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have a constant diameter from one end to the other. In the event that control valve
chamber 22 has a stepped diameter, other relationships may exist between guide
diameter and step diameter. More particularly, the step cross-section (which 1s
preferably circular) preferably is sized based on a desired intermediate pressure. In
the exemplary embodiment wherein the step is used to facilitate controlled pressure
relief for throttling during rate shaping, the step is sized (relative to the diameter of

control valve seat 47) based on a desired pressure behavior during rate shaping.

In a rate shaping embodiment, it is preferred that a distance between
the closed position (Figure 4) and the intermediate rate shaping position (Figure 5)
is at most about 0.03 millimeters. Of course, other values may be suitable depending
on the particular application for the pump or injector. More particular, step 94 has
an axially length, in a preferred embodiment, that is about two times the distance
between the closed position and the intermediate position. In the exemplary
embodiment, that axial length is accordingly about 0.05 millimeters. This
relationship is preferred so that the desired intermediate position 1s halfway along
step 94 to maximize the ability to maintain desired hydraulic behavior with small
variances of the actual intermediate position one way or the other either due to
manufacturing tolerances, or due to wear and tear on control valve assembly
components over normal use during the life of the pump or injector. In the preferred
embodiment of the present invention illustrated herein that is designed for rate
shaping, in which valve parts and the valve chamber have a generally circular cross-
section, a suitable valve guide diameter is about 7.00 millimeters and a preterred step

diameter is about 6.99 millimeters.

With continuing reference to Figures 3 to 6, and as best shown in
Figure 5, it is preferred that the spring stepping point for primary spring 72 and
secondary spring 74 is the intermediate position. That 1s, valve body 48 contacts
stop piston 75 causing a net reduction in the spring force acting on valve body 48
when valve body 48 reaches the intermediate position. In combination with current
control, and spring force stepping, step 94 greatly enhances the ability for precise
rate shaping or precise control of other hydraulic behavior as desired. Of course, it

is to be appreciated that other configurations for stepping spring force may be

-10-
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employed, and that the particular embodiment shown herein with the primary spring
located near the stator, and the secondary spring located within the valve stop 1s
exemplary only. As such, multiple springs may be located at either side of control
valve chamber 22. Further, additional stators may be employed on either side ot
control valve chamber 22. Still further, although it is preferred to use a pair ot
springs, if desired, secondary spring 74 may be eliminated, and current control alone
may be relied upon to maintain valve body 48 at the intermediate position when
desired. Thus, embodiments of the present invention employing a control valve step
94 are not dependent upon the spring configuration, or the stator configuration, and
may be incorporated in any pump or injector having an electromagnetically actuated
control valve regardless of the force sources for opening and closing the control

valve.

As best shown in Figure 6, valve body 48 is in the fully opened
position. In the preferred embodiment, valve body 45 abuts stop piston 75 similar
to when valve body 48 is in the intermediate position, however stop piston 75 18
pushed further into valve stop 60 by valve body 48, slightly compressing secondary
spring 74 such that seating surface 92 is significantly further away from seat 47 than
when valve body 48 is in the intermediate position, providing significantly increased
pressure relief through passage 98. Preterably, and as shown, step 94 1s completely

clear of valve seat 47 when valve body 48 is fully opened.

In a preferred embodiment of the present invention wherein control
valve assembly 46 is configured for rate shaping, a suitable stroke range from full
open to full closed is at least about 0.1 millimeters. Of course, other stroke ranges

may be suitable depending on the particular application for the pump or njector.

Although step 94 may serve a variety of purposes for influencing
desired hydraulic behavior, it is to be appreciated that embodiments of the present
invention are particularly suitable for implementing rate shaping at a control valve
in either a high pressure pump or in a unit injector. Further, although a quite
thorough description of valve body positions and movement therebetween 1s given

above, a more detailed discussion of control valve assemblies for rate shaping may
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be found in copending U.S. patent application serial number 09/209,725, filed on
December 11, 1998, entitled "Control Valve", and assigned to the assignee of the
present invention, which is hereby incorporated by reference In its entirety. Further,
additional control valve assemblies for rate shaping are described in U.S. copending
patent application serial number 09/ 133,350, filed on August 13, 1998, entitled
"Control Valve", and assigned to the assignee of the present invention, which 1s
hereby incorporated by reference in its entirety. As such, it is to be appreciated that
embodiments of the present invention control valve having a pressure relief or
throttling step may be employed in pumps, injectors, and engines, described herein,
or as described in either of the above referenced patent applications, or 1n any other

manner that would be appreciated by one of ordinary skill in the art of fuel injection

Systems.

With reference to Figures 7 and 8, enlarged views of valve body 43
are shown. As best shown in Figure 8, step 94 is actually very small relative to the
size of valve body 48. However, it is to be appreciated that exaggerated dimensions

were used in Figures 3-6 to better illustrate form and function ot step 94.

With reference to Figure 9, a graph depicting fuel mjection
characteristics in a single boot type injection with the control valve environment
shown in FIG. 3 is illustrated. In the graph, plot 170 is valve position, plot 172 1s
solenoid current, and plot 174 is injection pressure, all with scales as indicated tor
the ordinate. Crank degrees after trigger is indicated along the abscissa. The

particular injection event shown in FIG. 9 is a rate shaped, boot type, ijection.

High current is applied at portion 176 of current plot 172. In
response, the valve body begins to move toward the closed position as shown by
portion 178 of valve position plot 170. Current plot portion 180 shows a lower
current being applied to the solenoid. This lower current is sometimes referred to
as current controlled rate shaping. In the preferred embodiment, this lowered current
cooperates with the control valve spring arrangements such that the valve body
moves to the intermediate position or rate shaping position as shown by valve

position plot portion 182. Of course, as described previously, a variety of control

_12-



CA 02366014 2001-08-28

WO 00/539%0 | PCT/US00/04452

10

15

20

25

valve assemblies may be employed including those with multiple stators, multiple
springs, a single stator, a single spring, etc. Imjection pressure plot portion 134

shows decreased or rate shaped pressure during the early part of the injection event.

High current 1s applied at current plot portion 186. In response, the
valve body is pulled to the fully closed position as indicated by valve position plot
portion 188. Injection pressure plot portion 190 shows the increased injection
pressure toward the end of the injection event. Current plot portion 192 shows that
the current is turned fully off near the end of injection. Valve position plot portion
194 shows the valve body returning to the fully open position. Pressure plot portion
196 shows the ramping down of injection pressure in response to full pressure relief

at the control valve.

It is to be appreciated that the step 94 on the control valve smooths the
slight pressure relief for throttling that occurs when the valve body 1s 1n valve
position plot portion 182. That is, the slight wavering of valve position through
valve position plot portion 182 has reduced effects on injection rate plot portion 184
because step 94 on valve body 48 reduces the effects of these slight variations 1n

valve position, by providing a generally consistent pressure relief.

With reference to Figure 10, an injector 200 made in accordance with
the present invention is illustrated. Injector 200 has an injector body 202 and a
nozzle assembly 204. A spring cage assembly 206 is located adjacent to nozzle
assembly 204. A plunger 208 is reciprocatably driven within body 202 by a push rod
210. A stator 214 includes an actuator, such a solenoid, for controlling an
electronically controlled valve assembly 212. An armature 216 1s secured to a valve
body 218 by an armature screw 220. Armature 216 is encircled by a stator spacer
222. Valve body 218 is biased toward a deactuated position, which 1s the open
position, by a control valve spring 224. Upon actuation, armature 216 1s pulled
toward stator 214 resulting in valve body 218 moving against the spring 224 1nto the

actuated position which is the closed position.

13-
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Injector 200 operates in a known manner, as shown, for example, 1n
U.S. Patent No. 4.618,095, assigned to the assignee of the present invention, and
hereby incorporated by reference in its entirety. As depicted, injector 200 employs
a valve stop assembly 230 held in place by a stop plate 232. Valve stop assembly
230 includes a main body 234 and a stop member 236. Stop member 236 is biased
by valve stop assembly spring 238. Valve stop assembly spring 238 cooperates with
control valve spring 224 to produce the first and second spring forces required to
establish the force step at a rate shape position (or other intermediate position). In
accordance with the present invention, valve body 218 is provided with a step 240.
Step 240 on valve body 218 is employed in substantially the same way on unit

injector 200 as on the pumps shown in the other figures.

With reference again to Figures 2 and 3, generally fuel flows through
passageway 26 in pump body 12 toward outlet port 20 in accordance with control
valve 46 being opened and closed in a fixed sequence allowing the desired fuel
pressure to be developed while closed. Passageway 26 1s always open to the
pumping chamber, but fuel tlow to the nozzle is precluded, as described, and

optionally with the assist of a pressure relief valve (not shown) within the high

pressure line, pursuant to conventional practice.

More specifically, the opening and closing of control valve 46 1n a
fixed sequence to allow the desired fuel pressure to be developed while closed will
be more specifically described. Fuel is received from a fuel supply by first annulus
150 and supplied to fuel inlet 18. Fuel inlet 18 routes fuel to pumping chamber 16.
The cam shaft (not shown) drives cam follower assembly 100. Plunger 30 1s moved
from its extended position to its compressed position, and fuel is pressurized within

pumping chamber 16 when control valve 46 is held closed.

In particular, control valve 46 is held closed to build up initial
pressure in pumping chamber 16. Thereafter, in accordance with a preferred
embodiment of the present invention, valve body 48 is moved to the rate shaping
position to allow a controlled pressure relief path. After rate shaping, valve body 438

is pulled to the fully closed position to complete the fuel injection cycle.
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It is to be appreciated that rate shaping techniques of the present
invention may be employed for single injection operations and for split mjection
operations wherein a pilot injection 1s followed by a main injection. During testing,
the inventor has found that injection pressure significantly and desirably decreases
when rate shaping at the control valve is performed. During initial injection, this

will allow high pumping rates without emissions penalties for improved efficiency.

Of course, it is to be appreciated that embodiments of the present
invention may be employed for control of other hydraulic events other than rate
shaping. That is, although embodiments of the present invention are particularly
suitable for rate shaping, the step on the valve body may be configured to control,

for example, hydraulic behavior at the end of injection, or hydraulic behavior at any

other time that throttling i1s desired

While the best mode for carrying out the invention has 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 as defined

by the following claims.
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WHAT IS CLAIMED I5S:

1. A pump for a fuel injection system, the pump comprising:

a pump body having a pumping chamber, a fuel inlet for supplying
fuel to the pumping chamber, an outlet port, and a valve chamber between the
pumping chamber and the outlet port, the valve chamber defining a valve seat and
having an axial guiding portion with a central axis;

a plunger disposed in the pumping chamber;

a valve body disposed in the valve chamber for controlling fuel, the
valve body having a valve stem defining a seating surface, the valve body further
having a valve guide that 1s received in the valve chamber guiding portion, and the
valve body being axially moveable with respect to the guiding portion over a stroke
range between a closed position in which the seating surface engages the valve seat
and an open position in which the seating surface is spaced from the valve seat to
provide pressure relief, the valve stem having a step adjacent to the seating surface,
the step extending a limited distance away from the seating surface to provide limited
pressure relief when the valve body is at an intermediate position that 1s between the
open and closed positions;

a valve spring arrangement biasing the valve body toward the open
pOSItion;

an armature at the valve body; and

a stator near the armature and including an actuator operative to urge

the valve body toward the closed position against the bias of the valve spring.

2. The pump of claim 1 wherein the valve body has a generally
circular cross-section, the valve guide has a guide diameter, the step has a step

diameter, and the step diameter is less than the guide diameter.

3. The pump of claim 1 wherein the step has a cross-section that 1s

sized based on a desired intermediate pressure.

4. The pump of 1 wherein the step has an axial length that is sized

based on a desired hydraulic performance at the end of an injection event.
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5. The pump of claim 1 wherein the step is configured primarily for
injection rate shaping at the beginning of an injection event, and the step has a cross-

section that is sized based on a desired rate shaping pressure.

6. The pump of claim 1 wherein the stroke range is at least about 0.1

millimeters.

7. The pump of claim 1 wherein a distance between the closed

position and the intermediate position is at most about 0.03 millimeters.

8. The pump of claim 1 wherein the step has an axial length that is

about two times a distance between the closed position and the intermediate position.

9. The pump of claim 8 wherein the step axial length is about 0.05

millimeters.

10. The pump of 1 wherein the valve body has a generally circular

cross-section, the valve guide has a guide diameter of about 7.00 millimeters, and the

step has a step diameter of about 6.99 millimeters.

11. The pump of claim 1 wherein the valve spring arrangement
COMPprises:
a primary spring biasing the valve body toward the open position over

substantially the entire stroke range; and

a secondary spring biasing the valve body toward the closed position

over a limited portion of the stroke range between the intermediate position and the

open position.

12. A fuel injector comprising:

a injector body having a pumping chamber and a valve chamber
defining a valve seat and having an axial guiding portion with a central axis;

a plunger disposed in the pumping chamber;
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a valve body disposed in the valve chamber for controlling fuel, the
valve body having a valve stem defining a seating surface, the valve body further
having a valve guide that is received in the valve chamber guiding portion, and the
valve body being axially moveable with respect to the guiding portion over a stroke
range between a closed position 1n which the seating surface engages the valve seat
and an open position in which the seating surface is spaced from the valve seat to
provide pressure relief, the valve stem having a step adjacent to the seating surface,
the step extending a limited distance away from the seating surface to provide limited
pressure relief when the valve body is at an intermediate position that 1s between the
open and closed positions;

a valve spring arrangement biasing the valve body toward the open
position;

an armature at the valve body; and

a stator near the armature and including an actuator operative to urge

the valve body toward the closed position against the bias of the valve spring.

13. The injector of claim 12 wherein the valve body has a generally
circular cross-section, the valve guide has a guide diameter, the step has a step

diameter, and the step diameter is less than the guide diameter.

14. The injector of claim 12 wherein the step has a cross-section that

is sized based on a desired intermediate pressure.

15. The injector of 12 wherein the step has an axial length that 1s

sized based on a desired hydraulic performance at the end of an injection event.

16. The injector of claim 12 wherein the step is configured primarily
for injection rate shaping at the beginning of an injection event, and the step has a

cross-section that is sized based on a desired rate shaping pressure.

17. The injector of claim 12 wherein the stroke range 1s at least about

0.1 millimeters.
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18. The injector of claim 12 wherein a distance between the closed

position and the intermediate position is at most about 0.03 millimeters.

19. The injector of claim 12 wherein the step has an axial length that
is about two times a distance between the closed position and the intermediate

position.

20. The injector of claim 19 wherein the step axial length 1s about

0.05 millimeters.

21. The injector of claim 12 wherein the valve body has a generally
circular cross-section, the valve guide has a guide diameter of about 7.00 millimeters,

and the step has a step diameter of about 6.99 millimeters.

22. The injector of claim 12 wherein the valve spring arrangement
COMpIrIses:

a primary spring biasing the valve body toward the open position over
substantially the entire stroke range; and

a secondary spring biasing the valve body toward the closed position

over a limited portion of the stroke range between the intermediate position and the

open position.

23. A control valve for use in a fuel injection system, the control
valve comprising:

a housing defining a valve chamber, the valve chamber defining a
valve seat and further defining an axial guiding portion with a central axis; and

a valve body disposed in the valve chamber for controlling fuel, the
valve body having a valve stem defining a seating surface, the valve body further
having a valve guide that is received in the valve chamber guiding portion, and the
valve body being axially moveable with respect to the guiding portion over a stroke
range between a closed position in which the seating surface engages the valve seat
and an open position in which the seating surface is spaced from the valve seat to

provide pressure relief, the valve stem having a step adjacent to the seating surface,
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the step extending a limited distance away from the seating surface to provide limited

pressure relief when the valve body is at an intermediate position that 1s between the

open and closed positions.

24. An engine comprising:

an engine block having at least one cylinder;

at least one fuel injector positioned to feed fuel to the at least one
cylinder, the fuel injector being in communication with a fuel supply; and

a control valve located between the at least one cylinder and the fuel
supply, the control valve including a housing defining a valve chamber, the valve
chamber defining a valve seat and further defining an axial guiding portion with a
central axis, and the control valve further including a valve body disposed in the
valve chamber for controlling fuel, the valve body having a valve stem defining a
seating surface, the valve body further having a valve guide that is received 1n the
valve chamber guiding portion, and the valve body being axially moveable with
respect to the guiding portion over a stroke range between a closed position in which
the seating surface engages the valve seat and an open position in which the seating
surface is spaced from the valve seat to provide pressure relief, the valve stem having
a step adjacent to the seating surface, the step extending a limited distance away from
the seating surface to provide limited pressure relief when the valve body 1s at an

intermediate position that is between the open and closed positions.
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