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Pumps (10) and injectors (10) having a control valve spring arrangement (/70) configured to provide a force step when the

control valve (46) Is at a rate shape position, and related methods for operating a control valve (46), are provided. The control
valve (46) Is moveable over a stroke range between an open position and a closed position. The stroke range includes a rate
shape position. The control valve spring arrangement (70) Is configured to provide a first spring force when the control valve Is
between the closed position and the rate shape position, and to provide a second spring force that Is less than the first spring

force when the control valve (46) Is between the rate shape position and the open position.
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Pumps (10) and injectors (10) having a control valve spring arrange- 18 161 -
ment (70) configured to provide a force step when the control vaive (46) is :
at a rate shape position, and related methods for operating a control valve zx\\\\\\\\"\ RS b
(46), are provided. The control valve (46) is moveable over a stroke range 7 et RN RN 7 i1
s o . 4 % K\\\\\\\- ; ~\_§\,.. I SR
between an open position and a closed position. The stroke range includes AN R o
a rate shape position. The control valve spring arrangement (70) is config- 60 7 \\\\1: EmaES

ured to provide a first spring force when the control valve is between the

closed position and the rate shape position, and to provide a second spring
| force that is less than the first spring force when the control valve (46) is 28
between the rate shape position and the open position.
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CONTROL VALVE

Technical Field

This invention relates to a control valve for use in a diesel fuel

injection 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 engixie 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

slower 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. Although these
existing rate shaping techniques have been employed in many applications that have
been commercially successful, 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 is, therefore, an object of the present invention to provide pumps

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

It is another object of the present invention to provide a method for

operating a control valve with a stepped spring force for rate shaping.
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In carrying out at least one of the above objects, a pump for a fuel
injection system is 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 control valve chamber between the pumping chamber and the outlet port. The
pump further comprises a plunger disposed in the pumping chamber, and an
actuatable control valve disposed in the control valve chamber for controlling fuel.
The control valve is moveable over a stroke between an open position and a closed

position. The stroke range includes a rate shape position between the open position

and the closed position.

A valve stop is adjacent to the control valve chamber. A control
valve spring arrangement biases the control valve toward the open position. An
armature is located at the control valve. A stator near the armature includes an

actuator operable to urge the control toward the closed position against the bias of

the control valve spring arrangement.

The control valve spring arrangement is configured to provide a first
spring force when the control valve is between the closed position and the rate shape
position. Further, the control valve spring arrangement 1s configured to provide a
second spring force, which is less than the first spring force, when the control valve
is between the rate shape position and the open position. Further, a stroke portion
from the closed position to the rate shape position is sufficiently small such that

controlled injection rate shaping is provided when the control valve is at the rate

shape position.

In a preferred embodiment, the stroke portion between the closed
position and the rate shape position is at most about 0.03 millimeters. Further, 1n

a preferred embodiment, the stroke range is at least about 0.1 millimeters, or

approximately three times the rate shape stroke portion.

In one embodiment, the control valve spring arrangement comprises
a primary spring and a secondary spring. The primary spring biases the control

valve toward the open position over a limited portion of the stroke range between the
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closed position and the rate shape position. The secondary spring biases the control
valve toward the open position throughout the stroke range. The secondary spring
cooperates with the primary spring to produce the first spring force. The secondary

spring acts unassisted to produce the second spring force.

In another embodiment, the primary spring biases the control valve
toward the open position throughout the stroke range; and, the secondary spring
biases the control valve toward the closed position over a limited portion of the
stroke range between the rate shape position and the open position. Accordingly,
the primary spring acts unassisted to produce the first spring force, while the
primary spring opposes the secondary spring to produce the second spring force.
The secondary spring may be located within a main body of the valve stop and bias
a stop member of the valve stop toward the control valve such that the control valve
contacts the stop member when the control valve is between the rate shape position
and the open position. Preferably, the stop member has an abutment surface for
contacting the control valve; and a vent orifice extends from the abutment surface

through the stop member to allow fluid flow therethrough.

In yet another embodiment, a single spring biases the control valve
toward the open position over a limited portion of the stroke range between the
closed position and the rate shape position. The single spring produces the first

spring force, and the second spring force is substantially equal to zero.

Further, in carrying out at least one of the above objects, a fuel
injector is provided. The fuel injector comprises an injector body having a pumping
chamber and a control valve chamber, a plunger disposed 1n the pumping chamber,
and an actuatable control valve disposed in the control valve chamber for controlling
fuel. The control valve is moveable over a stroke range between an open position
and a closed position. The stroke range includes a rate shape position between the
open position and the closed position. A valve stop 1s adjacent to the control valve

chamber. A control valve spring arrangement biases the control valve toward the

open position. An armature is at the control valve. A stator near the armature

e L At Eh) a0 NN T N o Lot e A 1l b S NS 5T BRI SR A B T3 0818 sosmee o ¢ AR ee sueivie b o T AL TR Lt A MY PR T Dl 1 b ' Mt d b S by OO G AP AL EMIET 4 Y e 8 D 11t abee v b ¢ L e ea e ee e S——— R —
e (oo e ey [ aem Lene w1 heme w B4 . . Y M PAR ey sh Ll BH BM - AL ed VST IR SR LI LR Che T e AP APTIICIN: 10 et e b LD R R e bl TGRSR £ ha kb EAb LA BE. r et A 1ECE cesbwmapr roche o yepht



10

15

20

25

CA 02348850 2001-04-30 PCT/USE} 9 / 2 O 7 ,
[PEA/IS G5 NI 9ng

includes an actuator operable to urge the control valve toward the closed position

against the bias of the control valve spring arrangement.

The control valve spring arrangement is configured to provide a first
spring force when the control valve is between the closed position and the rate shape
position. Further, the control valve spring arrangement is configured to provide a
second spring force that is less than the first spring force when the control valve 1s
between the rate shape position and the open position. A stroke portion between the
closed position and the rate shape position is sufficiently small such that controlled

injection rate shaping is provided when the control valve 1s at the rate shape position.

Both pumps and injectors of the present invention are preferably of the
outwardly opening type in which the control valve contacts the valve stop when the

control valve is in the open position.

Still further, in carrying out at least one of the above objects, a
method for operating a control valve with a variable spring force for rate shaping 1s
provided. The method comprises fully closing the control valve to allow 1nitial
injection pressure to build up in the pumping chamber. The control valve is fully
closed by supplying a first current to the actuator to cause the control valve to
overcome a first spring force in the opening direction. The method further
comprises partially opening the control valve to a rate shape position by supplying
2 second current to the actuator. The second current is less than the first current and
causes the control valve to overcome a second spring force. The second spring force
is less than the first spring force. Thereafter, the control valve 1s fully closed to
allow main injection pressure to build up in the pumping chamber. At the end of

injection, the control valve is fully opened.

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 mnjector.
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Rate shaping at the control valve advantageously allows more precise rate shaping
than some existing rate shaping techniques that attempt to rate shape with a modified
injector nozzle assembly. Injection pressure control 1s used instead of throttling at

the nozzle for injection rate shaping.

The above objects 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.

Brief Description Of Drawings

FIG. 1 1s a side elevation, in section, of a pump for a fuel injection

system made in accordance with the present invention;

FIG. 2 is an enlarged cross-sectional view of the control valve

environment on the pump shown in FIG. 1;

FIG. 3 is a graph depicting force versus valve lift for the control valve
shown 1n FIGS. 1 and 2;

FIG. 4 1s an enlarged cross-sectional view of an alternative control

valve environment for the pump shown 1n FIG. 1;

FIG. 5 1s a graph depicting force versus valve lift for the alternative

control valve environment shown in FIG. 4;

FIG. 6 1s a graph illustrating injection variations found in the prior

art, showing injection pressure, rate, and the actuation current versus time;

FIG. 7 is a graph depicting fuel injection characteristics in a single

boot type injection with the control valve environment shown in FIG. 4;
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FIG. 8 is an enlarged cross-sectional view of another alternative

control valve environment, that uses a single spring;

FIG. 9 is a graph depicting force versus valve lift for the single spring

embodiment shown in FIG. 8;

FIG. 10 is a graph depicting injection characteristics for the single

spring control valve shown in FIG. &;

FIG. 11 is a graph depicting current controlled fuel injection in

accordance with the present invention, illustrating solenoid current, solenoid valve

motion, and injection pressure;

FIG. 12 is a graph depicting pilot to main injection separation with
embodiments of the present invention, and also depicts first impact and first bounce

type pilot to main separations for comparison to short stop separations with the

present invention;

FIG. 13 is a side elevation, in section, of an injector for a fuel

injection system made in accordance with the present invention;

FIG. 14 is a block diagram depicting operation of a fuel injection

system in accordance with the present invention; and

FIG. 15 is a block diagram illustrating a method of the present

invention for rate shaping.

Best Mode For Carrying Out The Invention

Referring to FIGS. 1 and 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 defined by pump body 12. A fuel inlet 18
supplies fuel to pumping chamber 16 (through passage 161, stop cavity 158, past

6-
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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. Plung
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 is 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 an adjustable stroke range between
an open position and a closed position as will be further described. The closed
position is the actuated position for valve body 48 where the valve is pulled to the

control valve seat, and the open position is the deactuated position for valve body 48.

An armature 52 is secured to control valve 46 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 70 resiliently biases valve body 43
toward the deactuated position, which is the open position. 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 receiving retainer 70.
O-rings seal stator spacer 80 against stator assembly 42 and pump body 12.
Electromagnetic actuator 44 is near armature 52, and upon actuator, urges control
valve 46 toward the closed position against the bias of control valve Spring
arrangement 70 when current is applied to the stator, producing a magnetic field that

attracts the armature to the stator.
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With continuing reference to FIG. 1, 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 is reciprocated within pumping chamber
16 between the extended and compressed positions by cam follower assembly 100.
A cylindrical sleeve 110 has an aperture 112 in communication with elongated slot
104. Cylindrical sleeve 110 has first and second end portions 114 and 116, respec-
tively. 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.

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.

An excess fuel chamber 158 also called the stop cavity, receives
excess fuel from control valve chamber 22 when the control valve 46 is open past
control valve seat 47. A fuel 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. A return passageway

-8-
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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 is
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

in the engine block (not shown).

With reference again to FIGS. 1 and 2, and as best shown in FIG. 2,
valve stop 60 is adjacent to control valve chamber 22. As illustrated in the
embodiment of the present invention shown in FIGS. 1 and 2, control valve spring
arrangement 70 includes a primary spring 72 and a secondary spring 74. Primary
spring 72 biases valve body 48 of control valve 46 toward the open position over a
limited portion of the stroke range. The portion of the stroke range over which
primary spring 72 biases valve body 48 is between the closed position and a rate
shape position. A suitable value for the stroke portion between the closed position
and the rate shape position is at most about 0.03 millimeters. However, other values

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

Secondary spring 74 biases valve body 48 of control valve 46 toward
the open position throughout the stroke range. Control valve spring arrangement 70,
which includes primary spring 72 and secondary spring 74, is configured to provide
a first spring force when valve body 48 of control valve 46 is between the closed
position and the rate shape position. Further, control valve spring arrangement 70
1s configured to provide a second spring force, which is less than the first spring
force, when valve body 48 of control valve 46 is between the rate shape position and
the open position. As mentioned above, the stroke portion between the closed
position and the rate shape position is sufficiently small such that controlled injection

rate shaping 1s provided when the control valve is at the rate shape position.

In the embodiment depicted in FIGS. 1 and 2, secondary spring 74
cooperates with primary spring 72 to produce the first spring force; and, secondary

spring 74 acts unassisted to produce the second spring force.
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One end of primary spring 72 engages retainer 76, while the other end
of primary spring 72 engages a spring seat 73. Spring seat 73 1s shaped such that
primary spring 72 only biases valve body 48 of control valve 46 over a himited
portion of the stroke range. Spring seat 73 abuts pump body 12 when control valve
46 reaches the rate shape position. Secondary spring 74 has one end abutting
retainer 76 and another end abutting spring seat 75. Spring seat 75 is configured
such that secondary spring 74 biases valve body 48 of control valve 46 toward the
open position throughout the stroke range. As depicted, spring seat 73 of primary
spring 72 abuts pump body 12 when control valve 46 reaches the rate shape position,

while spring seat 75 may further urge valve body 48 of control valve 46 until control

valve 46 reaches the fully open position against valve stop 60.

It is to be appreciated that although spring seat 75 1s shown having a
substantially L-shaped cross-section wherein the longer leg of the L-shape slides
through an inner diameter of spring seat 73 to push valve body 48 of control valve
46 to the fully open position against valve stop 60, other configurations for spring
seats 73 and 75 are contemplated. Further, spring arrangement 70 may be formed
in many configurations in accordance with the present invention, and the

embodiment depicted in FIGS. 1 and 2 is merely one example thereof.

With reference to FIG. 3, a graph depicts force versus valve lift for
the control valve arrangement shown in FIGS. 1 and 2. The épring force exerted by
control valve spring arrangement 70 (FIGS. 1 and 2) is generally indicated at plot
170. The first spring force which is exerted when the control valve 1s between the
closed position and the rate shape position is indicated at segment 172. The second
spring force which is exerted when the control valve is between the rate shape
position and the open position 1s shown at line segment 176. Line segment 174
illustrates a force step at the rate shape position for the control valve. The fully
open position for the control valve is indicated at point 175, while the fully closed

position is indicated at point 176.

In rate shaping, the control valve is manipulated via solenoid force to

hold the valve at positions other than fully opened or closed. These intermediate

-10-
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positions may be used to "bleed off" part of the plunger displacement. The partially
open control valve may be utilized to enhance injection in a variety of different
ways. For example, the partially open control valve may be utilized to reduce initial
injection pressure at the beginning of the injection event, reducing the amounts of
fuel injected during the ignition delay portion of the combustion cycle. The reduced

ignition pressure facilitates a "boot" injection, which is believed to reduce engine

noise.

Further, the partially open control valve may be utilized to limit the
spill rate at the end of injection to reduce noise induced by the sudden unloading of
the fuel system drive. By limiting the spill rate at the end of injection, the
occurrence of cavitation in injection lines and nozzles may be reduced. Further, the
partially open control valve may be utilized to minimize the time between a small
pilot injection and a main injection of fuel. Split injection reduces combustion noise.
With the partially open control valve, the control valve does not have to move as far

in between pilot and main injections because it is stopped at a stable intermediate

position.

Attempts to hold the control valve at a partially open position simply
by reducing solenoid current and therefore hold force, have not provided the desired
stability. More particularly, the solenoid force is a function of the square of the
distance between the control valve armature and the stator. As such, the resultant

force versus distance curve is very steep, making modulation of valve position using

only solenoid current difficult.

In accordance with the present invention, a force step is defined by
a control valve arrangement to provide a stable partially open position to achieve,

among things, some of the advantages described above.

With reference again to FIGS. 1-3, the force step occurs when spring

seat 73 seats against pump body 12.
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With reference to FIG. 4, an alternative control valve configuration

is generally indicated at 180, and is surrounded by pump body 182. A control valve

184 is biased toward its open position throughout the stroke range by a primary
spring 186. Primary spring 186 engages seat 188. A valve stop assembly 190

S includes a main body 192 and a stop member 194. Stop member 194 is axially
moveable within main body 192. A secondary spring 196 is located within main

body 192 and biases stop member 194 toward control valve 184. The control valve
spring arrangement, which includes primary spring 186 and secondary spring 196,

is arranged such that control valve 184 contacts stop member 194 when control valve

10 184 is between the rate shape position and the open position. The open position for
control valve 184 is when control valve 184 abuts main body 192 of valve stop
assembly 190. Primary spring 186 acts unassisted to produce the first spring force

when control valve 184 is between the closed position and the rate shape position.
Primary spring 186 opposes secondary spring 196 to produce the second spring force

15 when control valve 184 is between the rate shape position and the open position.

A vent orifice 198 in stop member 194 provides fluid damping in

addition to spring damping as the control valve moves toward the open position.

That is, vent orifice 198 extends from the abutment surface of the stop member
through the stop member to allow fluid flow therethrough. The stop member damps

20 the opening of the valve by correct siting of one or more vent orifices to reduce and
potentially eliminate undesirable bounce at valve opening. It is to be appreciated that

a vented stop member is very advantageous in that in addition to providing a

stepping in the spring force to facilitate rate shaping, bounce at valve opening may

also be reduced.

25 With reference to FIG. 5, a graph depicts force versus valve lift for
the control valve spring arrangement shown in FIG. 4. The force plot is generally
indicated at 200. The first spring force is indicated at line segment 202. The first
spring force line segment 202 is due to unassisted primary spring 186 (FIG. 4).
Line segment 204 is the force step that occurs at the rate shape position for the

30 control valve in accordance with the present invention. Line segment 206 depicts

the second spring force that is produced by the cooperating primary spring 186 and
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secondary spring 196 (FIG. 4). The fully open position for the control valve is
indicated at point 208, while the fully closed position for the control valve 1is

indicated at point 210. As mentioned-above, rate shaping preferably occurs near line

segment 204.

In order to truly appreciate the advantages associated with
embodiments of the present invention, graphs illustrating prior art fuel injection
without the force step of the present invention are shown in FIG. 6. FIG. 6 depicts
injection pressure, injection rate, and solenoid current for the actuator versus time
during injection. Three different injections are plotted on a time scale to show the
shot to shot variation that occurs without the use of stepped spring force. Of course,
it is to be appreciated that many existing applications have been commercially
successful and have been acceptable for their particular applications. However, the
stepped spring force embodiments of the present invention allow even more precise
control over the injection process, as would be appreciated by one of ordinary skill

in the art of fuel injection systems.

Solenoid current does not vary much from injection to injection, and

is generally indicated at 220. Injection rate, which may significantly vary from shot

to shot, has several traces generally indicated at 222. Injection pressure, which may

also significantly vary from shot to shot, has several traces generally indicated at
224.

First and second injection rate traces 226 and 228, respectively,
illustrate quantity variation from shot to shot. First, second and third injection

pressure traces 230, 232, and 234, respectively, illustrate shot to shot injection

pressure variations.

As can now be better appreciated, FIG. 7 depicts the fuel injection
process performed in accordance with the present invention, utilizing the
embodiments for a control valve depicted in FIG. 4. Of course, it is to be
appreciated that embodiments of the present invention illustrated in FIGS. 1 and 2

are believed to be capable of producing similar results.

-13-

v bt e alubbhbibd mmm’ - P .. . .. . “ LAl = . H
I s sasnbaimidshidibashbankt Ve=ratd 45 o ab I Dhyrd e S HLEN L MR PRI MWL DA | 50 S BRI A v R RE I PRI , EEAs AR RO AL C LMGRT i Sppipriectace. o v om0 0 e i e A PR 2 HER e R R L LSRR At et e e Cr e M

PCT/US99/20716

"ﬁ-"mmmw.ﬁﬁmm:mbdn'}ll-c-?ur"-ﬂ""' B L L L o mteLa=by



10

15

20

25

WO 00/34644

CA 02348850 2001-04-30

With reference to FIG. 7, a graph depicts a plurality of injection
characteristics versus crank degrees after trigger. Solenoid drive current is generally
indicated at 240, while valve position is generally indicated at 242. Injection
pressure is generally indicated at 244, while rate of injection is generally indicated
at 246. Needle lift is generally indicated at 248. At zero degrees, the solenoid drive
current is turned on as shown by portion 250 of solenoid drive current plot 240.
Thereaftef, the solenoid drive current is set at a lower current as shown by portion
252 of plot 240. Portion 252 allows fuel 1njection rate shaping. After rate shaping,
the drive current is turned up for the main injection, as shown at portion 254 of plot

240. To eventually bring about the end of injection, the solenoid drive current is

turned off, as shown by portion 256 of plot 240.

The dual spring configuration in combination with the varying

solenoid drive current plot 240 facilitates rate shaping as best shown by portion 260

of valve position plot 242.

With reference to FIG. 8, a single spring embodiment of the present
invention is generally at 270. Pump 270 has a pump body 272, which includes a
control valve chamber 274. A control valve 276 has a valve body 278 that is
disposed in control valve chamber 274. In the fully open position, which is the
deactuated position for control valve 276, valve body 278 abuts a valve stop 280.
An armature 282 1s secured to control valve 276. Control valve 276 is actuatable
by energizing a solenoid within a stator 284. Armature 282 is encircled by a stator

spacer 286 located between stator 284 and pump body 272.

A single control valve spring 290 has one end abutting a control valve
spring seat 292, and another end abutting a spring retainer 294. Spring seat 292 is
shaped such that control valve spring 290 biases valve body 278 toward valve stop
280 over a limited portion of the total control valve stroke range. This limited

portion is defined as the interval of the stroke range from the closed position to the

rate shape position.
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FIG. 9 depicts a graph of force versus valve lift for pump 270 (FIG.
8). A force versus lift plot is generally indicated at 300. Plot 300 has a first portion
302 at which the single control valve spring provides a first spring bias that urges
the control valve toward the open position. A force step is indicated at portion 304
of plot 300. A second portion 306 of plot 300 shows the second spring bias acting
on the control valve during the remaining portion of the stroke range as substantially

equal to zero. That is, fluid force from the fuel is used to fully open the control

valve.

With reference to FIG. 10, a graph depicts several fuel injection
characteristics when using embodiments of the present invention constructed as
shown in FIG. 8. A plot of control valve position is generally indicated at 310,
while a plot of solenoid drive current is generally at 312. A plot of injection
pressure is generally indicated at 314, while a plot of rate of injection 1s generally
indicated at 316. It is to be appreciated that the fuel injection characteristics shown
in FIG. 10 are similar to those shown in FIG. 7. As such, a careful examination of
the plots by one of ordinary skill in the diesel fuel injection system art would make

apparent similarities and differences between the different embodiments of the

present invention.

At this time, the inventor prefers dual spring embodiments of the
present invention over single spring embodiments of the present invention. More
particularly, at this time, the inventor prefers dual spring embodiments of the present
invention in which one spring is at the control valve, while the other spring is within
the valve stop such as, for example, the embodiment shown in FIG. 4 due to
manufacturing considerations. Further, one of ordinary skill in the art would
appreciate that dual spring embodiments with one spring at the valve stop may be
configured to have the further advantage of damping valve bounce during valve
opening. Thus, it is even further preferred to appropriately provide one or more

vent orifices in the stop member to accommodate fluid flow therethrough.

With continuing reference to FIG. 10, rate shaping portion 318 of

solenoid drive current plot 312 corresponds to portion 320 of control valve position
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plot 310, at which the control valve is in the rate shape position. A portion 322 of

injection pressure plot 314 shows the shaping of the injection pressure.

With reference to FIG. 11, a graph depicts a current controlled
programmable injection rate that is achievable with embodiments of the present
invention, showing several different injection characteristics versus time. A plot of
solenoid drive current is generally indicated at 330, while a plot of solenoid valve

motion is generally indicated at 332. A plot of injection pressure is generally

indicated at 334.

It is to be appreciated that the fuel injection characteristics shown 1n
FIG. 11 are similar to those shown in FIGS. 7 and 10. However, there are several
points of interest that are specifically shown in FIG. 11. For example, injection rate
regulation is achieved by portion 336 of solenoid current plot 330. Further,
maximum pressure regulation is achieved by portion 338 of solenoid current plot
330. At portion 340 of valve position plot 332, the control valve is at the rate shape
position which corresponds to portion 336 of solenoid drive current plot 330.
Further, at portion 342 of solenoid valve position plot 332, the control valve 1s again
held near the rate shape position, during portion 338 of solenoid drive current plot
330. Still further, portion 344 of injection pressure plot 334 shows a boot type
injection. Portion 346 of injection pressure plot 334 shows noise reduction at the

end of injection which is achieved with the max pressure regulation techniques

described immediately above.

Of course, it is to be appreciated that although FIGS. 7, 10 and 11
show rate shaping used for a boot type injection, it 1s to be appreciated that
embodiments of the present invention may be employed for boot injection as well as
split injection, as desired for a particular application as would be understood by one

of ordinary skill in the diesel fuel injection system art.

With reference to FIG. 12, a graph depicts valve position versus cam
degrees after trigger for an embodiment of the present invention. The graph in FIG.

12 also depicts plots of other injection techniques to help clearly illustrate the
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advantages associated with embodiments of the present invention. A plot of valve

position versus cam degrees after trigger for embodiments of the present invention
is generally indicated at 350. Plot 350 illustrates the "short-stop” technique for
controlling fuel injection. The control valve may be held at a rate shape position,
that is, may be stopped short, to allow controlled pressure relief between an initial
injection event and a main injection event. Of course, the initial and main injection

events may form a boot type injection or may form a split injection with separate

pilot and main 1njections.

A plot depicting valve position versus cam degrees after trigger for
a first impact technique for separating initial and main injection events is generally
indicated at 352. A plot depicting valve position versus cam degrees after trigger
for a first bounce technique for separating initial and main injection events 1s

generally indicated at 354.

It is to be appreciated that in accordance with the present invention,
as shown on plot 350, a distance between the initial injection event which occurs at
about point 360 and the main injection event which begins at about point 362 is
reduced relative to the distances associated with first impact and first bounce
techniques. As shown, with first impact techniques, the initial injection event occurs
at about point 360 while the main injection event begins at about point 364. Further,
with first bounce techniques, the initial injection event occurs at about point 360

while the beginning of the main injection event occurs at about point 366.

It is to be appreciated that the beginning of main injection at point 362
with embodiments of the present invention provides reduced separation between
initial and main injection events. As would be appreciated by one of ordinary skill
in the diesel fuel injection system art, having the ability to reduce this separation
distance allows more sophisticated and precise control over the fuel injection

process.

With reference to FIG. 13, an injector 400 made 1n accordance with

the present invention is illustrated. Injector 400 has an injector body 402 and a
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nozzle assembly 404. A spring cage assembly 406 is located adjacent to nozzle
assembly 404. A plunger 408 is reciprocatably driven within body 402 by a push
rod 410. A stator 414 includes an actuator, such a solenoid, for controlling an
electronically controlled valve assembly 412. An armature 416 1s secured to a
control valve 418 by an armature screw 420. Armature 416 is encircled by a stator
spacer 422. Control valve 418 is biased toward a deactuated position, which is the
open position, by a control valve spring 424. Upon actuation, armature 416 is
pulled toward stator 414 resulting in control valve 418 moving against the spring 424

into the actuated position which is the closed position.

Injector 400 operates in a known manner, as shown, for example, in
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 400 employs
a valve stop assembly 430 held in place by a stop plate 432. Valve stop assembly
430 includes a main body 434 and a stop member 436. Stop member 436 is biased
by valve stop assembly spring 438. Valve stop assembly spring 438 cooperates with
control valve spring 424 to produce the first and second spring forces required to
establish the force step at a rate shape position for the control valve in accordance
with the present invention. Of course, it is to be appreciated that while injector 400
is shown having a valve stop with a spring to achieve an embodiment of the present
invention, other embodiments of the present invention, such as, for example, the
dual concentric spring and single spring embodiments described previously may be
used alternatively in injector 400 to achieve embodiments of the present invention.
Preferably, stop member 436 has an axial hole 440 to provide fluid damping as

described previously for a fuel pump control valve.

Referring to FIG. 14, a block diagram, generally indicated at 448,
depicts the fuel injection process through either a unit pump or unit injector in

accordance with the present invention. That is, control valve assemblies of the

present invention may be employed in pumps or 1njectors as described previously.

At block 450, the control valve is closed as the plunger moves from the extended
position to the compressed position. Rate shaping occurs at blocks 452 and 454, as

fuel flows through the control valve and to the nozzle, simultaneously. At block
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456, rate shaping ends as the control valve is fully closed and flow eventually goes

only to the nozzle.

Referring to FIG. 15, a method of the present invention for operating
an electromagnetic control valve having a solenoid type actuator 1s generally
indicated at 460. At block 462, the control valve is fully closed to allow initial
injection pressure to build up in the pumping chamber. Full closing of the control
valve is achieved by supplying a first current to the actuator to cause the control
valve to overcome a first spring force in the opening direction. The first spring
force may be due to a single spring or combination of springs. At block 464, the
control valve is partially opened to a rate shape position by supplying a second
current to the actuator. The second current is less than the first current, and causes
the control valve to overcome a second spring force that is less than the first spring
force. The second spring force may be achieved by a single spring or a combination
of springs such as one spring opposing another spring. Thereafter, at block 466, the
control valve is fully closed to allow main injection pressure to build up in the
pumping chamber. Of course, the main injection may be a separate main injection
after a pilot injection, or may be the main portion of a boot injection. At block 468,

the control valve is fully opened to begin the completion of the injection process.

It is to be appreciated that embodiments of the present invention may
be configured in a variety of ways. In one embodiment, a single control valve
spring acts to open the valve in the initial stage. After the initial "pre-stroke" the
spring seat contacts a stop, allowing the valve to slide freely without spring force for
the balance of the open travel. This provides a step in the opening force diagram

which allows greatly solenoid force variation at the desired pre-stroke position.

In another configuration, two springs act on the control valve, with
one or both unloaded at pre-selected points in the control valve travel. These spring
forces may be applied in either additive form, or in an opposing manner. In either
case, a step is defined in the overall force balance that provides stable operation at
partially open conditions. Of course, embodiments of the present invention are not

limited to one or two springs, more springs may be used if desired having unloading
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points that are selected based on the particular application. Further, any additional

springs may provide spring force in either direction, as desired, based on the

particular application.

With reference again to FIGS. 1 and 2, generally fuel flows through

5 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 is always open to the
pumping chamber, but fuel flow to the nozzle is precluded, as described, and
optionally with the assist of a pressure relief valve (not shown) within the high

10  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.

15 The cam shaft (not shown) drives cam follower assembly 100. Plunger 30 is moved
from its extended position to its compressed position, and fuel is pressurized within

pumping chamber 16 when control valve 46 1s held closed.

In particular, control valve 46 1s held closed to build up initial

pressure in pumping chamber 16. Thereafter, in accordance with the present

20 invention, control valve 46 is moved to the rate shaping position to allow a
controlled pressure relief path. After rate shaping, control valve 46 is pulled to the

fully closed position to complete the fuel injection cycle.

It is to be appreciated that rate shaping techniques of the present

invention may be employed for single injection operations and for split injection

25 operations wherein a pilot injection is 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.
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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 Is:

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 control valve chamber between
the pumping chamber and the outlet port;

a plunger disposed in the pumping chamber;

an actuable control valve disposed in the control valve chamber for
controlling fuel, the control valve being moveable over a stroke range between an
open position in which full pressure relief is provided to the pumping chamber and
a closed position in which pressure relief to the pumping chamber is blocked, the
stroke range including a rate shape position between the open position and the
closed position in which partial pressure relief 1s provided to the pumping
chamber;

a valve stop adjacent to the control valve chamber;

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

an armature at the control valve; and

a stator near the armature and including a variable current actuator
operable to urge the control valve toward the closed position against the bias of the
control valve spring arrangement,

wherein the control valve spring arrangement is configured to
provide a first spring force when the control valve is between the closed position
and the rate shape position, and to provide a second spring force that 1s less than
the first spring force when the control valve is between the rate shape position and
the open position, and wherein a stroke portion from the closed position to the rate
shape position is sufficiently small such that the partial pressure relief provided 1n
the rate shape position is substantially less than the full pressure relief of the open
position to cause an injection event that begins while the control valve 1s in the

closed position to continue when the valve 1s held in the rate shape position with
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varied actuator current, providing controlled injection rate shaping when the

control valve is at the rate shape position.

2. The pump of claim 1 wherein the stroke portion from the

closed position to the rate shape position is at most about 0.03 milhimeters.

3. The pump of claim 1 wherein the stroke range 1s at least
about

0.1 millimeters.

4. The pump of claim 1 wherein the control valve spring
arrangement COmprises:

a primary spring biasing the control valve toward the open position
over a limited portion of the stroke range between the closed position and the rate
shape position; and

a secondary spring biasing the control valve toward the open
position throughout the stroke range, the secondary spring cooperating with the
primary spring to produce the first spring force, and the secondary spring acting

unassisted to produce the second spring force.

J. The pump of claim 1 wherein the control valve spring
arrangement COmprises:

a primary spring biasing the control valve toward the open position
throughout the stroke range; and

a secondary spring biasing the control valve toward the closed
position over a limited portion of the stroke range between the rate shape position

and the open position,
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wherein the primary spring acts unassisted to produce the first
spring force, and the primary spring opposes with the secondary spring to produce

the second spring force.

6. The pump of claim 5 wherein the valve stop comprises:

a main body; and

a stop member axially moveable within the main body,
wherein the secondary spring is located within the main body and biases the stop
member toward the control valve such that the control valve contacts the stop
member when the control valve is between the rate shape position and the open

position.

7. The pump of claim 6 wherein the stop member has an abutment
surface for contacting the control valve, and wherein a vent orifice extends from

the abutment surface through the stop member to allow fluid flow therethrough.

8. The pump of claim 1 wherein the spring arrangement
COMPTISeES:

a single spring biasing the control valve toward the open position
over a limited portion of the stroke range between the closed position and the rate
shape position such that the single spring produces the first spring force, and such

that the second spring force is substantially equal to zero.

9. The pump of claim 1 wherein the control valve is of the
outwardly opening type in which the control valve contacts the valve stop when the

control valve is in the open position.
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10. A fuel injector comprising:

an injector body having a pumping chamber and a control valve
chamber;

a plunger disposed in the pumping chamber;

an actuable control valve disposed in the control valve chamber for
controlling fuel, the control valve being moveable over a stroke range between an
open position in which full pressure relief is provided to the pumping chamber and
a closed position in which pressure relief to the pumping chamber is blocked, the
stroke range including a rate shape position between the open position and the
closed position in which partial pressure relief is provided to the pumping
chamber;

a valve stop adjacent to the control valve chamber;

a control valve spring arrangement biasing the control valve toward
the open position,

an armature at the control valve; and

a stator near the armature and including a variable current actuator
operable to urge the control valve toward the closed position against the bias of the
control valve spring arrangement,

wherein the control valve spring arrangement is configured to
provide a first spring force when the control valve is between the closed position
and the rate shape position, and to provide a second spring force that is less than
the first spring force when the control valve is between the rate shape position and
the open position, and wherein a stroke portion from the closed position to the rate
shape position is sufficiently small such that the partial pressure relief provided 1n
the rate shape position is substantially less than the full pressure relief of the open
position to cause an injection event that begins while the control valve 1s in the
closed position to continue when the valve is held in the rate shape position with

varied actuator current, providing controlled injection rate shaping when the

control valve is at the rate shape position.
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11.  The injector of claim 10 wherein the stroke portion from the

closed position to the rate shape position 1s at most about 0.03 millimeters.

12.  The injector of claim 10 wherein the stroke range 1s at least

about 0.1 millimeters.

13.  The injector of claim 10 wherein the control valve Spring

arrangement COmMprises:

a primary spring biasing the control valve toward the open

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

the rate shape position; and

a secondary spring biasing the control valve toward the open
position throughout the stroke range, the secondary spring cooperating with the
primary spring to produce the first spring force, and the secondary spring acting

unassisted to produce the second spring force.

14.  The injector of claim 10 wherein the control valve Spring

arrangement COmprises:

a primary spring biasing the control valve toward the open position

throughout the stroke range; and

a secondary spring biasing the control valve toward the closed

position over a limited portion of the stroke range between the rate shape position

and the open position,

wherein the primary spring acts unassisted to produce the first
spring force, and the primary spring Opposes the secondary spring to produce the

second spring force.

15.  The injector of claim 14 wherein the valve stop COMprises:

a main body; and
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a stop member axially moveable within the main body, wherein the
secondary spring is located within the main body and biases the stop member
toward the control valve such that the control valve contacts the stop member when

the control valve is between the rate shape position and the open position.

16. The injector of claim 15 wherein the stop member has an
abutment surface for contacting the control valve, and wherein a vent orifice
extends from the abutment surface through the stop member to allow fluid tlow

therethrough.

17.  The injector of claim 10 wherein the spring arrangement
COMmprises:

a single spring biasing the control valve toward the open position
over a limited portion of the stroke range between the closed position and the rate

shape position such that the single spring produces the first spring force, and such

that the second spring force is substantially equal to zero.

18. The injector of claim 10 wherein the control valve 1s of the
outwardly opening type in which the control valve contacts the valve stop when the

control valve is in the open position.

19. A method for operating an electromagnetic control valve having
a variable current solenoid type actuator for closing the control valve, the control
valve being located between a pumping chamber and an outlet in a fuel injection
system, the method comprising:

fully closing the control valve to allow initial injection pressure to
build up in the pumping chamber by supplying a first current to the actuator to

cause the control valve to overcome a first spring force in the opening direction;

7.
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partially opening the control valve to a rate shape position by
supplying a second current to the actuator that is less than the first current to cause
the control valve to overcome a second spring force in the opening direction that
is less than the first spring force in the opening direction, a stroke portion from the
closed position to the rate shape position being sufficiently small such that a partial
pressure relief provided in the rate shape position is substantially less than a tull
pressure relief of an open position to cause an injection event that begins while the
control valve is in the closed position to continue when the valve 1s held in the rate
shape position, providing controlled injection rate;

thereafter, fully closing the control valve to allow main 1njection
pressure to build up in the pumping chamber; and

fully opening the control valve.

28-
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