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US 6,575,138 B2

1.
DIRECTLY ACTUATED INJECTION VALVE

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is a continuation-in-part of U.S. patent

application Ser. No. 09/522,130 filed Mar. 9, 2000, entitled .

“Directly Actuated Injection Valve”, now U.S. Pat. No.
6,298,829 issued Oct. 9, 2001. The 130 application relates

to and claims priority benefits from U.S. Provisional Patent’

Application Serial No. 60/159,791 filed Oct. 15, 1999,

entitled “Directly Actuated Injector”. The *130 application

. and the *791 application are each incorporated herein by
reference in their entirety.

FIELD OF THE INVENTION

The present invention relates generally to high pressure

- fuel injection valves or injectors for internal combustion

engines, and, more specifically, to an injection valve that is

directly controllable by a position actuating material (such

. as, for example, a piezoelectric or magnetostrictive material)
and which includes a passive hydraulic link.

BACKGROUND OF THE INVENTION

Direct injection of a gaseous fuel into the combustion
chamber of an internal combustion engine is desirable for

several reasons. For example, direct injection allows charge -

stratification, eliminating throttling losses associated with
homogeneous charge engines. Additionally, with direct
injection late in the compression stroke, a high-compression
ratio can be maintained, maintaining eﬂicwncy Further,
whien the fuel that is directly injected comprises natural gas,
propane, or hydrogen, the emissions of NO,, and particulate
matter (PM) are significantly reduced. The directly injected
gaseous fuel can be ignited with a glow plug, with a spark

* plug, with pilot diesel fuel, or with any other energy source.
The gaseous fuel should be injected at high pressure to
overcome the combustion chamber pressure, which is-high
at the end of the compression stroke. Preferably, the injec-
tion pressure is high enough to promote good mixing
between the injected fuel and the combustion chamber air.
Direct injection at high pressures presents several chal-
lenges. The use of high-pressure fuels for direct injection
results in high fuel pressures.existing within the injection

10

15

20

2.
example, for a needle valve that employs an inwardly
opening valve needle, when the needle is in the open .
position it may be subjected to high forces from the pres-
surizedfuel. Conversely, with an outward opening injection

‘valve, a high amount of force is required to keep the valve

closed against the high fuel pressure within the injection
valve body

Addltlonally, there is only a small window of time during
which the fuel can ‘be injected. For example, at 4500
revolutions per minute (RPM), at full load, all of the fuel is
preferably injected in less than 2-3 milliseconds.

Nearly all known direct fuel injection systems in internal
combustion engines have been hydraulically actuated. These
systems rely on a hydraulic fluid to provide the force that is
needed to open an injection valve (or valves, when the
engine comprises a plurality of combustion chambers).
Accordingly, at typical engine operating speeds, hydrauli- -
cally actuated injectors rely on rapid changes in the hydrau-
lic fluid pressure to open and close the ll']_]CCtIOI] valve(s). An
injection valve is typically opened by increasing the hydrau-

* lic fluid pressure and closed by reducing the hydraulic fluid

25

30

35

40

valve or injector. ‘As a result, when closed, the injection

valve should typically be strongly seated to avoid leakage of
the fuel into the combustion chamber between injection
events. When the valve is a needle valve, the valve is seated

45

pressure, such that the opening force applied to the injection

-valve is reduced, causing the valve to close. However, in the

context of a conventional gaseous injection valve, hydraulic
operation presents several drawbacks, including:
the need for additional hydraulic hardware such as a
hydraulic pump, valves and a reservoir for the hydrau-
lic fluid;
the need for 4 seal to be established between the variable
pressure hydraulic fluid and the high pressure gaseous
fuel;
1r1creased ‘bulkiness of the 1nject10n valve '1ssembly
because of the additional hardware requirements; and
delayed response of the system caused by time delays
associated with the dynamic flow of the hydraulic fluid,
“the actuation of the electronic hydraulic valve hardware
and the movement of the needle that controls gas flow
from the injection valve. )
Moreover, the degree of controllability of the movement
of the injection valve is low when the motive force is
provided by a pressurlzed fluid rather than by a directly
controllable source. In this respect, it is difficult to control
lift, resulting in limited lift control capabilities when using
hydraulically actuated injection valve with a double-spring
configuration. Therefore, it is desirable to avoid the use of -

- hydraulics to operate-gaseous fuel injectors, particularly for

when the sealing surfaces of the movable valve needle and .

" the valve seat are in fluid-tight contact with each other. The
valve seat is generally part of the valve housing or body. For

50

an outward opening valve, such as a poppet valve, the valve .

is closed when a valve member is retracted within the valve
body so-that the sealing surfaces of the valve member are
pressed against the valve seat to form a fluid-tight seal. A
fuel injection valve with an “outward” opening configura-

“tion is defined herein as an injection valve for an internal
combustion engine which employs a valve member that is
movable in the direction of the engine combustion chamber
to an open position and in the opposite direction to a closed
position. Terms used to describe such a valve member
include, for example pintle shaft, valve stem, and valve
shaft. Outward opening injection valves typlcally comprise
a circular valve head mounted transversely on the valve
member for axial motion towards and away from a mating
circular valve seat associated with the valve body.

hlgh speed engines. “Lift” in the context of injection valves
is defined herein as the displacement of the valve needle or
member away from its closed/seated position to its open
position.

U.S. Pat. No. 5,779,149 describes an injector using a

* piezoelectric actuator acling on a hydraulic control valve

55

60

65

Moreover, compared to low-pressure systems, higher - -

forces are needed to open or close the injection valve. For

through the intermediate of a hydraulic amplifier, which
serves to amplify the movement of the actuator. The hydrau-
lic control valve allows-the main injection valve to open and
close to meter the amount of fuel injected.

A problem with employing a piezoelectric or magneto-
strictive actuator to operate a control valve, which in turn
controls the flow of a hydraulic fluid to operate an injection
valve, is that this arrangement requires the intermediate
action of a hydraulic fluid. Any delays caused by the
displacement of the-hydraulic fluid causes delays in the
actuation of the injector. Accordingly, there is a need for an
injector that is directly actuated by an actuator without an

.intermediate active hydraulic operator generating any actu-
_ating forces.  Another disadvantage of active hydraulically
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operated systems.is that a hydraulic fluid needs to be
supplied and drained from a hydraulic cylinder. When diesel
fuel is the main fuel used by the engine, the diesel fuel may
be used as the hydraulic fluid. Howéever, when a gaseous fuel

. is the engine’s main fuel, a separate hydraulic fluid system

is needed to operate injectors that rely on hydraulic actua-
tion.

S}UMMARY OF THE INVENTION

' An injection valve injects fuel into a combustion chamber

of an internal combusuon engine. The m]ectron valve com-

prises:
-(a) a valve housmg comprising:

a fuel inlet port;

an interior chamber fluidly connected to the fuel 1nlet
port; and

a valve seat for cooperating with a valve member to
seal the interior chamber from the combustion cham-
ber when the injection valve is closed;

(b) the valve member having one end disposed within the
valve housing and an opposite end extendable from the
valve seat toward the combustion chamber, wherein the
valve member comprises a sealing surface that fluidly
seals against the valve seat when the injection valve is

- closed and that is liftable away from the valve seat
when the injection valve is open, wherein valve - lift

equals the distance traveled by the sealrng surfacé away

from the valve seat;

(¢) a biasing mechanism associated with the valve
" member, the biasing mechanism applying a closing
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force to the valve member when the valve memberisin -

the closed position; -

(d) an actuator assembly associated with' the valve
member, wherein the actuator assembly may be actu-
ated to apply an opening force to the valve member

. stronger than the closing force, .for moving the valve
member to the open position; and

(e) a hydraulic link assembly comprising. a passive
hydraulic link having a hydraulic fluid thickness
through which the opening and closing forces are
transmitted, whereby thé hydraulic fluid acts substan-
tially as a solid with the thickness berng substantially

constant while the actuator assembly is actuated and-

wherein the thickness of the hydraulic link is adjustable
while the actuator assembly is not actuated in response
to’ changes in the dimensional relationship between
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components of the injection valve to maintain a desired .

- valve lift upon actuation of the actuator assembly.

In a preferred embodiment, the thickness of the hydraulic
link is auto-adjustable in response to changes in the dimen-
sional relationship caused by differential thermal expansion,

“and/or wear .to components of the . mjectron valve. The

hydraulic link assembly preferably comprises a fluidly
sealed hydraulic cylinder that is fluidly sealed from the
interior-chamber. The hydraulic link assembly comprises a

piston and hydraulic fluid disposed within the hydraulic

cylinder. The hydraulic fluid is preferably a liquid such as,
for example motor oil or grease. The piston may be an

- integral part of the valve member.

In a preferred injection valve the actuator assembly com-

" prises- a'dimensionally responsive member. The dimension-

ally responsive member can be formed from a magnetostric-
tive material. The preferred magnetostnctrve material

'comprises a metal alloy comprising terbium, dysprosium'
" and iron. The preferred actuator assembly further comprises
~an electric coil disposed in an annular space around the

50
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dimensionally responsive member and a flux tube disposed
in an annular space around the electric coil. The actuator
assembly is preferably disposed within the interior chamber.
The dimensionally responsive member can also be formed
from a piezoelectric material. A preferred injection valve
further comprises a compression spring member for épply-
ing a compressrve force to the dimensionally responsrve :

-member.

In one embodiment, the fuel inlet is positioned so that fuel
enters the valve housing and passes through the actuator and
hydraulic link-assemblies, in the interior.chamber. In this

" embodiment, the flow of fuel over these assemblies helps to

remove heat generated by the activation of the actuator and
reduces the effect -of differential temperatures within the
injection valve. In another embodiment, the -fuel inlet is
positioned near the valve tip so that the fuel flowing through
the injection valve does not come into contact with the
actuator assembly. This embodiment simptifies the construc-
tion of the actuator and hydrauhc link assemblies since there
is no need to provide fluid passages for the fuel to flow to lhe
valve tip.

In a preferred injection valve, the lift is controllable by
varying at least one of the electric current, the electric
voltage and the magnetic field imposed upon the dimen-
sionally responsive member. The valve member is prefer-
ably controllable such that the valve member. moves
between the open and closed positions in less thai about 200
microseconds.

"The injection valve preferably further comprises a biasing
mechanism for applying a compressive force to the dimen-
sionally responsive member. The biasing mechanism pref--
erably comprises a spring. The spring preferably comprises
at least one disc spring-

- In a preferred injection valve, the fuel is gaseous and the
hydraulic fluid is a liquid. The preferred hydraulic fluid is a -
liquid selected from the group consisting of motor oil and
grease.

The present 1n]ect1on valve is particularly suited for
injecting a gaseous fuel because the ability to modulate the
movement of the valve member may be beneficially used to -
slow down the closing action of the valve member to reduce
impact upon closmg When a liquid fuel is injected, the
closing impact is dampened by the displacement of the thin
liquid fuel layer, which is considerably denser than gaseous
fuels. When the fuel is a gaseous fuel, it can be injected into
the combustion chamber at a pressure greater than about
2000 psi (about.13.8 MPa).

While the hydraulic link in the present injection valve is
designed to compensate for changes, in the dimensional
relationships between valve components, including changes
caused. by differential thermal expansion, .the demands
placed upon’the hydraulic link may be reduced by the

selection of materials for the valve components that have

similar thermal expansion coefficients. In. this regard, the
valve housing, valve member and actuator assembly are
preferably selected from materials having thermal expansion
coefficients sufficiently compatible such that changes in the

- dimensional relationship between the components caused by

60

changes in temperature are reduced.

_ A magnetostrictive material that is suitable for use in the
present injection valve comprises a material known as -
ETREMA Terfenol-D® magnetostrictive alloy that is avail-
able from Etrema -Products Inc. ETREMA Terfenol-D®

- magnetostrictive alloy is a metal alloy composed of terbium,

65

dysprosium and iron.
In a preferred embodiment, the valve member actuated by
an actuator assembly that includes a dimensionally respon-
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sive member, is controllable to move between the closed and
open positions in less than about 200 microseconds.

To improve the range of valve lift for a given length of the
dimensionally responsive member, a compressive force may

be applied to the dimensionally responsive member. By. "

pre-loading the dimensionally responsive member, net dis-

‘placement may be increased per respective unit of applied

magnetic field (in-the case of a dimensionally responsive
meniber formed of magnetostrictive  material) or applied

voltage (in the case of a dimensionally responsive member .

formed of piezoelectric material). Accordingly, a blasmg
mechanism may be employed for applying a compressive
force to pre-load the dimensionally responsive member. The

: biasing member preferably comprises at least one spring,

most preferably at least one disc spring (also known as a

+ Belleville spring or Belleville ‘washer). :
The injection valve housing may comprise a plurality of

parts that are joined with each other to provide a ﬁuldly
sealed body. For example, the valve housing may comprise
a hollow main housing with a removable valve cap that

‘allows access to the valve components disposed within the

main housing. The valve housing may further comprise a
separate valve tip so that it is replaceable when worn. In
addition, the valve. tip may be de51gned so that it is the only
portion of the valve body that is directly exposed to the
interior of the combustion chamber. In this case the valve tip
may be made from a material that will provide greater
durability when directly exposed to the conditions that might
be expected within a combustion chamber..

A preferred fuel injection valve for injecting fuel into a
combustion chamber of an internal combustion engine com-
prises:

(a) a valve housmg comprlsmg

a fuel inlet port,

an interior chamber fluidly connected to the fuel inlet .

“port; :
a valve seat provided on an end of the housing that
faces the combustion chamber;

15
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the valve member, a hydraulic fluid disposed within the
hydraulic cylinder, wherein the opening and closing

- forces applied to the valve membér are transmitted
through a thickness of the hydraulic fluid whereby the
hydraulic fluid acts as a hydraulic link and the thickness

is automatically adjustable in Tesponse to changes in
the dimensional. relationship between components of

. the injection valve to maintain a desired valve lift upon

* actuation of the actuator assembly.

A method of using a shaped waveform to control electric

- current to actuate an injection valve for an internal combus-

tion engine employs a dimensionally responsive actuator
assembly comprising at least one of a magnetostrictive and
a piezoelectric material, and a controller to govern valve lift
and duration according to values predetermined for engine
load demands within the operating range of the engine by the

- controller controlling current and voltage directed to the |
. actuator assembly. The method comprises, for each injection
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(b) a valve member comprising a shaft portion having a .

first end to which a circular head is transversely
mounted wherein the head provides an annular sealing
surface that faces the valve seat, and a second end of the
shaft is associated with a piston portion, the valve
member movable between a closed position at which

the sealing surface contacts the valve seat to fluidly seal .

the interior chamber from the combustion chamber, and
an'‘open position at which the sealing surface is spaced
apart from the valve seat whereby the interior chamber
is fluidly connected with combustion chamber, wherein
valve lift equals distance traveled by the seahng surface
away from the valve seat;

(c) a biasing mechanism associated with the piston por-
tion ‘of the valve member, the _biasing' mechanism
applymg a closmg force to the valve member when the
valve member is in the closed position;

(d) an actuator assembly for applying an opening force to
the valve member that is stronger than the closing

< force, for ‘moving the valve member to the opén
position, the actuator assembly comprising a member
-having dimensional responsiveness to'the imposition of

- at least one of an -electric current, an electric voltage

- and a magnetic field, the dimensionally responsive
member disposed between a fixed pole maintained in a
fixed position relative to the valve housing and a sliding
pole, the sliding pole being dlsplaccable by expansion
of the dimensionally responsive member; and

(e) a hydraulic link assembly comprising a fluidly scaled
hydrauhc cylmdcr dlsposed about the piston pornon of
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event: . _
.() initiating an-injection event by rapidly increasing .
.- current to a magnitude that is known to correspond to
a desired lift by applying high frequency voltage cycles
and in each cycle maintaining a net positive voltage;

(b) maintaining a current to control the desired lift for a
. duration prédetermined by the controller; and

(c) concluding an injection event by decreasing current
until it is reduced to zero amps by applying high
frequency voltage cycles and in each cycle maintaining
a net negative voltage. .

In a preferred shaped waveform method, the step ot
initiating an injection event further comprises initially
increasing current to a spike value higher than the value for.
the desired lift to. rapidly open the valve and then reducing
current to the value to cause the desired lift. The spike value
is preferably up to about an order of magnitude higher than
the value needed to cause the desired lift. The preferred.
method further comprises applying high frequency voltage

~cycles between offsetting positive and negative voltages to

generate a current of close to zero amps immediately prior
to an injection event. The time to open- -the valvé from a
closed position to the desired lift is less than about 175

nmicroseconds, more preferably less than about 100 micro-

seconds. More typically, however, the time needed to move
the valve member between the closed position and the
desired open position may be as short as about 250 micro-
seconds.

A method of operatlng a fuel injection valve for an
internal combustion enginc, in which the injection valve has

.a longitudinal axis, comprises:

(a aétuating a dimensionally responsive member com-
prising at least one of a magnetostrictive material and
a piezoelectric material, the’ dlmen510nally responsive

. member expanding in length in the direction of the -
longitudinal axis upon.actuation of the actuator;

(b) transferring movement caused by the actuated dimen-
sionally. responsive member through a passive hydrau-
lic link to cause a corresponding movement of a valve
member to open the valve by lifting the valve member
away from a valve seat and compressing a biasing

. mechanism that biases the valve in a closed position,
the passive hydraulic link comprising a hydraulic cyl-
inder which houses a piston and is filled with a hydrau-
lic fluid, wherein the hydraulic fluid forms a -layer
between the piston and a cylinder head and because of

- the short duration that the valve is open, the hydraulic

. fluid does not have time to flow from cne side of the
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piston to the other side and while the injection valve is
open, the layer of hydraulic fluid acts as an incom-
pressible solid so that movement caused by the actua-
tion of the dimensionally responsive member is trans-
mitted through the fluid layer;

- (c) deactuating the dimensionally responsive member to
contract the length of the dimensionally responsive
member to unload the biasing mechanism and cause a
corresponding movement of the valve member to close
the valve; .

d) prov1dmg sufficient time between consecutive valve
openings to-allow at least some of the hydraulic fluid
within the passive hydraulic link to flow from one side
of the piston to the other side of the piston.

~ An advantage of the present injection valve is that it may’
be employed for late-cycle. high-pressure direct injection of*

fuels into internal combustion engines. For example, the
present injection valve may be used to inject a gaseous fuel
into the combustion chamber of an internal combustion

. engine at pressures of between -about 2000 and 5000 psi

(about 13.8 and 34.5 MPa). The present injection valve may
be employed to 1ntroduce liquid fuels into internal combus-
tion engines at even higher pressures. :

Still another advantage of the present m]ecuon valve is
that it provides an injection valve that eliminates the need for
an active hydraulic operator and the associated high-
pressure hydraulic system for generating the actuation force

- to actuate the injection valve. Conventional active hydraulic
.-, operators are different from the hydraulic link of the present
. -invention, which may be described as a passive hydraulic
- link because the hydraulic fluid sealed within the hydraulic
link assembly merely transmits the: actuating forces but is

not employed to generate an actuating force for actuating the

. valve. Rather, the purpose of the hydraulic link is to provide

a load path for the opposing actuating forces that originate

" from at least one spring member and the actuator assembly.
-A benefit of ehmlnatmg the need for a conventional active

hydraulic operator is the elimination of the associated active
hydraulic systems. Conventional active hydraulic actuators,
such as those that employ rapidly increasing and decreasing

“hydraulic fluid pressure to actuate an injection valve, are

connected to a source of high pressure hydraulic fluid and
have valves for controlling the flow of hydraulic fluid in and
out of the active hydraulic operator. Active hydraulic actua-
tors employ hydraulic fluid that is moved in and out of a

‘hydraulic cylinder and when the hydraulic cylinder is fluidly

connected to a source of high pressure hydraulic fluid, the
high pressure hydraulic fluid that flows into the hydraulic

cylinder generates the'actuating forcé that is used to move -

the valve member. The actuating force is removed when the
hydraulic cylinder is disconnected from the source of high-

- pressure hydraulic fluid and the hydraulic fluid is drained

from the hydraulic. cylinder. A dlsadvantage of active

hydraulic actuators of this typé is that there is a lag time, -

associated with moving the hydrauhc fluid into and out of
the hydraulic cylinder.
- Afurther advantage of the passive hydraulic link is that it

may be employed to correct for: differential thermal,
" expansion, wear and dimensional variability within permit-

ted manufactunng and assembly tolerances. The disclosed
passive hydraulic link accomplishes 'this by auto-adjusting
itself in response to these effects by allowing movement of
hydraulic fluid between opposite sides of the hydraulic

- piston. The actuator assembly thus re-zeroes itself to ensure

that the desired valve member lift is maintained.
“An advantage of employing a directly actuated injection
valve is that a shaped control pulse may be employed to
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control the acceleration and deceleration of the valve mem-
ber as it moves between the open and closed positions. For
example, when a magnetostrictive actuator is employed, the
current applied to the electromagnetic coil can be controlled,
for example, to-reduce the current in a manner that will close.
the valve gently. Similarly, when a piezoelectric actuator is
employed, the voltage applied to the piezoelectric stack can
be controlled, for example, to accelerate the opening of the
valve by initially providing an over-voltage (that is, a
voltage that is higher than the voltage that is needed to
provide the necessary displacement). Thus, control pulses
may be employed to control the expansion and contraction
of magnetostrictive or piezoelectric actuators to control the
movement of the valve member. An advantage of controlling
the deceleration of the valve member is that the impact of the
valve member on the valve seat upon closing can be reduced
to reduce the wear on the valve components thereby
improving durability.

Yet another advantage of the present mjectlon valve is thal
the control pulse may be shaped to provide for partial lifting
of the valve member in a repeatable manner. The amount of
lift may be controlled by shaping the control pulse to control
the amounl of electric current or voltage directed to the
respective magnetosmcuve or piezoelectric actuator assem-
bly. '

Still another advanlage of the disclosed injection valve is
that the actual valve lift is very small (typically much less
than 0.1 millimeter), so that compared to valves designed for
greater valve lift, to fully open or.close the valve, the valve
member velocity can be lower resulting in less impact and
wear. "

These and other advantages are provided by a directly
actuated injector as described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a preferred embodi- -
ment of a directly actuated fuel injection valve with a

-passive hydraulic link assembly;"

FIG. 2 is an enlarged view of a partial cross- sectlonal
view of the lower portion of a fuel injection valve shown in
the open position with an alternate locauon for the fuel mlel
port;

FIG.2a isa partial cross-sectional view of an embodiment
of a nozzle tip for an injection valve; l ‘

FIG. 2b is a partial side elevation view of an embodiment
of a nozzle tip for an injection valve;

FIG. 3 is a cross-sectional view of another preferred
embodiment of a directly actuated fuel injection valve with
a-different arrangement for the passwe hydraulic link assem-
bly; and :

FIG. 4 is a timing diagram for a preferred method of
controlling electric current applied to the actuator assembly
of a fuel injection valve.

In the figures, like reference numerals are used to identify
like components in different embodiments.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT(S)

FIGS. 1 and 3 show two different preferred embodiments
of an outward opening directly actuated fuel injection valve
for internal combustion engines. Opposed to a needle valve,
which employs a needle that is retracted into the valve body
to open the valve, an outward opening injection valve
extends a valve member outward and away from the valve
body to open the valve. To open an outward opening fuel
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member is moved away from a valve seat and towards the

combustion chamber.

Referring to FIGS. l.énd 2, injectiOn valve 100 includes -

elongated valve housing 102 that cooperates with valve cap
104 to provide a fluidly sealed valve body. Seal 106 may be
employed to ensure that the-assembled valve body is fluid-
tight. Valve cap 104 comprises inlet port 108 through which
fuel enters the valve body. Valve housing 102 further com-
prises valve seat 112, which is better shown in FIG. 2, which
shows an injection valve in the open position.

The figures are schematic representations of prefcrred
embodiments of fuel injection valves for internal combus-
tion engines. However, those skilled in the technology
involved here will recognize that the figures are not con-
struction drawings and are not drawn to scale. For éxample,

10

: - 10 :

seat 112. Since the valve lift is generally small (for example,
about 65 micrometers), the diameter of valve stem 114a and
the size of the annular opening around valve stem 1144 are
selected to ensure sufficient flow capacity through the injec- -
tion valve since flow area (A) is proportional to valve stem
diameter. Hence, a small lift can be compensated for by a
larger-diameter. In the preferred embodiment illustrated by
FIG. 1 valve member 114 further comprises an integral

_ piston 114b. In anothér embodiment (not shown) a separate, -

piston member may cooperate with valve member 114 to ,
provide the same effect.

_ Spring Assembly

15

valve housing 102 is shown as a single element, but for -

manufacturing purposes, valve housing 102 may be con-

~ structed from several pieces. In the figures, the sizes of some ~
~ components have also been exaggerated to better illustrate

certain elements of the apparatus. .

The enlarged view of FIG. 2 also shows how Valve seat
112 is angled to form a cone-shaped surface and cooperates
with the angled sealing surface of valve member 114 to
provide a fluid tight seal when the two surfaces are pressed
into contact. In addition to providing a desirable sealing
.arrangement, valve seat 112 and the sealing surface of valve
member 114 are angled to guide the direction in which the
fuel is injected into the combustion chamber. An advantage
of this arrangement is that it allows an unbroken conical

" sheet of fuel to be injected which provides a continuous
surface for the combustion flame. Another advantage of an
outward opening injection valve is that when the valve is

closed, there is less concern about ~combustion products -

fouling or clogging the injection valve because unlike a
needle valve there are no exposed nozzle holes.

Valve housing 102 may further comprise features for -

influencing how the fuel is introduced into the combustion
chamber. For example, FIG. 2a shows an embodiment of
valve housing 102 that comprises nozzle tip 202 below
where valve member 114 seats against valve seat 112.
Nozzle tip 202 provides a chamber that is connected to the
combustion chamber by nozzle ports or orifices 203. In this
embodiment the chamber and orifices 203 may be advanta-

gcously sized to slow down the fuel injection velocity to-

improve ignitability.

In yet another embodiment, valve housing 102 may
further compnse an injection tip that has projections 205 as
" shown in FIG. 2b, which serve to provide breaks in the
conical sheet of fuel that is 1n]ected when the injection valve
is opened. Persons skilled in the technology involved here
will recognize that the present invention can be combined
with other valve tip configurations. The preferred valve tlp
corifiguration may depend upon other features of the engine

such as, for example, the shape of the piston bowl and the

size and operating conditions of the engine.
Valve Member

. With reference to FIG. 1, valve member 114 is disposed

" within the interior of valve housing 102 and extends through
an opening in the tip of valve housing 102.- The sealing
surface of valve member 114 contacts valve seat 112 to close
injection valve 100 by preventing fuel from passing beyond
valve seat 112 and into the combustion chamber. In the
embodiment of FIG. 1, valve member 114 comprises valve
stem 114a, which moves into the open position by moving
outward away from the valve body to lift away from valve
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A spring assembly biases valve member 114 in the closed
position. In a preferred arrangement, the spring- assembly
comprises at least one valve spring 116 for providing a
closing force to valve member 114. With reference to the
embodiment of FIG. 1, valve spring 116 is shown as a disc
or washer spring. A different type of spring such as a coi] -

- spring could be used instead, Pre-load plate 120 is used fo

apply a pre-load to valve spring 116 so that valve 100 is
biased in the closed position. Valve spring 116 should
provide a closing force to counter the opposing opening
forces generated by the high pressure of the fuel directed to
the interior of the sealed valve body. In the arrangement
shown in FIG. 1, respective threaded surfaces join pre-load

- plate 120 to valve housing 102. As is known in the art, after

pre-load plate 120 has been rotated to compress valve spring
116 to provide the desired pre-load force to valve spring 116,
pre-load plate 120 may be held in position by means of a
locking nut (not shown). ‘
Actuator Assembly

An actuator assembly may be actuated to provide an
opening force that is opposuc and greater than the closing
force provided by the spring assembly. In the embodiment
illustrated in FIG. 1, the actuator assembly comprises a
member that expands or contracts in- the direction of the
longitudinal axis of valve housing 102 when the member is

.exposed to a magnetic field or subjected to an electric

voltage, such as, for example, a magnetostrictive material or
a piezoelectric stack, respectively.

In the embodiment illustrated by FIG. 1, the actuator
assembly is a magnetostrictive actuator that comprises a
solid magnetostrictive member 130, with bobbin 131, elec-
tric coil 132, and flux tube 134 disposed in the annular space
between magnetostrictive member 130 and valve housing
102. As shown in FIG. 1, coil 132 is wound around bobbin
131 and flux tube 134 surrounds bobbin 131 and electric coil
132. Flux tube 134 may be made from common carbon steel
with a lengthwise slit to break eddy currents. An electric
current is supplied to electric coil 132 through electric leads
(not shown). When an electric current is applied to electric
coil 132 a magnetic flux devélops that flows through mag-
netostrictive member 130, fixed pole 138, sliding pole 140,
and flux tube 134. Poles 138 and 140 are made from a
suitable material such as carbon steel (for example CS1018)

.or steel that has a low magnetic hysteresis. Fixed pole 138

is held in a “fixed” position between pre-load plate 120 and

end faces of magnetostrictive member 130, bobbin 131 and

flux tube 134. Accordingly, when the actuator assembly is

actuated and magnetostrictive member 130 grows in length,

sliding pole 140 is pushed towards valve member 114 to
providing a force for opening injection valve 100.

In another preferred eémbodiment (not illustrated), flux
tube 134 may be integrated with valve housing 102. That is,
valve housing 102 could be constructed from a magnetically
permeable material that is suitable both structurally and for
acting as a flux path. For example, many steels are suitable

Mercedes EX1012, Page 20 of 190
Mercedes v. Westport
IPR2023-00351



US 6,575,138 B2 .

11

as materials for housing 102. Stainless  steels may be

" employed bt more preferably, common carbon steels are
better suited because of material hardness properties and
durability. Similarly, fixed pole 138 could also be integrated

transmitted to valve member 114 through a hydraulic link

assembly. The hydraulic link assembly comprises hydraulic_

¥

12
cylinder 160, which is disposed in close-fitting relationship
around hydraulic piston 114b, which is movable in the
longitudinal direction within cylinder 160. As mentioned

' above, in the embodiment of FIG. 1, hydraulic piston 114b

with pre-load plate 120. Those skilled in the technology s is preferably an integral part of valve member 114 and the
involved here will understand that such components can be  sidewall of cylinder 160 helps to guide the movement of
advantageously integrated without departing from the spirit valve member 114 in the longitudinal direction. A viscous
and scope of the present invention. An advantage of . hydraulic fluid is sealed inside hydraulic cylinder 160 by
integration, for example; is the efficiencies and reduced costs = cylinder cap 162 and seals 166, 168 and 169. Seals 168 and
of manufacturing devices comprising less parts. 10 169 permit valve member 114 to move relative to cylinder
An advantage of the preferred embodiments is that mag- 160 and cylinder cap 162, respectively. Known seals may be
netostrictive member 130 can be made from a solid cylin- employed, such as, for example elastomeric O-ring seals,
" drical rod of magnetostrictive material, which-is easier and packing, metal seals, or diaphragm/bellow seals. .
less expensive to manufacture compared to hollow tubular ***  The diametrical clearance gap between the outside diam-
forms. 15 eter of hydraulic piston 114b and the inside diameter of
A pre-compression force is preferably applied to magne- hydraulic cylinder 160 is extremely small (on the order of 20
tostrictive member 130 to amplify the magnitude of expan- to 250 microns). The desired size of the clearance gap is
sion when a magnetic field is applied Pre-compression of dependent upon several factors such as the viscosity of the
magnetostrictive member 130 increases the net displace- chosen hydraulic fluid, the axial length of the piston, and the
ment per unit of apphed magnetic field. Similarly, when a 20 thickness of the hydraulic fluid above and below. the piston.-
piezoelectric member is substituted for magnetostrictive The hydraulic flow in the clearance gap is-governed by the
.member 130, pre-compression increases the net displace- Hagen-Poiseuille Flow and the hydraulic fluid and clearance
ment of the piezoelectric member per unit of applied electric ©  gap are preferably selected so that the flow of hydraulic fluid
voltage. A spring, such as, for example, disc spring 150 may through the gap is insignificant during the time span of fuel
be employed to provide the pre-compression force. Alter- 25 injection events when an ‘opening force is transmitted
native compression elements may be employed in place of through the hydraulic fluid. Furthermore, the hydraulic fluid
disc spring 150 to provide the pre-compression force, such preferably has a sufficiently high viscosity and bulk modulus
- as, for example, a coil spring or another type of spring with . so that it acts as an incompressible solid when actuation of
the same spring force. When apre-compressmn force of, for. the actuator assembly causes a valve opening force to be
example, about 1000 psi (about 6.9 MPa) is.employed, the 30 quickly transmitted through the hydraulic fluid between the
- actuator’s displacement can increase to about 0.13% of the’  :bottom of cylinder 160 and hydraulic plston 114b. For
total length of magnetostrictive member 130. However, the  consistency of operation, the hydraulic fluid is also prefer-
amount of displacement may decline as a function of ably an extremely stable fluid that maintains its desired
increasing temperature. For example, at typical reciprocat- properties over a wide range of femperatures (that is, within
ing engine cylinder head temperatures the actual displace- 35 the expected operating temperatures inside cylinder 160).
ment may be about 0.065% of the lenglh of pre-compressed Suitable hydraulic fluids are, for example, conventional
~ magnetostrictive member 130. motor oil, such as grade 15W40, or synthetic lubricants such
The dimensions of magnetostrictive member 130 are as DuPont® Krytox® grease which is available in a range of
dictated by the requirements of injection valve 100. For viscosities. Krytox® is a perfluoropolyether (PFPE) syn-.
example, if injection valve 100 is designed to provide a lift 40 thetic lubricant that may be mixed with a thickener to form
of at least about 65 um, magnetostrictive member 130 is a grease. These types of hydraulic fluids also help to
sized to have a length of at least about 100 mm. Additionally, lubricate seals 168 and 169. Different injection valves may
* the transverse cross-sectional area of cylindrical magneto- have different sized Hydraulic pistons and clearance gaps, so
strictive member 130 is selected to provide sufficient force the hydrauhc fluid may be selected with consideration to the
to overcome all of the opposing forces that hold injection 45 characteristics of an individual injection valve design. ,
valve 100 in the closed position. If the cross-sectional area When injection valve 100 is closed and at rest, the closing
of cylindrical magnetostrictive member 130 is not sufficient, force is transmitted through the hydraulic fluid held between
the opposing forces can reduce or prevent longitudinal cylinder cap 162 and hydraulic piston 114b. Typically,
displacement of magnetostrictive member 130, even when during engine operation, injection valve 100 is closed most
electric coil 132 is fully energized. This mode is known as 50 of the time (normally over 90% of the time). Accordingly,
the “blocked force” mode. Accordmgly, the magnitude of - there is enough time between injection events for the
the closing forces acting on valve member 114 dictate the hydraulic fluid to redistribute itself by flowing through the
minimum cross sectional area of magnetostrlctlve member . clearance gap so that hydraulic cylinder 160 moves relative
"130. " to piston 114b to automatically “re-zero” itself. The initial
While FIG. 1 shows magnetostrictive member 130, elec- 55 zero-position is the position of hydraulic piston 114b within
tric coil 132, and flux tube 134 could be replaced with a hydraulic cylinder 160 after assembly of injection valve 100.
piezoelectric stack (not shown). Electrical leads could be The initial zero position may not be the same for all injectors
employed to direct an electric voltage to the piezoelectric due to slight variations in the length of components within
stack. When an electric voltage is applied to a piezoelectric manufacturing tolerances. Also, during operation, the zero-
stack, the stack-expands and develops a motive force for 60 position auto-adjusts in response to changes in the dimen-
opening injection valve 100. Accordlngly, the configuration ~ sional relationship between components, caused by, for
of the present injection valve is essenually the same for example, component wear or the effects of differential
magnetostnctlve and piezoelectric actuators. thermal expansion. '
Hydraulic Link Assembly ; Differential thermal expan51on or contraction may be
The opening force generated by the actuator assembly is 65 caused by differences in thermal expansion coefficients or

uneven heat distribution between the components. Even
though the components’ of injection valve 100, such as
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magnetostrictive member 130, valve member 114, and valve
housing 102, are designed to be reasonably matched to the
thermal expansion rates of the other components, because
the valve lift and the displacement of the components that
causes such lift are so small, the effects of thermal expansion
or contraction should be taken into account to ensure the
desired valve lift is achieved. The effects of thermal expan-
sion and contraction may be amplified if the injection valve
is exposed to a wide range of temperatures. For injection
* valves used in vehicles it would not be uncommon to expect
a temperature range between -40° C. (in cold climates) and
+125° C. (when the engine is running) An uneven tempera-

ture distribution may be the ‘result of many factors,

including, for example, the influence of (1) heat generated at
electric coil '132; .(2) magnetic hysteresis in the’ actuator

10

assembly; and (3) heat transfer from the cylinder head or the
combustion chamber via the injection valve tip and valve -

member 114. If unaccounted for, the total effect of differ-
ential thermal expansion or contraction on the displacement
of valve member 114 may be greater than the targeted lift.
In summary, the hydraulic link assembly"accounts for
variations in component dimensions arising from the per-
mitted tolerances in the manufacturing processes and the
injection valve assembly methods. Therefore, the hydraulic
link assembly reduces manufacturing costs by allowing the
injection valvé components to be manufactured to less
exacting tolerances. In addition, during operation, the
hydraulic link assembly auto- adjusts itself between injection
events to account for changes in the dimensional relation-
ship between injection valve components that may be
caused, for example, by component wear or differential
thermal expansion or contraction.
- FIG. 2 illustrates an injection valve embodiment that has

fuel inlet 208 located in the side of valve housing 102. An

advantage of this arrangement is that fluid pathways are not
required through the actuator and hydraulic link assemblies,
simplifying the construction of these components and reduc-
ing the cross-section area needed for the upper valve assem-
bly. Seal 270, shown in FIG. 2, which may be, for example,
an o-ring or packing type seal, prevents the high-pressure
fuel from entering the portion of the valve body that houses
the hydraulic link and actuator assemblies. A guide (not
shown in FIG. 2), similar to guide 180 shown in FIG. 1 may
also be employed in the embodiment of FIG. 2 to help guide
the movement of valve member 114.

FIG. 3 illustrates an injection valve embodlment that -
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it applies a force to hydraulic cylinder 160, which supports
valve spring 116. It is preferable for the closing force to be

"provided by a mechanical spring member, such as the

illustrated coil spring, so that the failure mode for injection
valve 100 will be in the closed position. That is, if the
actuating assémbly is not energized or fails, injection valve
100 will remain in the closed position.

To initiate an injection event lne actuator assembly is
energized by directing an electric current to electric coil 132.
A magnetic flux develops that flows through magnetostric-
tive member 130, poles 138 and 140, and flux tube 134
Under'the influence of the magnetic field, magnetostrictive
member 130 expands in length (in the direction of the
magnetic field). Since fixed pole 138 is stationary, magne-

- tostrictive member 130 expands in the direction of hydraulic.

cylinder 160. An opening force, originating from expanding
magnetostrictive member 130 is transmitted through sliding
pole 140, cylinder cap 162, hydraulic fluid 164b disposed
within the space between cylinder cap 162 and a planar
surface of hydraulic piston 114b, and finally, through piston
114b, which in the illustrated embodiments is integral with,
valve member 114. The opening force is greater than the

closing- force, which results in the compression of valve

spring 116. The displacement of hydraulic cylinder 160 also -
results in some further compression of disc spring 150.

* As previously discussed, because valve actuation occurs

suddenly (on the order of 200 us), hydraulic fluid 1645 does

not have time to flow through the narrow clearance gap

between piston 114b and hydraulic cylinder 160. Instead,

hydraulic fluid 164b acts as a solid and transfers the move-
ment of magnetostrictive member 130 to valve member 114

via piston 114b, causing valve member 114 to lift away from

valve seat 112. Because injection valve 100 stays open for

such a brief period (typically less than 3 milliseconds), as

long as the viscosity of hydraulic fluid 164 is properly’

- selected and the clearance gap is suitably sized, the flow of

hydraulic fluid 164 through the clearance gap while injection

" valve 100 is open is insignificant so that any displacement

40
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employs a valve member 314 that has a T-shaped cross-

section. This embodiment operates in substantially the same
manner as the embodiment of FIG. 1. One advantage of the
embodiment of FIG. 3 is that seal 169 is eliminated. Another
advantage is that valve member 314, sliding pole 340, and
cylinder cap 362 are simpler shapes and thus easier to
manufacture and there are less tolerance fits since lherc is no
* " stem protrudirg from hydraulic piston 314b.

SUMMARY OF OPERATION

When injection valve 100 is at rest in the closed position,
the closing force that biases valve member 114 against valve
seat 112 originates from valve spring 116 and disc sprmg
150. In the illustrated preferred embodiments, valve spring
116 bears directly against hydraulic piston 114b to transmit
- a.closing force directly to valve member 114. Disc spring
150. bears against hydraulic cylinder 160 and a pre-
compression force is transmitted to the actuator assembly
through the sliding assembly comprised of hydraulic cylm-
_ der 160, cylinder cap 162 and- sliding pole 140. Disc spring
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150 also apphcs a closmg force to valve mcmber 114 since

caused by such flow is much less than the total dlsplacemem
of valve member 114.

The movement of valve member 114 is guided near the
valve tip by guide 180. Guide 180 comprises longitudinal
grooves or longitudinal bores or slots (not shown) to allow
the fuel to pass therethrough and into the valve tip. Valve
member 114 is also guided by the cooperating between the
side walls of hydraulic piston 114b and the internal walls of
hydraulic cylinder 160.

As shown in thé embodiment of FIG. 1, fuel inlet 108 is
located in cap 104 and fuel flows through the hollow valve
body. In the preferred application, the fuel is a gaseous fuel
so small gaps between valve components are sufficient to

allow the gaseous fuel to flow through the length of the valve

body to the opposite end whete the fuel is introduced into the
engine combustion chamber through the tip of the injection
valve. Fuel flow through the valve interior can also be
facilitated by providing longitudinal grooves in the side .
walls of valve components (not shown) and/or holes or slots
provided through components (see for example holes 1384
through fixed pole 138). Causing the fuel to flow through the
interior of the injection valve helps to cool the valve
components and remove heat that may be generated in the . .
actuator assembly When the fuel is used to cool the actuator.
assembly in this manner, thermal modeling predicts that
during normal opcratlon heat generated by the actuator
assembly will cause a temperature rise of less than 10° C.,
To close injection valve 100, at the end of the injection
event, electric coil 132 is deenergized, causing magneto-
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strictive member 130 to contract. When valve member 114

is moving from the open position to the closed position, the .
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" maintain the desired lift during the duration of the injection

closing force originates from valve spring 116 and disc

spring 150. The closing force from valve spring 116 is again

transmitted to valve member 114 through hydraulic piston

1145. In the open position, the expanded magnetostrictive
member 130 compressed disc spring 150, so upon closing,
* disc spring 150 de-compresses to push cylinder 160 towards
the actuator assembly to compress to magnetostrictive mem-
ber 130. Disc spring 150 also provides an additional closing

force to valve member 114 by generating a closing force that

is transmitted from disc spring 150 through hydraulic cyl-

~.inder 160, valve spring 116 and hydraulic piston 114b.

10

Once valve member 114 contacts valve seat 112, injection ,

‘ valve 100 is closed. When injection valve 100 is closed, the

- hydraulic.link assembly automatically self-adjustments so
that the position of hydraulic cylinder 160 relative to
hydraulic piston 114b is corrected to account for the effects

15

of temperature, wear, and any small moveéments of valve .’

member 114 relative to hydraulic cylinder 160 that may have
occurred while valve member 114 was in the open position.
Auto-adjustments are accomplished by the- migration of

hydraulic fluid from chamber 1645 on one side of hydraulic -

piston 114b to chamber 1644 on the other side of hydrautic
piston 114b, while valve spring 116 and disc spring 150

20

25

ensure that the injection valve remains closed with valve

member 114 seated againsf valve seat 112,
Control Strategy :

Preferred waveforms representmg the amount of electric
current delivered to a valve actuator for controlling an
injection valve are plotted in FIG. 4. The illustrated wave-
. form shows that the control pulse may employ several
features to control the movement of a magnetostrictive or
piezoelectric member respectively.

For example, for an actuator employing a magnetostric-
tive member, an electric current is directed to an electric coil
that is used to actuate the magnetostrictive member. The
strength of the magnetic field is directly proportional to the
amount of electric current that is directed to the electric coil.
To promote fast opening, for a short time immediately prior

30
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event, the current is later lowered to I,. In this example,.
current I, has a value corresponding to the current known to
mamtam the desired lift.

Waveform C shows that different amounts of valve lift can
be. achieved by changing -the magnitude of the current
maintained during the injection event. Waveform C main-
tains the current at I3 .to produce a lower lift to inject a

.smaller amount of fuel compared to the m]ectxon event of -

waveform A. Waveform C also shows an injection event .
with a shorter duration compared to the injection event that
would-be produced by waveform A..

Dashed line D shows that the shape of the waveform can
be manipulated to' influence the movement of the valve
member. In this example the current is momentarily made
negative to I, to accelerate the valve closing and then made
momentarily positive again to I5 to slow down the valve
member to reduce impact and wear on the valve member and
valve seat., The current could also be kept positive (that is I,
equals zero) and current could be momentarily raised to I
to slow down the valve member before it contacts the valve
seat. Dashed line E also shows that valve closing impact and

- wear to the valve seat and valve member can be reduced by

slowing the rate at which the current is rediced to zero.
- Persons skilled in the technology involved here will:
recognize ‘that the time to open or close the injection valve
may be decreased by increasing the slope of the control
waveform, or increased, by decreasing the slope of thé
waveform. In summary, the shape of the control waveform
may be manipulated to produce the desired effects on the
speed of the valve member movement and its displacement
with respect to the valve seat (to control lift).

The time span for the waveforms of FIG. 4 may be in the
range of 100 to 5000 microseconds, and typically between -
250 and 2000 rmcroseconds for the majonty of injection

~ events.

40

to an m_]ectlon event (for example 100 microseconds), a -

current is preferably initiated by high frequency voltage

cycles between substantially equivalent positive and nega-_
tive voltages. For example, these high voltage cycles may be -

on the order of 100 kHz.

"Waveform. A illustrates a prcferred pulse shape for an

injection . event. An injection event is initiated when the
valve is opened by rapldly increasing current to I,, which is
of a magnitude that is known to correspond to a desired lift.

When the valve is opening, the high frequency yoltage_'
. cycles continue between positive and negative voltages but '

" anet positive voltage. Once the desired valve lift is attained,
the current is maintained at It to maintain the valve lift for
a duration predetermined by a controller. The controller is
responsive to current engine load and demand.

~ The injeclion event is concluded by decreasing current
until it is reduced substantially to zero amps by applylng
high frequency voltage cycles and in each cycle maintaining
. the negative voltage for a longer tlme Ihan the positive
voltage.

As shown by the dashed lines in FIG. 4, the shape of the
waveform may be controlled to achieve desired effects. For
example, dashed waveform B shows that upon initiating the
injection event, to further accelerate valve opening and
introduction of the fuel, the current may be initially
increased to I, which is much higher than'the magnitude
needed to provide the desired lift. To conserve energy and to

45 -
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The combination of the above described dlreclly actuated

-injection valve and control strategy provides several
- benefits, including;: -

elimination of the hydraulic fluid supply system that is
needed by conventional hydraulically actuated injec-
tion vilves. This simplifies injection valve
construction, for example, by eliminating the need for
hydraulic fluid supply and return passages and the

- hydraulic fluid control valves that are employed by
conventional hydraulically actifated injection valves.

automatic compensation for differential thermal expan-
sion within the injection valve, for wear due to pro;
longed operatron and for small differences caused by
- limitations in manufacturing tolerances.

an apparatus that permits the use of a control strategy that
can throttle fuel flow and reduce valve seat wear. The

* ability to control the lift displacement permits reduced
injection at lower loads and reduced pre-mixed burnt
ing. For example, using 4 magnetostriclive or piezo-
electric actuator, the valve member movement can be:
controlled between about 10% and 100%. For lower
load conditions it is important to be able to reduce the
flow of fuel into the combustion chamber, since excess
fuel may not be combusted, resultmg in lower operat-
ing efficiency -and higher emissions.

improved manufacturability is made possible by the use -
of axisymmetric cylindrical parts and few tight toler-
ances between the injection valve components.

valve operation is improved since the actuating assembly
permits " greater control of the valve member. For
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example, the injection valve may be used to inject a
gaseous or liquid fuel. When the fuel is gaseous, there
is a greater need to slow down the valve member upon
closing because there is no liquid fuel to'dampen the

impact of the valve member on the valve seat.
By shaping the control pulse waveform applied to the
" actuator it is possible to slow down the closing of the

injection valve to reduce impact on the valve member and

thé valve seat.

While parucular elements embodiments and apphcauons
of the present invention have been shown and described, it
will be understood, of course, that the invention is not
limited thereto since modifications may be made by those
skilled. in the art without departing from the $cope of the
‘present d1sclosure, particularly in l1ght of the foregoing
teachmgs )

What is claimed is:

1. An injection valve for injecting fuel into a combustion -

chamber of an internal combustion engme said 1n]ect1on
valve compnsmg ‘
(2) a valve housing comprlsmg
a fuel inlet port;
an interior chamber ﬂuldly connected to.said fuel inlet
-port; and
a valve seat for oooperatmg w1th a valve member to
seal said interior chamber from said combustion
chamber when said injection valve is closed;
(b) said valve member having one end disposed within

15
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said valve housing and an opposite end extendable

from said valve seat toward said combustion chamber, -

wherein said valve member comprises a-sealing surface

that fluidly seals against said valve seat when. said °

injection valve is closed and that is liftable away from
said valve seat when said injection valve is open;

(c) a biasing mechamsm associated with said valve
member, said biasing mechanism applying a closing
force to said valve member when said valve member is
in said closed position;

(d). an ‘actuator assembly assoc1ated with :said valve

member, wherein said actuator assembly may be actu-
ated to apply an opening force to said valve member
stronger than said closing force, for moving said valve
,member to said open position; and
(¢) a hydraulic link assembly comprising a passive
hydraulic link having a hydraulic fluid thickness
through which said opening and closing forces are
transmitted, whereby said hydraulic fluid acts substan-
tially as a solid with said thickness being substantially
. constant while said actuator assembly is actuated and
. wherein said thickness of said hydraulic link is adjust-
_able while said actuator assembly is not actuated in
response ‘to changes in the dimensional relationship
between components of said injection valve to maintain
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5. The injection valve of claim 4 wherein said piston is an
integral part of said valve member. :
6. The injection valve of claim 1 wherein said actuator

assembly comprises a dimensionally responsive. member.
7. The injection valve of claim 6 wherein said dimen-

- sionally responsive member is formed from a magnetosmc-

tive material.

8. The injection valve of claim 7 wherein said magneto-
strictive material comprises a metal - alloy’ compnsmg
terbium, dysprosium and iron.

9. The injection valve of claim 7 wherein 'said actuator
assembly further comprises an electric coil disposed in an
annular space around said dimensionally responsive mem-.
ber. .. :

10. The injection valve of claim 9 wherein-said actuator
assembly further comprises a flux tube d1sposed around sald
electric coil.

11. The 1n]ect10n valve of claim 10 wherem said a ﬂu‘(
tube is disposed in an annular space around said electric coil:

12. The 1nJect10n valve of claim 10 wherein said actuator
asscmbly is disposed within said interior chamber.

- 13. The injection valve of claim 6 wherein said dimen-
swnally responsive member is formed from a plezoe]ectrlc—
material.’

14: The injection valve of claim 6 further compnsmg a
compression spring member for applying a compressive
force to said dimensionally responsive member.

15. The injection valve of claim 1 wherein said fuel inlet
port is positioned such that fuel enters said valve housing
and passes lhrough said actuator and hydraulic link assem-
blies. - é

16. The injection valve of claim 1 wherein said fuel inlet
port is. positioned near the valve tip such that fuel flowing
through said interior chamber does not contacl said actuator
assembly.-

17. The 1n]ect1on valve of claim 6 wherein said actuator
assembly is controllable to maintain said desired lift -
between 10 and 100 percent of maximum lift.

18. The .injection valve of claim 17 wherein said lift is
controllable by varying at least one of the electric current,
the electric voltage and the magnetic field imposed upor -
said d1mens10nally responsive member.

19. The injection  valve -of claim 6 wherein said valve
member is controllable such that said valve member moves

- between said open and closed positions 1n less than about -

200 microseconds.

* 20. The injection valve of claim 6 further comprising a- .
biasing mechanism for applying a compressive.force to said
dimensionally responsive ‘member.

21. The injection valve of claim 1 wherein snd biasing

" mechanism comprises a spring.

50

a desired valve lift upon actuation of said actuator

assembly.

2. The injection valve of ¢laim 1 wherein said thlckness '

of said hydrauhc link is auto-adjustable while said actuator

assembly is not actuated in response to changes in said

dimensional relat1onsh1p caused by d1fferen11al thermal
expansion. .

3. The injection valve of claim 2 wherein said thickness
of said hydraulic link is auto-adjustable while said actuator
assembly is not actuated in response to changes in said
dimensional relationship caused by wear to components of
said injection valve.

. 4. The injection valve of claim 1 wherein said hydraulic
" link assembly comprises a fluidly sealed hydraulic cylinder
that is fluidly sealed from said-interior chamber, said hydrau-
lic link .assembly comprising a piston and said hydraulic
. fluid is disposed within said hydraulic cylinder.
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22. The injection valve of claim 21 threln said- sprmg

_ comprises at-least one disc spring.

23. The mjecuon valve of claim 1 wherein said tuel is a
gaseous fuel.

24. Thei ln_]CCIlOII valve of claim 23 wherein said hydrauhc
fluid is a liquid. - )

25. The injection valve of claim 24 wherein said hydraulic
fluid is a liquid selected from the group cons1slmg of motor
oil and grease.

26. The injection valve of clalm 1 wherein said fuel is
injected into said combustion chamber at a pressure greater
than about 2000 psi (about 13.8 Mpa):

27."The ll'l_]CCIIOI] valve of claim 1 wherein said valve
housing comprises a plurality of parts which are joined with
each other to provide a fluidly sealed body.

" 28. The injection valve of claim 1 wherein said valve
housing, said valve member and said actuator assembly are
selected from materials having thermal expansion coeffi-
cients sufficiently compatible such that changes in the
dimensional relationship between said components caused
by changes in temperature are reduced.
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' 29. An injection -valve for injecting fuel into a combustion

chamber of an internal combustion engme said injection

valve comprising: .
(a) 2 valve housing comprising:
a fuel inlet port;

an intefior chamber ﬂuldly connected to'said fuel inlet

port;
a valve séat provided on an end of said housing that
faces said combustion chamber; :

(b) a valve member comprising a shaft portion havmg a
first end to which a circular head is transversely
mounted wherein said head-provides an annular sealing
surface that faces said valve seat; and a second end of

. said shaft is associated with a piston portion, said valve
member movable between a'closed position at which

" said sealing surface contacts said valve seat to fluidly
seal said ‘interior chamber from said combustion
chamber, and an open position at which said sealing
surface is spaced apart from said valve seat whereby
said interior chamber is fluidly .connected with com-
bustion chamber; . .

(c) a biasing mechanism associated with said piston

portion of said valve member, said biasing mechanism .

applying a closing force to said valve' member when
said valve member is in said closed posmon
(d) an actuator assembly for applying an opening force to
said -valve member that is stronger than said closing
force, for. moving said valve member to said open
position, said actuator ‘éssembly comprising a member
‘having dimensional responsiveness to the imposition of
at least one of an electric current, an electric vollage
and a magnetic field, said dimensionally’ responsive
member disposed between a fixed pole maintained in a
fixed position relative to said ‘valve housing and a
sliding pole, said sliding pole being displaceable by
expansion of sa1d dlmensxonally responsive member;
and
(e) a hydraulic hnk assembly comprising a fluidly sealed
hydraulic cylinder disposed about said piston portion of
- said valve member, a. hydraulic'fluid disposed within
said hydraulic cylinder, wherein said opening and clos-
ing forces applied to said valve member are transmitted
through a thickness of said hydraulic fluid whereby said
hydraulic fluid acts as a hydraulic link and said thick-
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ness is automatically adjustable in response to changes -

in the dimensional relatmnshlp between components of

-said injection valve.to maintain a desired valve lift ° .
45

upon actuation of said actuator assembly.

30. The 1nJect10n valve of ‘claim 29 wherein said dimen- -

sionally responsive member is formcd from a magnelostrlc-

.. tive material.

31. The injection valve of claim 30 wherein said magne-
tostrictive material comprlses a metal alloy comprising
terbium, dysprosium and iron.

32. The injection valve of claim' 30 wherein said actuator
assembly further comprises #n electric coil dlsposed in an
annular space around sald dlmensmnally responsive mem-
ber.

33. The injection valve of claim 32.wherein said actuator
assembly furthér comprises a flux ‘tube dlsposed in an

“annular space around said electric coil.

34. The 1n_]ect10n valve of claim 29 wherein said dimen-
sionally. responswe member is formed from a piezoelectric
material.",

35. The method of claim 29 further comprising applying-

high frequency voltage cycles between offsetting positive
and negative voltages to generate a current of close to zero
amps immediately prior to an injection event. ,

36. The method of claim 29 wherein the time to open said
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valve from a closed position to said desired lift is less that

about 100 microseconds.

20

37. The 1n]ec110n valve of claim 29 further comprising a
compression spring member for applylng a compressive -
force to said dimensionally responsive member.

38. A method of using a shaped waveform to control
electric current to actuate an injection valve for an internal
combustion engine that employs a dimensionally responsive
actuator assembly comprising at least one of a magneto-
strictive and a piezoelectric material, and a controller to
govern valve lift and duration according to values predeter-
mined for engme load demands within the operating range -
of said engine by said controller controlling current and
voltage directed to said actuator assembly, said method
comprising for each injection event:

_ (a) initiating an injection event by rapidly increasing
current to a magnitude that is known to correspond to
a desired lift by applying high frequency voltage cycles
-and in each cycle maintaining a net ‘positive voltage;
(b) maintaining a current to control said desired lift for a
duration predetermined by said controller; and

(©) concluding an injection event by decreasing current
until it is reduced to zero amps by applying high
frequency voltage cycles and in each cycle malntalnmg .
a net negative voltage.

- 39. The method of claim 38 whereby the step of initiating
an injection event further comprises initially increasing
current to a spike value higher than the value for the desired
lift to rapidly open said valve 'and then reducing current (o
the value to cause the desired lift.

“40. The method of claim 39 wherein said spike value is up .
to about an order of magnitude higher than the value needed
to cause the desired lift. _

41. A method-of operating a fuel injection valve for an

-internal combustion engine, said injection valve having a

longitudinal axis, said method comprising: ‘

(a) actuating a dimensionally responsive member com-
prising at least one of a magnetostrictive material and
a piezoelectric material, said dimensionally responsive
member expanding in length in the direction of said
longitudinal axis upén actuation of said actuator;

(b) transferring movement caused by said actuated dlmen-
sionally responsive member through a passive hydrau-

* lic link to cause a corresponding movement of a valve
member to open said valve by lifting said valve mem;

. ber'away from a valve seat and compressing & biasing

- mechanism that biases said valve in a closed position,
said passive hydraulic link comprising a hydraulic
cylinder which houses a piston and is. filled with a

- hydraulic fluid, wherein said hydraulic fluid forms a
layer between said piston and a cylinder head and
because of the short duration that said valve is open,
said hydraulic fluid does not have timé to flow from oné
side of said plston to the other side and while said
injection valve is open, said layer of hydraulic fluid acts '
as an incompressible solid so that movement caused by
the actuation of said dimensionally responsive member
‘is transmitted through said fluid layer;

(c) deactuating said dimensionally responsive member o
contract the length of said dimensionally responsive
member to unload said biasing mechanism and cause a
corresponding movement of said valve member to
close said valve; .

(d) providing sufficient time between consccutive vaive
openings to allow at least some of said hydraulic fluid
within said passive hydraulic link.to flow from one side
of said piston to the other side of said piston.
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Attorney Docket No, 12541US03
DIRECTLY ACTUATED INJECTION VALVE

e

JCross Reference tg Related Appllcatlon(s)

Thls applic tlon is a contlnuatlon in-part
of U S. Patent. ppllcatlon Serial No. 09/522,130_-
'filed March 9, /2000, entitled "Directly Actuated

5 ‘Injection‘Va%

e">'now U.S. Patent No.'
issued | The '130 application relates
to and claim prierity benefits from U.S.
eProvisional‘Peﬁent Application Serial Ne. .
60/159,791 [filed OctobereIS,«1999, entitled '
10 "bifecqu \ctuated injecfor". The ;130» '
| applicati¢n and the ‘791vappiicatien are each

incorpor‘ted_herein‘by reference in their

entiret

15 ':Fleld of the Inventlon

The present 1nventlon relates generally to
.hlgh pressure fuel 1njectlon valves or. injectors
for 1nternal combustion englnes, and, more
'speglflcally,,to an 1nject;onvvalve that'is
20 directly centrollablevby a position‘actueting - t' J“
v material (such as, for example,'a piezeelectric'
o?'magnetostrictivevmaterial) and which includes

a passive hydraulic link.
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Backgroundrof the Invention

Direct injection of a gaseous fuel into the.

fcombustion chamber of an internal cOmbustion

englne is des1rable for several reasons For-

’example, dlrect 1njectlon allows charge'

stratifipatlon, ellmlnatrngmthrottl;ng losses:
associated with homogeneousAcharge'engines.
Additionally, with direct injection laterinlthe
compression stroke, a'high~compress10n_ratio can
be maintained, .maintaining efficiency l Further,
when the fuel that is dlrectly 1njected comprlses:,
natural gas, propane, oY hydrogentlthe emlss1ons-~

of NOx and partlculate matter (PM) are

>s1gn1flcantly reduced The dlrectly 1n]ected \

gaseous fuel can be 1gn1ted with a glow plug,

with a spark plug, with pilot‘diesel fuel, .

with any other energy source. The gaseous fuel

should be 1n]ected at high pressure to overcome

_the-combustlon chamber_pressure,»wh;ch is high at

the end of the'compression stroke. Preferably,,'
the injection pressure is high enough.to'promote
good mixing between the injected fuel and. the
combustion chamber air. ..

) , -~ -
Direct injection at high pressures presents'

_several challenges. The use of hlgh pressure

fuels for direct injection results in hlgh fuel
pressures ‘existing w1th1n the 1njectlon valve or .

injector." As a result when closed the
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1njectlon valve should typlcally ‘be strongly
seated to av01d leakage of the fuel into the
combustlon chamber between 1njectlon events .
When‘the'valve is a needle wvalve, the valve is
's ' seated when the sealingnsurfaces of the movable.
. R ‘_lvalve~needle;andvthervalvefseat arefln fluid-

. tight‘contact with each other. The,valve'seat is;
:generally'part of,the valvelhousing‘or‘body For
an outward opening.valve, suchas a poppet valve

10 .the valve is closed when a valve member is
retracted within the valve body so. that the;

,, seallng surfaces of the valve member are pressed
agalnst the valve seat to form a fluid- tlght
seal: A fuel injection valve w1th an "outward"

.15 opening configuration is defined herein as an. .

"injection valve for an internal'combustion‘engine’
‘which employs a valve member that is movable in
the dlrectlon of the englne combustlon chamber/to

an open pos1tlon and in the oppos1te dlrectlon to

20 a closed p051tlon Terms used to. descrlbe such a

valve member include, for example, plntle shaft,

”r*

'*valve stem .and valve shaft. Outward openlng
:1njectlon valves typically comprlse ‘a c1rcular
valve head mounted transversely on the valve

/'25‘ member, for axial motion towards and'aWay from'a

matlng c1rcular valve seat assoc1ated w1th the

/

'valve body

Mercedes EXA‘1O1A2, Pagé 34.0f 190
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Moreover, compared to low—pressure systems,

' hlgher forces are needed to open oxr close the.

1njectlon valve For example, for a needle valve,

‘that employs an 1nwardly openlng valve needle,

when the needle 1s in the open pos1tlon 1t may,be

‘subjected to high forces ‘from the pressurlzed
Vfuel. Conversely, with an outward openlng

-1njectlon valve, a hlgh amount of force is

requlred to keep the valve closed agalnst the;
hlgh fuel pressure within the injection. valve,
body , o o |
_'Additionally,jthere is only a small'Windbw‘
of time during which,the fuel~can beyinjectedqv
For example, at 4500 revolutions perfminutef

(RPM), at full load, all of the fuel is

'“preferably‘injected‘in‘less than 2-3 ‘x" o B

milliseconds.

Nearly all known dlrect fuel 1njectlon

~ systems in 1nternal combustlon englnes have been'

hydraullcally'actuated~ These systems rely on»a‘“

hydraullc flu1d to. prov1de the force that is :_ ’

needed to open an 1njectlon valve (or valves,

when the englne comprises a plurallty of

combustion'chambers). Accordingly, at typfcal

engine eperating speeds, hydraulically actuated

‘injectors rely on rapid changes4in the hydraulic
' fluid pressure to open and close the'injection'”

'<valve(s). An injection valve is typically opened

\
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'by increasiﬁg.thé hyaraulic fluid.pfessure and
closed,by"reducing the hydraulic fluid'pressufe,"
such that thé opening fofce.applied‘to the
injeCtion Vaive is reduced, Eausing the val?e tbr
5 close. However, in the ébnteXt of a conventional
| .géseoué injectioﬁ~valve, hydraulic operation B
pfesents_severél drawbacksjiiﬁcluding: o
o  the need for additiéna1 hydraﬁ1i¢*
‘Hardware sﬁch'as a hydraﬁlic’pumpj‘
10 ‘ ' _'va1ves, and a reservoir for the |
hydraulic £luid; | |
, e the need for a seal to béAestablishéd ﬁ
between.the variable pressure hydraulic
' fluid and'the,high pressureAgaseodé '
15 fuel; ' .
. ‘incréased.bulkiness of the injection
valvé assemb1y beéauSe»of'the

additional hardware'requiréments; and -

. delayed respohée of the system éauéed,
20 : by time delays associated with the
| dYnamic;flow Of_the‘hydraulicyfluid,
the aétuation of thé"electronic ”
S hydraﬁiic_valVe.hardware‘andfthe'.
| movement of the needle that controls
;25>, o - gas flow from the'injection'valve.
o |  Mbreover; the degrée oﬁ controllability‘of
Jthermovement'of_the injectioﬁtvaive‘is low when

fthe'motive force is' provided by a préséﬁrized
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injection valve with a double-spring

b

\

fluid rather than by a directlyléOnErolléble

- source. In this respect, it is difficult to

control lift, resulting.in‘limitéd 1ift control

capabilitiés when usinthydraﬁlicaﬂly actuated

..configdration. Therefore, it is desirableito , o
‘avoid the use of hydraulics to operate gaseous
fuel injectors, particularly for high-speed

engines. . "Lift" in the context of injection

valves is defined herein as the displacement of
the valve needle or member away from its
closed/seated position to its open position.

U.S. Patent No. 5,779,149 describes.an

. injector using a piezoelectric.actuator acting on

~a hydraulic control valve through the

intermediate of a hYdraﬁlic amplifier, which

serVes to amplify»thé mbvement of the'actuatbr.
The hydraulic control valve allows the main
injection valve to open and close to meter the

amount of fuel injected. IR

‘A probiem with employing a piezoele;ﬁric or
magnetostrictive actuatof to operate a COntrol
vélve, which.iﬁ turn cdntrois the flow of a |
hydfaulic9fluid to éperété<an injéctioq vaive, is
that this arrangemeﬁt reqﬁires'the ig;g;mg@}gge

action Qﬁwﬁwh2§?aUl}§M£lUid- Aﬁy delays caused

by the displacemént of thé“hydraulic fluid causés

delays in the actuation of the injector.

f
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Accordingly, there/is a need for an injector‘that
is.directly actuatEd by an actuator without ah'
"'intetmediatelactive hydraulic oéeratof generating
ani actuating forees Another dlsadvantage of
5'nact1ve hydraullcally operated systems ‘is that a
hydraullc fluld needs to be supplled and dralned
from a hydraullc cylinder. When diesel fuel 1s
the main fuel - used by the englne, the diesel fuelh
may be used as the hydraul;c flu;d. However, .
10 when a gaseous'fuel.is.the ehginefs'main_fuei,
| separate hydraulic fluid s&Stem is needed tov
operate 1njectors that rely on hydraullc

actuatlon

15 Summary of the.Invention‘<

An. injection valve injects fuel into a
combustlon chamber of an 1nternal combustlon
‘englne. The injection valve comprlses

(a) a valve.hous1ng comprlslng:’

.20 - " a fuel inlet port
' | ‘an 1nterlor chamber fluldly
connected to the fuel inlet port; and
a valve seat. for ceoperating\withA

a valve member to seal the\interlor
25 o '-'chamber from the combustlon chamber

.‘ " when the 1njectlon valverls closed;»

o

(b)evthe valve member hav1ng one end -

dlsposed w1th1n the valve: hou51ng and

Mercedes EX1012, Page 38 of 190 .
. L Mercedes v. Westport
\ . o IPR2023-00351



10 -

15

20

25

A(d)

(e)

an opposite e
valve sedt to
chamber, wher
comprises a.s
fluidly seals

when the inje

Fseat when -the

wherein valve

traveled by £
from the valv
a\b1a51ng mec
valve member
applylng a cl
member when t
closed positi

an actuator a

N

nd extendable from thex
ward the combustion
ein the valve member
ealing surface that'
agalnst the Valve seat

ctlon valve 1s closed and

that is lifrable away from_the;valvee

injection valve is open,

lift equals the distance
he sealing‘surface away

e seat |
hanlsm assoc1ated w1th the

the biasing mechanism
osing force to the valve
he valve member is in the-
on;

[

ssembly associated with i ’

the valve member, wherein the actuator

assembly may

»openlng force

stronger than
moving the va

p081tlon, and

.a hydraullc 1

pass1ve hydra

- “hydraulic £lu

the opening a

transmitted,

be actuated to apply an'
to the valve member
the c1051ng force,,for {

N

lve member to the’ open S

ink assembly" compr1s1ng a -
ulic link having a K : s
id thickness through which

nd closing forces are

whereby the hydraulic
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fluid acts substantially as a solid
" with the thickness being substantially
constant while the actuator assembly is
actuated and whereln the thickness of
5 :“_; o kthe hydraullc link is adjustable whlle
| the actuator assembly is not actuated ff
in response to changes in the .
'dlmen51onal relatlonshlp between i/
components of the:injection valve to
A l lO o . ‘maintain a desired valve lift upon
actuation of the‘actuatorpassemblyf
In a preferred embodlment the thicknessvof
_,the hydraullc link is auto-adjustable in response

to changes in- the dlmen81onal relatlonshlp caused'

15 by differential thermal expan51on, and/or wear to
| omponents of the 1njectlon valve. The hydraullc
llnk assembly preferably comprlses a fluldly '
sealed hydraullc cyllnder that is fluidly sealed

“from the interior chamber The hydraullc link

20‘p;assembly comprises a piston and hydraul;c flu;dw;,“
| ,disposed'within the hyaraulicvcylinder,e The ”
hydraulic fluid is preferably a liquid such as,
vfor‘example motor oil'or'grease. .The plstonfmay
bée an integral part of -the valve member v |
25 . -~ In a preferred 1n]ectlon Valve the actuator
assembly comprises a d1mens1onally respons1ve
ﬂ l‘ '_ member. ' The dlmen51onally responsive member can

 be formed from a“magnetostrlctlve-materlal. The

) . ) Mercedes EX1012, Page 40 of 190
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o

preferred magnetostrictiveVmaterial comprises a

metal alloy comprising terbium,

iron. The preferred,actuator‘assemblygfurther

dysprosium and

4

' comprises-an electric coil disposed in an annular

space around the dimensionally responsive member

and a flux tube dispesed‘in an annular space’

around the electric coil.

“is preferably'dispesed within the interior-

‘The actuator assembly

chamber. The dimensionally responsive member can

also be formed from a piezoelectric material. A

preferred 1njectlon valve further comprlses a'

xcompress1on sprlng member for applylng a N

compre381ve force to the dlmens1onally respon81ve

~

' member.

'.In'one embodiment,

¢

the fuel inlet is

positioned so that fuel enters the valve-housihg

and passes through the actuator and ‘hydraulic

link assemblies in the interior chamber. In this

embodiment, the flow of fuel over these

lassemblles helps to remove heat generated by the

actlvatlon of the actuator and reduces the effect

of differential temperatures w1th1n the 1njectlon

Valve. In another embodlment,

the fuel 1nlet is

positioned near the valve tip so that the fuel

flowing through the injection valve does not come

‘into contact with the actuator assembly. ‘This

embodiment s1mp11f1es the constructlon of the

~

actuator and hydraullc link assemblles since

Mercedes EX1012, Page 41 of 190
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there is no need to provide fluid passages for

thefﬁuel to flow to the valve tip;

‘In a preferred injection valve, the lift is

controllable by varying at least one of the

‘ electricvcurrent, the electric voltage'and the

magnetiq“field,imposed”updn.thegdimeneionally

' responsive member. The valve member is

preferably contrdllable'%uch that the valve

”member moves between the_openfand closed

positions in less than about 200 microseconds.
The injection valve preferably further

comprises a>biasingvmechanism'for applYiﬁg a‘

'compre551ve force to the. dlmen81onally respon81ve

‘member The b1a81ng mechanlsm preferably

comprlses a spring. The sprlng preferably
comprlses at least one dlsc sprlng

- (A
- In aipreferredAlnjectlon valvey the - fuel is.

'gaseous and the hydraulic fluid is a liquid. The

preferred hydraulic;fluid is a liquid\selected

from the group consisting of mdtor,oilnend S Y

grease.

The preSent'injeetion velve is particularly

suited for injecting a gaseous‘fmel because. the

“ability to medu1ate the movement'ef the valve

member may be beneficially used to slow down’ the

closing. actlon of the valve member to reduce

'1mpact upon c1051ng When a llquld fuel is

‘1njected the c1081ng 1mpact 1s dampened by the

Mercedes EX1012»; Page 42 of 190
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o,
;
dlsplacement of the thln llquld fuel layer, which

is con51derably denser than gaseous fuels. When

A

the fuel is a gaseous fuel, it can be 1njected N
B o

into the combustlon chamber at a pressure greater

. than about 2000 psi (about 13.8 MPa) .

While the hydraulic llnk in the present \”

injection valve is designed to compensate'for
.changes in the_dimensional relationships between .

‘valve components, 1nclud1ng changes caused by

dlfferentlal thermal expans1on, the demands
placed upon the hydraulic llnk may be reduced by
the selection of materials for the valve'

components that have.s1m11ar thermal~expansion

coefficients. In this regard, the valve hou31ng,~

Valve member and actuator assembly are preferably. .

selected from materlals hav1ng thermal expan51on

. coefficients sufficiently compatlble such that

changes  in the dlmens1onal relatlonshlp between
the components caused by changes in temperature
are reduced.

A magnetostrictive‘material that is suitable

for use in the present injection valve comprises

a material known as ETREMA Terfenol—D®

‘magnetostrlctlve alloy that is avallable from v

Etrema Products Inc. ETREMA Terfenol D

v?'magnetostrictive alloy is a metal alloy composed

of terbium, dysprosium and‘iron.
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In a preferred embodimentA the Valve member
lactuated by an actuator assembly that 1ncludes a
dlmen81onally responsive member, 1sucontrollable
'tolmove‘between.the'closed and opeh bositiOnswin.

'5 less than about 2Qp»microsec0nds" B
’ To improve the range of valve 1lft for a-
iglven length of the dlmen51onally respon81ve S )
'»member a compres51ve force may be applled to thes
dlmen81onally respon81ve member . - By pre loadlng‘
10 -the dlmen81onally respon51ve member, net
~displacement may be 1ncreased per respective unit.
~of applied magnetic field'(in the case of a
dlmen51onally respon51ve member formed of _
‘magnetostrictive materlal) or applled voltage,(in‘
15 lthe case of a dlmens1onally respons1ve memberi
| :formed of plezoelectrlc material). Accordlngly,

a b1a81ng mechanlsm may be employed for applylng

:i‘a compress1ve force to pre- load the dlmen81onally

- responsive member The b1a51ng member preferably
20 comprises at least one sprlng,-most preferably at
. L " least one dlSC spring (also known as -a Bellev1lleb
spring or Belleville washer). | - _
L S o The 1njectlon valve hou51ng may comprise a
.iblplurallty of parts that are joined with each . .
,25 “othervto'provide}a fluidly sealed body!‘ For

example, the valve hoﬁsingvmay'COmprise a hollow"

maln hou81ng w1th a removable valve cap that :

"allows access to the valve components dlsposed
\

3
A5

-~
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.within the main housing. ,The‘valveihousing mayt
furtherrcomprise a' separate valve tip so,that itv
is replaceable when worn. In. addltlon, the valve
tip may be des1gned so that 1t 1s the - only
.5' portlon}of the valve body that is dlrectly
» exposed.to the interior of the combugtion -
ehamber.‘}lnwthis case the valve tip may be made
frem a materialvthat Will provide greater |
: durability when directly‘exposed‘te the .
10 conditions that might be eXpected within .a
combustioh'chamber. ' o
A preferred fuel‘injection valve for
::injeetihg fuel into a combuStioh chamber of an °
‘internal combustion engine comprises: .

. . ) . . X E ) ‘/
15 - (a) a valve housing comprising:

a fuel inlet port;;_
an interior chamber fluidly

connected to the fuel inlet port; .

~a valve seat provided‘on'ah end of
20 A_. -~ _the housingvthat_faCes;thetcombustion
| ‘.chamber | ‘
(b)) a valve member comprlslng a shaft
| portion having a first end to whlchla
circular head is transversely meunted
25 . ‘f "wherein the_head prevides an .annular
o sealing surface that faces the valve.
- "__ seat, and a sehond_end of the shaft is

associated with a piston portion; the

~

-~
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PR I : valve member movable between abclosed
| | | position -at which the Sealing surface
contacts . the valve seat to fluidly. seal
‘the interior chamber from the' C
5 n combustlon chamber and an open
‘ | | p031tlon at which the sealing surface
'is spaced apart from the'valve seat
,73.”whereby the 1nterlor chamber is fluldly ﬁ
connected with combustion chamber ‘
ibv o o 4v'where1n valve lift equals dlstance.
traveled by the seallng surface away
from the valve seat '
(c) a biasing mechanlsm associated with the .

piston portlon of the valve member, the

15 B b1a81ng mechanlsm applylng a clOS1ng
i‘force to the valve member when the
'valve member is in the closed p051tlon

(d) an actuator assembly for applylng an

openlng force to the valve member that ;
20 _ ‘~wlS stronger than‘the c1081ng force, forlfl.
- moving the valve. member to the open o
position, the actuator assembly

-*comprising a member hav1ng dlmensional‘"
Aresponsiveness:tolthe'imposition of at .

25 - S least one of”an_electric Current,7an'“"

electric'voltage and=a magnetic field,

2 - v I ‘the dlmen81onally respon51ve member

dlsposed between a fixed pole
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maintained in a fixéd position relative
. to the'vaive housing and a sliding
ipoie, the sliding pole being S
diéplaceéﬁle by expansion of the
5 . lbdimensionally-responéivg‘member;<and
“r(e) a hydraulic liﬁk assemblyyégmbrising a
fluidly sealed hydraulic cylinder
diééosed about thé piston pOrtibn of
) ‘the valvg/member; a hydféylictfluid v
B 10 ' .y vdisposed within the hydraulic cylinder,
' : wherein the opening and'closihg forces
applied to the valVe hember'ar%~.
traﬁémitté&»throdgh a thickness of the
’hydrau1i¢ fluidgwhere5y‘the.hydraulic
15 | “ . fluid acts as a hydraulic link and the
| thickness is autométically adjustable
in response to.changes in the

- dimensional relationship between

components;of the injectiOanélve to
20 . maintain a desired valve lift upon
.actuation‘ofvthe-actuaté; aésembly.
A.method of using a shaped waveform to
cénﬁrol'electric,éurrent.to actuate an injection:
valve for anfiﬂternal combustion engiﬁe employs. a
25" q;mensionally résponsive actuator assémbly
‘ cbmpriSing at least oné of é'magnetOStrictive and
- a piezoelectric ﬁaterial,.ahd a controller to

govern valve 1lift and duration according to

SN
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values predetermined for'engineﬁload demands
‘within the operating range of the engine by theu
controller controlllng current and voltage
dlrected to the actuator assembly The method
5 'lcomprlses, for each injection event:
S :' (a)‘ 1n1t1at1ng an. injection event by |
'.rapidly increasing-current to a
magnitude that isvknoWn tO'correspondv
v | ,A;“‘ o a de51red 1ift by applying high
| 10 o frequency voltage cyCles}and in each"
Acycle ma;ntalnlng a net positive" ‘
voltage
(b) malntalnlng a current to control the
de51red llft for a duration |
,15 . I‘predetermlned-by the controller; and
| (c),-concluding an‘injection event by ‘
decreaSing'current until it is reduced
to zero amps by applylng high- frequency

voltage cycles and 1n each cycle

o

: 20 L A - maintaining’ a net negatlve voltage.

| Iﬁ‘é preferred shaped waveform method thev
‘step of 1n1t1at1ng an injection’ event further
comprlses 1n1t1ally 1ncrea51ng current to a splke

/value hlgher than the value for the desired lift

25 to rapidly open the valve and then~reducing

current to the value to cause the des1red 1ift.
‘The splke value lS preferably up to about an

order of magnltude higher than the value needed |

[
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v'to cauee,the desired 1ift. The prefefred method
further comprises applying high "frequency voltage
cycles between offsetting pdeitive and negative
voltages te generate a current of close to zero.

5 ampa'immediately prior to an injedtion,event. .
The time to open the valve from a closed p081tlon_
to the desired lift is less than about 175°
microseconds, moreipreferably less‘thgn aboutvloo'
microseconds. Moreytypicaily, however, the time

10 needed to. move the valve member between the |
‘closed p081tlon and the desired open p081tlon may'
be as short as. about 250 mlcroseconds

1 ‘ A method of operatlng a fuel 1njectlon valve'
’ for. an 1nternal combustlon englne,-ln Wthh the

15 1njectlon valve has -a longltudlnal ax1s,

comprises:
(a) actuatlng a dimensionally respon51ve

member comprising at least one of a

magnetostrictive material and a
20 . ‘ piezeelectric material(,the
- “dihensibnally responsive member
.expandlng in length in the dlrectlon of
the longltudlnal ax1s ‘upon actuatlon of

-

the»actuator, ) ’
25 -~ (b) trahsferring'movement~caused by,the
P actuated.dimensionaily“responsive
- member through a passive hydraulie link

" to cause a corresponding movement of a
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(d)

of hydraullc fluld acts as an

'transmltted through the fluld layer;

valve member to open-the valveihy»

lifting the valve member awavufrom a

‘valve seat and compressing a biasing

mechanism'that biases»the vaive'in,a
closed position,,the passive hydraulic
link comprising a hydraulic cvlinder"
which houses a piston and is filleda>
with a hydraulic fluid, wherein the
hydraulic fiuid'forms a layer betweeh
the piston and a cyllnder head and
because of the short duratlon that the.

valve is open, ‘the hydraulic flurd doesa

" not have time to flow from,one side of

the piston to'thefother'side and while

the 1njectlon valve is open, the layer.

‘1ncompress1ble solid so. that movement

caused by the actuatlon of the

dlmens1onally respon81ve member is

deactuatlng the dlmen51onally

.responsive member to contract the

length of the dlmens1onally,responsive

member to unload the biasing mechanism

and cause a corresponding movement of

the valve member'to close the valve;

‘providing>sufficientﬁtime between

consecutive valve openings to allow at
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least some of the hydraulic fluid
within the passive hydraulic‘lfnkyto
flow ‘from one side of the pistonﬁto the
‘other'side of the piston
5 - An advantage of the present 1njectlon valve
1s that it may be employed for late- cycle hlgh-
pressure dlrect,lnjectlon of fuels 1ntov1nternal~
‘_combustion,engines. .For example, the present‘"
injection valve may be used to inject a gaseous ,
10 fuel into the combustion chamber'of an internal
comBUStion engrne at'pressures of between about
2000 and 5000 psi (about 13. 8 and. 34 5 Mpa). ' The
R ) ‘ present 1njectlon valve may-. be employed to |
o | | 1ntroduce lquld fuels into 1nternal combustlon
15‘ Lenglnes at even hlgher pressures.
| still another advantage of the presentf
injection‘valve is that it provides an injection
valve that eliminates the‘need»for an active‘_. s

hydraulic operator and the associated high-

:20'fpressure hydraulic system for generating the
‘actuatlon force to actuate the 1njectlon valve‘
»Conventlonal actlve hydraullc operators areA‘

’ different from the'hydraulicﬁlink of the presenti"
invention which may be described as a passive

~25 Jhydraulic link because the hydraullc flu1d sealed
within the hydraullc llnk assembly merely
transmlts the actuatlng forces but is not
employed to generate an actuat;ng force for‘

|

. 1

b o . Mercedes EX1012, Page 51 of 190
Mercedes v. Westport
IPR2023-00351



”actuatlng the valve lRather, the purpOSe”of'the
:hydraullc llnk is to prov1de a load path for the

. Qpposrng actuatlng forcesvthat originate from;at“
least one sprlng member and'the'actuator

5 assembly. - A benefit of eliminating the need for -

| a conventional active hydraplic operator is the
ellmlnatlon of the assoc1ated actlve hydraullc
-systems Conventlonal actlve(hydraullc
-actuators,.such as those ‘that employ rapidly

10 increasingland»decreasing hydraulic flurd

pressure to actuate an injectiOn valve,Aare
connected to a source of high- pressure hydraullc
fluld and have: valves for controlllng the flow of

L

hydraulic fluid in and out. of the actlve

",15 hydraullc operator.. Active hydraullc actuators )
employ hydraulic fluid that.ls moved in and out
) of a hydraulic cylinder and when the hydraulic

‘cyllnder is fluldly connected to a source of hlgh

pressure hydraullc fluid, the high pressure'
2OAf hydraullc fluld that flows into the hydraullc
' cyllnder generates the-actuatlng force;that is
used to move the valve member. The actuating
‘force is removed when the hydraullc cylinder is
dlsconnected from the source of high- pressure
25 hydraullc fluld and the hydraulic fluid is
'»‘;dralned from the hydraullc cylinder.  A. .

»dlsadvantage of actlve hydraullc actuators of

‘this type is that there;rs,a lag time associated-

-
V
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o with moving the hydraulicvtluid'into and out of
_ the hydraulic cylinder. o
A further advantage of the paSSive hydraulic
link is that it may be employed to correct for
5 differential thermal expanSion, wear and
7 ‘dimensional variability within permitted
manufacturing and assembly tolerances Thef
'disclosed paSSive hydraulic link accomplishes
‘this by auto- adjusting itself 'in response to
10 'these effects by allOWing movement of- hydraulic
| fluid between oppOSite sides of the hydraulic
pistonr The actuator assembly thus re-zeroes
itself to ensure that‘the’desired valve member .
lift is maintained. ) o
15 © An advantage of employing a directly.
actuated injection valve is that a shaped control
pulse may be employed to control the acceleration

‘and deceleration of-the valve member as it‘moves

between the open and closed pOSitions For

20 example, when  a magnetostrictive actuator lS
emplgyed, the current applied to the
-electromagnetic coil can be"controlled,‘for'

' example, to reduce-the current in a manner‘that‘
3will close'the valve gently. Similarly, when a

.25 piezoelectric actuator is employed“ theﬁvoltage

applied to the piezoelectric ‘stack can Be '

L controlled, for example,. to accelerate the

opening of the valve by initially providing an

/
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may be employed to control‘the expansion and

over-voltage (that is, a voltage that is'higher.'

than the voltage that is needed to provide>the

neoeSsary,displaoement). Thus, controlgpulses

Acontractlon of magnetostrlctlve or plezoelectrlc

actuators to control the movement of the valve'

»member An advantage of controlllng the

,deceleratlon of the valve member is that’ the

impact of the valve member on the valve seat upon

closing can be.reducedrt03rednoe the wear on the -

valve components,'therebv»improving durability.

Yet another advantage of the present
1njectlon valve is that the control pulse may be
shaped to provide for partlal;llftlng of the

valve member in a repeatable manner. .The amount

" of lift may. be controlled by shaping the control >

. pulse to control the amount of electric current

or voltage directed to the respective’

'magnetostrictive or piezoelectric actuator

il

rassembly

Stlll another advantage of the disclosed »
1njectlon valve is that ‘the actual valve 1ift is.

very‘small_(typlcally much'less than 0.1 .

,millimeter),‘so that cOmpared\to valvesgdesigned

for greater valve lift, to fully open or close
the valve“ the valve member velocity can ‘be lower

)

resultlng in. 1ess impact and wear.
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Thésé and'other‘advantages arelproﬁided by a

. ’ Lot \ . . - _\
. directly actuated injector as described below.

Brief‘Description of the Drawings

5 . .FIG. l is a cross-sectional view of a
o .‘ j”preférred“embodiment_of a directly actuated fﬁeli;
tinjéction{valVe with»a paésive hydraUlic link
| assembly;.i‘ ' A
o .'FIG. 2 ié'an enlarged view of a partiél
10 qroés—sectional view of thé lower.port;op of a
|  fuel injection valve shown in the open position
with an alternate location for the fuel inlet
. port; o j | ‘ | |
FIG. 2a is a partial cross-sectional view'of‘
'iS' an'eﬁbodiment of a nozzle tip fof an'injectidh |
valve; .
A FfG.yzb is a partial side elevétiOn view of

an embodiment of a nozzle tip for .an injection

Valve;
20 ~ FIG. 3 is a cross-sectional view of anothefr
’preferfedfembodimentnofta directly actuated fuel
injecﬁionvvalVe with a different:arrangément for‘
.+ . the passive hydraulié link iassembly; and - |
' . FIG. 4 is a timing diagrém for a preferred
25 methOd of’coﬁtrolling'electric current applied to

the.actuator-assembly'bi a fuel injection valve.

AN
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_Lv'.‘ " In the figures, like referenceinumerals are. -
used to identify like components in different -
embodiments. :

/
\
\ -

S' Detailed Description Of.Preferred Embodiment(s).,
o B FIGs. 1 and 3 show two dlfferent preferred
embodlments of an outward openlng directly
actuated fuel 1njectlon valve for 1nternal \
- combustion engines. Opposed to a needle valve,
10 which employs a needle that is, retracted 1nto the
ivalve body to open the valve,  an outward-opening::
1njectlon valve extends a valve member outward
“and away from the valve body to open the valve
"To open an outward opening fuel injection valve
lSd for injecting fuel into an engine,'a valve_ﬁember
' is moved away from‘a,valve seat and towards:tne'
!combustion chamber . | f | ,
o Referrlng to FIGs. 1 and'2‘ inﬁection'valve

100 1ncludes elongated valve hous1ng 102 that

20 cooperates with valve cap 104 to prov1de a
fluldly sealed valve body Seal 106\may be-
employed to ensure that the assembled valve body
is fluld—tlght. Valve cap 104 comprlses inlet.
port 108 through whlch fuel enters the valve

25 . body. Valve housing 102 iurther“comprises‘valve

| seat 112, which is better shown in FIGL 2,‘which

shows an injection valve in the open position.’
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‘The figures are schematic represehtations of
preferred embodiments of fuel injection valves
for internal combustion engines. However, those
skilled in the technology 1nvolved here w1ll —
recognize that the flgures are not constructlon
draw1ngs and are not drawn to, scale For

example, valve housing 102 is shown as a single

-element, but for manufacturing purposes,'valve

hou51ng 102 may be constructed from several
pieces. 1In the figures, the sizes of some

compOnents have‘also been‘exaggerated to betterm

7lllustrate certaln elements of the apparatus

The enlarged v1ew of FIG. 2 also shows how

valve seat 112 is angled to form a cone shaped

surface and cooperates w1th the angled seallng

surface of Valve member 114 to prov1de a fluld

tight seal when the two surfaces are pressed into

—

, contactT In addition to providing a de51rableivf

MY

sealing arrangement, valve.seatVllZ'and‘the

sealing surface of valve member 114 are angled to

\ . . . . .
‘guide the direction in which the fuel 'is injected

‘into the combustion chamber. An'advantage of

thlS arrangement 1s that it allows an unbroken
conical sheet of fuel to be 1njected whlch
-prov1des a contlnuous surface for the combustlon
flame Another advantage of an outward openlng

1njectlon valve is that- when the valve is closed

- there is less concern about combustlon products

o
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fouling or clogging the injection valve:because
. unllke a needle valve there are no exposed nozzle.
holes , N ' .
Valve hous1ng 102 may further comprlse
5 features for 1nfluenc1ng how the fuel is-
flntroduced into the combustlon chamber.’ ~For
- example, FIG. 2a shows an. embodlment of valve
housing.lOZ_that,comprlses nozzle tlp»202 belom
‘where valve'member 114 seats against valve seat
10 112. Nozzle tip 202 provides a chamber that is
’-‘,oonneoted‘to‘the combustion chamber_hy nozzle‘
ports Or‘orifices 203" In this embodiment the
- chamber and orifices 203 may be advantageously .
' ‘81zed to slow down the fuel 1njectlon veloc1ty to
- l5>'1mprove 1gn1tablllty o -
. In yet another embodlment ‘valvefhousing 1q2jv'y
may further comprise an 1njectlonvtlp'that'has' ’ ).

prOJectlons 205 as shown in FIG. Zb‘ Which’serve

to prov1de breaks in the conlcal sheet of fuel
- 20 that is 1n]ected when the 1njectlon valve is
. opened. Persons skllled in the technology |
\.4 .: involved here w1ll recognlze that. the present
| llnventlon can be comblned with other valve tip
conflguratlons ’ The preferred valve tip
25 conflguratlon may depend upon other features of ‘
| the englne such as, for example, the shape of thel
piston bowl and the size and<operat1n9,Condltlons'

of the engine.
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Valve Member

“small 1ift can be compensated for by a larger

With reference to'FIG. 1, valve member 114
is disposed within the interior of valve housing
102 and extends through an opening 'in. the tip of

valve‘housiﬁg 102. The sealing suffaée'of valve

~member 114 contacts valve seat 112 to close - = y
- injection valveﬂloorby'preventihg fuel from
- passing beYond Valvelseat 112:and into the

-combug?ion,éhamber.“ln the~embodimeht of FIG. 1,

valve member'll4 comprises valve stem 114a, which

moves into the open position by moving outward

.'away'fromﬂthe valve body to lift away from ﬁalve

seat 112. Since the valve lift is:generally‘
small (for example;'aboht 65 micrometers), the
diametéf of wvalve stem 1l4é'and the size of the
anhuiar opehing aroﬁnd Galvé,stem ll4a are

selected to ensure sufficiént'flow capacity

,throuththé injeqtion valve since flow'area'(A)'

is proportional to valve stem diameter. Hence, a

i
5

r.diameter. In the preferred embodiment

‘illustrated by FIG. 1 valve member 114 further

: ‘ o
comprises an -integral piston 114b.- ‘In another

embodiment (not shown) a separate piston member

- may cooperate with valve mémber 114 to provide

the same effect.
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' Spring Assembly

A spring'assembly,biases valve memher 114 in
theiclosedgposltion“: In a preferred arrangement,
'the sprlng‘assembly'comprises at least'one valve
‘5lsspr1ng 116 for providing a ClOSng force to valve
| member 114. Wlth reference to the- embodlment of
FIG?UIL valve>spr1ng 116 Ls_shown as a disc or
washer spring A different type of spring‘snch
- .as a coil- sprlng could be used 1nstead ‘“Pre load
lQ lplate 120 is. used to apply a pre-load to valve
spring 116 so that valve 100 is biased in the
closed posltion. Valve_épring 116 should'ﬁrovidev
l‘a ClOSing‘force to counter.the opposing.opening;
~ forces generated by the high pressure of the fuel
15 .directed to the interior.of the sealed valve‘d'

body. In the arrangement shown in FIG 1,

'respectlve threaded surfaces join pre- load plate
'120 to valve hou81ng 102. As is known in the

art, after pre-load plate‘120 has been rotated to

20 ‘compress. valve. sprlng 116 to prov1de the des1red
pre-load force to valve sprlngfll6 pre load
plate 120 may be held in pos1tlon by  means of a

locklng nut (not shown)i

25 Actuator Assembly

An- actuator assembly may be actuated to
:prov1de an openlng force that. is opp081te and

greater than the clos1ng force prov1ded by - the
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spring assembly. in'thebembodiment illustrated e

in FIG. 1, the_actuabor assembiy combrises-a
member that expands -or contracts in'thexdirection
of the_longitudinal.aiis of valve housing 102 |
5 wbenAthe"member is exposed to a magnetic field‘or
subjected tcfanlelectric voltage, such as, for
example; a“magnetostrictive material or a ‘
‘pilezoelectric- stack respectlvely |
In the embodlment 1llustrated by FIG. 1, the
‘10 -actuator assembly is a magnetostrictive actuator
that comprlses a SOlld magnetostrlctlve member
130, 'with bobbin 131 electrlc c01l 132,and flux v1‘»“ !
tube 134 dlsposed 1n the annular space between.

’magnetostrlctlve member 130 and valve hou81ng

vlS 102. As shown in FIG. 1,.c011 132 is wound

" around bobbin 131 and flux tube. 134 surrounds

bobbin 131 and electric coil 132. Flux tube 134
s ’ may be made from common carbon steel with-a I

lengthw1se Sllt to’ break eddy currents 'An

20 electrlc current is supplled to electrlc c01l 132
| through electrlc leadsv(notfehown)u‘ When an
'belectric“current is applied to electric ccil‘l32
"a'magneticfflux develcps‘thatvflows.through
»magnetoebrictive member 130, fixed pole 138,
25 | sliding pole 140, “and flux tube 134.. Poles‘i38
and 140 are made from a, sultable materlal such as
‘carbon steel (for example 'CS1018) or steel that

has a low magnetic hyeteresis;‘ Fixed pole 138 is
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1

'held in~a‘"fixed"dposition_betweenipre-load plate“

120 and end faces of magnetostrictive‘member 130,

bobbln 131 and flux tube 134. Accordlngly, when,

the actuator assembly 1s actuated and

vmagnetostrlctlve member 130 grows in length

sliding pole 140.1s‘pushed towards valve member

114 to providing a force for opening'injection,ff

'n.valve 100. o L

In another preferred embodlment (not

‘illustrated) “flux tube 134 may be 1ntegrated

\with valve housing 102. That'lS' valve housing

102 could be constructed from a magnetlcally

| permeable materlal that is sultable both
hstructurally;and for acting as a flux‘path. For
"example; many steels are'suitablecas'materials
'for housing 102. Stainless steels may be

" employed but more preferabiy} common carbon

steels are‘better suited because of‘material

hardness properties and durability."SimilarIY}f"

1fixed“polev138Acould also be integrated‘with pre—7
" load plate 120. Those skllled in the technology

1nvolved here will understand that such

components can be advantageously 1ntegrated
without departlng,from the Splrlt and - scope ofvi
the present invention. An adVantage of
integration,‘forAeXample,'is'the efficiencies;and
reduced costs of manufacturingddevices comprising

less_parts.
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'An advantage of the preferred embodiments is

(,
o

that magnetostrictive member 130 can be made from
a solid‘cylindricallrod of‘magnetostrictive
material ‘which is eaeier‘and less expeneiVe‘to\
. 5 manufacture compared to hollow: tubular forms
[ A pre-compression force is preferably
Aapplled to magnetostrlctlve member 130 to amplify
., . -the magnltude of expans1on when a magneéetic fleld
. .~‘1s applled Pre- compress1on of magnetostrlctlve
10 5 member 130. increases the net dlsplacement per
unlt of applled magnetlc field. 'Slmllarly, when
a plezoelectrlc member is substltuted for ’
‘ magnetostrlctlve member‘l3Q, pre—compressron‘_

increases the net displacement of the-

15 plezoelectrlc member per unit of applied electrlc
voltage.r A sprlng,,such as, for example, disc
. spring 150 may be employed to provide the_pre;

S compression force. . Alternative compression’

elements may be employed in placeQOf_discuspring

20 150 to provide the pre—compresslon'force, such,
s,“for example, a coil spring or another type of
) springewith the same spring force, When a pre-
pcompression force of for\example about 1000 psi

- (about 6. 9 MPa)ls employed the actuator's
55 dlsplacement can 1ncrease to about 0. 13% of the
lb 'p ' total length,of magnetostrlctlve member 130.

However; the amount’ of dlsplacement»may decllne

as a functlon of 1ncrea51ng temperature ' For
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'head‘temperatures the actgal_displacement may be

- about 0.065% of the length of pre-compressed

~

example, at typical reciprocating engine cylinder

magnetostrictive member 130.
The dlmen81ons of magnetostrlctlve member -
130 -are dlctated by the requlrements of 1njectlon;

valve 100. For example, 1f 1n3ectlon valve 100

'1s des1gned to prov1de a lift of at 1east about

'65 pm, magnetostrlctlve member 130 is sized to

have a length of at 1east about 100 mm.
Addltlonally, the transverse cross- sectlonal area
of cyllndrlcal magnetostrlctlve member 130 1s
selected to provide sufflclent force to overcome
all of therpp081ng‘forces that hold 1njectlon
valve 100 in the closed position. If the cross-
sectronai_area of cylindrical‘magnetostrictive

member‘l30'is‘not sufficient,‘the‘opposing~forcesj

‘can reduce or prevent IOngitudinal displacement

of'magnetostrictive member 130, even when - RN
electric coil 132 is fully energized. .This mode
is knowr as the "blockedlforce" mode.

Accordingly,ﬂthe magnitudevof the closing'forces

,actlng on valve member 114 dictate the minimum

cross sectlonal area of magnetostrlctlve member

130.
While FIG. 1 shows magnetostrictive member
130, electric,coil 132, and flux tube 134 could

be replaced with a:piezoelectric'staCk (not

\
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L ,
shown). Electrical leads could be~employed to

direct an electric voltage to the piezoeléctric

~stack. When'an electric voltage is’applied to a

plezoelectrlc stack, the stack expands and
develops a motlve force for openlng 1n3ectlon'
valve 100, Accordlnglyﬁ the configuration of the
present injectionjvalveyis essentlally the same

for magnetostrictive and piezcelectric actuators.

:Hydraullc Link Assembly

The opening force generated by the actuator

’assembly is transmitted to valve member 114

through a hydraullc link assembly The hydraulic
link assembly comprises hydraullc cyllnder 160, 4
which is disposed in close-fitting relatlonshlp

around hydraulic-piston 114b, which is movable in

‘the. longltudlnal dlrectlon within cyllnder 160

1
As mentloned above, in the embodiment of EIG. l,

'hydraullc plston 114b is preferably an 1ntegral

part of valve member 114 and the,51dewall of

cylinder 160‘he1ps toﬂguide the movement of valve ¢
' member 114 1n the. longltudlnal dlrectlon ﬂA '

'v1scous hydraulic fluld is sealed 1n81de

hydraulic cyllnder 160 by cyllnder cap 162 and
seals 166, 168 and 169. Seals 168. and 169 permlt

'valve member 114 to move relatlve to cyllnder

160 and cyllnder cap 162, respectively. ' Known .

seals may be employed such as, for example

Mercedes EX1012, Page 65 of 190
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Jelastomerlc O-ring seals, packlng, metal seals
or dlaphragm/bellow seals. . S - '
The diametrical clearance gap between the
. outside dlameter of hydraulic plston 114b and the
.5 inside dlameter of hydraullc cyllnder 160 is
extremely small (on,the order of 20 to 250
. microns) . The_desired,siZe of the clearance gap
is dependent Uponhseveralgfactors such as the
ViScosity of the chosen hydraulic fluid, the
[1o' ax1al length of the piston, and the thickness of
}f”' - the hydraullc fluld above and below the plston
| .The hydraullc flow in the clearance gap is ; ,{
governed by the Hagen P01seullle Flow and the
o hydraulchfluld and‘clearance gap are,preferably\{
15 selected so that the flow of hydraulic fluid _‘
:through.the gap is. insignificant during the time .
span of fuel injection events when an opening

force is transmltted through the hydraullc fluid.

_ Furthermore, the hydraullc fluld preferably has a
20.“sufficiently‘hlgh viscosity and bulk modulus so
| ‘that it acts as an incompressible solid when.
actuatlon of the actuator assembly causes a valve
Slopenlng force to be qulckly transmltted through
“the hydraullc fluid between the bottom of
25 cylinder 160 and: hydraullc plston 114b. For
v cons1stency'of operation, the hydraullc fluid is
also preferably-an extrémely.stable fluid that

maintains its desired properties over a wide

Mercedes EX1012, Page 66 of 190
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~and 169. leferent 1njectlon valves may have

range of temperatures (that is, within.the

expected operatlng temperatures 1n81de cylinder

160). Suitable hydraullc fluids are, for -

~example, conventional motor oil, such as grade

15W40, or synthetlc lubrlcants such as DuPont®

Krytox® grease whlch 1s avallable in a range of

',v1scos1t1es Krytox® is a perfluoropolyether

(PFPE) synthetic lubrlcant that may be mlxed with
a thickener to form a grease : These types of

hydraulic fluids also help to lubricate seals 16&

‘different sized hydraullc plstons and clearance

gaps, so the hydraulic fluidsmay be selected with
consideration to the characterlstlcs of an . ’)
1nd1v1dual 1njectlon valve des1gn
Whenilnjectlonivalve 100 is closed and at
rest, the closing force is transmitted through
the hydraulic fluid held between cylinder cap 162u'
and hydraulic plston 114b. Typically, durlng |
engine operatlon, 1njectlon valve 100 is closed

most of the time (normally over 90% of the time) .

fAccordingly, there is enough time between

injection events for thenhydraulic fluid to
redistribute itself by flowing through the
elearance gap so that hydraulic cylinder 160

moves relative to piston 114b to automatically

-"re-zero" itself. The initial zero-position is

,_the position of hydraulic piston 1i4b within

l
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not - be uncommon to expect a.temperature range

=37 - T

hydraulic cylinder 160 after assembly of
injection valve 100 - The. initial zero position
may not be the same- for all injectors due -to

slight variations in the length of(Components

within manufacturing tolerances. Also, during

";operatlon the zZero- p081tlon auto- adjusts 1n

response to changes in the dlmen81onal , S

' frelatlonshlp between components, caused'hy, for

example, component wear‘or the effects of
diﬁferential thermal expansion,' |

Differential thermal,expansion_or
contraction may be caused by differences in
thermal expansiOn coefficients or uneven heat

dlstrlbutlon between the components Even though

“the components of injection valve 100, such as

magnetostrictive member 130, valve member 114,

and valve housing 102/ are designed to bef

'reasonably matched to the thermal expans1on rates

of ~the other components, because the valve 1lift
and the~d1splacement of the components that

causes:such lift are so small, the effects of

e : .
‘thermal expansion or contraction should be taken

into account to ensure the deSired valve lift is

achleved The effects of thermal expan51on and

contractlon may be ampllfled if the 1njectlon"

Valve 1s exposed to a w1de range of temperatures.

For 1njecblon valves used in vehlcles it would
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assembly methods. :Thereforé/‘the hydraulic link .

—38 -

between —4Q9C (in cold climates) and +125°C (when

the'engine\is running) . An uneven temperaturef
.distribdtion may be the result of many factors,

_including,ffor example, the influence of (1) heat

generated at electric. coil 132; (2) magnetic
hyggefesis in the'actuator.asSembly; and (3) heat
transfer from the CYlindér head or the combustion

chamber ‘via the injection valve tip and valve

membér 114. If unaccounted for, the total effect

- of differential;thermai expansion or contractionv
on the displacement of valve member 114.may»be oy

gfeater than the targeted lift.

In summéry, the hydraulic.link assembly - TN

~accounts for variations in component dimensions

arising.from the permitted]toierances in the

manufacturing processes and the injection valve

_assemblyvreduceS~manufacturing_cbsts by allowing
- the injection valve cbmponéntsito be ganufactured
‘to less‘exacting-toleranCes. ‘In éddition; during.

. operation;‘thé"hydraulic:link‘aséembly auto-

adjusts itself between injection events to

account for changes in the dimensional

relationship between injection valve componénts

that may'be caused, fof exampleﬁ by component

‘wear or differential thermal expansion or

contraction. .
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- piston 314b. - -

FfG 2 1llustrates an 1njectlon valve

,embodlment that has fuel 1n1et 208 located in the'

side of valve hou81ng 102. An advantage of this .

arrangement 1is that fluld pathways are not

‘required through the actuator and hydraullc llnk

: assemblles@ simplifying the construction of these

components and reducing the cross-section area.

: needed for the upper valve assembly. . Seal 270,
“$hown in FiGlu2/ whidh?may'he, for eXample,'anso;

ring or packing type seal,‘prevents‘the high-

'pressure fuel from entering the portion of the

» valve body that houses the hydraullc llnk and
4actuator assemblles A gulde (not shown in FIG

o 2), similar to guide 180 shown in FIG 1 may alsef
be employed in the embodlment of FIG. Z,té help ]

guide the movement of valve member 114.

"FIG. 3'illustrates an‘injeCtion‘valve

embodlment that employs a valve member 314 that

~has a- T shaped cross-section. This embodiment

- operates in substant;ally»the,same manner as the

4‘embodiment of FIG; 1. One.advantage.pf the‘f

“embodiment of FIG. 3'is that seal 169 is
‘eliminated. AnotherAadvantage is that valve
'member 314 'sliding pole 340, and cylinder cap
362 are’ 81mp1er shapes and thus ea81er to

o manufacture and‘there are less,tolerancepfits

"since,there is no stem protruding.from-hydraulic,

, o
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Summary of Operatlon

When 1njectlon valve 10

0 is at rest in the

closed p051tlon, the closing force that'blases

“valve member 114 agalnst valve seat 112

orlglnates from valve sprlng 116’ and disc. sprlng

'150, .In the illustrated pre

ferred_embodlments,

valve spring 116 bears directly against hYdrauiic

against hydraullc cylinder 1

»plston 114b to transmit a closing force dlrectly

60 and a pre-
.

cohpression force is transmitted to the actuator

*assembiy through.the.sliding assembly: comprised

of”hydraulic cylinder 160, cylinder cap 162 and

applles a force to hydraullc

supports valve spring 116.

'sliding pole 140." Disc épring 150 also épplies e

closing force to valve member 114 since it

cyllnder 160 whlch o

It is preferable for

the‘closing force to be provided‘by a mechanical

sprlng member,,such'as the i

llustrated coil

sprlng, so that the fallure mode for 1njectlon

valve 100 w111 be in the closed'pOSItlon That

'is, 1f the actuating assembly is not energlzed or

fa;ls,ilnjectlon valve 100 will remain in the

. closed position.

To initiate an injection event the actuator

assembly is energizedlby.directing an eiectr}c

current to electric coil 132.

A magnetic flux

Mercedes EX1012 Page 71 of 190
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-expandlng magnetostrlctlve member 130 is

’develops that flows through magnetostrlctlve

' .member 130,.poles>138 and 140, and flux tube 134

Under-the'influence offthefmagnet1ij1eld,

;magnetostrictive member 130 expands in length (in
‘the dlrectlon of the magnetlc fleld) Since

. fixed pole 138 is statlonary, magnetostrlctlve

member 130 expands 1n ‘the dlrectlon of ‘hydraulic

: cylinder 160 An opening force orlglnatlng from

transmltted through~slld1ng pole 140, cyllnder
cap>162, hydraulic fluid 164b disposed w1th1n the

‘space between chinder'cap 162 and a planar
surface of'hydraulic piston ii4b and finally,”
1through plston 114b, whlchfln the illustrated
jembodlments is 1ntegral w1th valve member 114.
‘The openlnggforce is greater thanrthe clo81ng

~ force, which results in the compression of valve

spring 116. The displacement of “hydraulic

;cyllnder 160 also. results in. some further

fcompre551on of dlsc spring 150

' As previously dlscussed " because valve

‘actuatlon occurS*suddenly (on the order of 200 -

pus) , hYdraulic fluid 164b does not have time to
flow through the narrow clearance gap between
plston ll4b and hydraullc cylinder 160. Instead,L
hydraulic fluld 164b acts. as a solid and o
transfers the movement of magnetostrlctlve member

130 to valve member 114 via plston ll4b cau81ng,

\
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valVe‘member 114Vto lift away from valve ‘seat

'112' Because injection valve 100 stays open for

such a brief perlod (typlcally{less than 3

milliseconds), 'as long as the v1sc081ty of

”hydraullc fluid 164 is properly selected and the

Aolearance.gap is suitably sized, the flow of

hydraulic fluid 164 thf0ugh the clearance gap

whlle injection valve 100. 1s ‘open is

‘1n81gn1f1cant so that any dlsplacement caused by

‘such flow is much less than the total

displacement of valve member 114.

‘The movement of valve member 114 . 1s gu1ded

near the valveitlp by guide 180. Guide 180
: =4 , :

,comprises longitudinal grooves or longitudinal

boreS~orAslots (not shown) to allow‘the.fuel to
pass therethrough and into the valve tip. Valve
member 114 is also guided by the oooperatingA
between the side walls of'hydraulio pistOn 114b
and the internal walls of hydraulic cylinder 169;
As‘shown in the embodlmentlof FIG. 1, fuel

inlet 108 is located in cap 104 ‘and fuel flows
" through the hollow valvelbody. In the preferred

. applioationj the fuel is a gaseous fuel so small

/

gaps between valve components are'suffieient to
. allow the gaseous fuel to flow through the length
. of the valve body to thHe opposite end wherevthe

fuel ‘is introduced into the engine combustion

chamber through the tip of the injection valve.
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“Fuéliflow through the valve interior can also be.

facilitated by prgviding‘longitudinal‘grooves‘inv

' the éide*Walls of valve components (not shown)

and/or holes or slots prbVided through»compdnents.’

(see for exémple holes 138a through fixed pole
138).. Causing the fuel to flow through ;he

interior of the:ihjection valve helps to cbol the

valve components and remove heat that may be
geﬁerated in the actuator aséembly. When the
fuel is used to cool the actuator assembly in

this manner,'thermal:modeling predicts that

'during;normal'opération'heat generated_by the
'actuator'assembly wi11 cause a temperature rise

‘of less than. 10°C.

“To close injection valve 100, at the end of

‘the injéc;ion event, electric coil 132 is de-

energized, causing magnetoStriqtive'member‘130 to

N

contract. When valve member 114 is moving from

"the open position to6 the closed position, the
‘ L v . ' ' S
- closing force originates from valve spring 116

~and disc spring 150ﬂ 'Thebclésing force from -

valve spring 116 is again transmitted to valve

member 114 throughAhydrauliC piston ll4b. In the
open position,. the' expanded magne;OstriCtive,'
member 130 compressed disc spring 150, so upon’

élosing, disc spring 150 de-compresses to push

"cylinder 160 towards the actuator assembly to

compresé to magnetostrictive'member 130, Disc = .

o
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- member 114 seated against valve seat 112.

sprihg‘15Q also‘provides an additional closing
force to valve:member‘114 by'generating'a closing
force that is transmittedvfrom disc-springj150
through hydraolic cylinder-léo, valve spring 116
and hydraulic piston 114b. v : ,: - f‘

- Once valve member 114 contacts valve seat

112, 1njectlon valve 100 is closed When

'injectlon valve 100 is closed, ‘the hydraulic link

assembly automatically'selfjadjuStments‘so that

the position of hydraulic cylinder 160 relative

rto hydraulic,piston;ll4b is corrected to account

[ o : _
for the'effects of temperature, wear, and any.

: small movements of valve member 114 relative to

hydraullc cyllnder 160 that. may have occurred

' whlle valve member 114 was in the,open-pos1tlonf

Auto-adjustments are accomplished by the

migration of hydraulic fluid from chamber 164b on

. ‘ i ) . .
- one side of hydraulic piston 114b to chamber 164a

on,the'other,side'of hYdraulic‘piston 114b, whlle
valve spring ‘116 and disc spring 150.ensure"that

the injection valve remains closed with valve

Control Strategy

Preferred waveforms representlng the amount

‘of electrlc current dellvered to a valve actuator N
’sfor controlllng an injection valve are plotted 1n

" FIG. 4. The illustrated waveform shows that the

Mercedes EX1012, Page 75 of 190
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“control pulse may employ severalifeatures to

control the movement of aimagnetoétrictive,or‘

piezoelectric member respectively.

For'example,'for anyactuator employing a

‘magnetostriCtive member, an electric. current'is

dlrected to an electrlc c01l that is used.to

actuate the magnetostrlctlve member The

‘~.strength of the magnetlc fleld is dlrectly
: proportlonal to the amount of electrlc current
'that is dlrected to ‘the electrlc c01l To

,promote fast opening, for a short. tlme

immediately prior to an 1njectlon event (for
example 100 mlcroseconds) a current 1s
preferably 1n1t1ated by hlgh frequency voltage
cycles between substantlally equlvalent p051t1ve
‘and negative voltages For example, these hlgh
voltage cycles may be on the order of 100 KHZ .
Waveform A)lllustrates a'preferred pulee

shape for an injection event. An injection event

" is initiated when the valve is openéd by rapidly
‘increasing current'to 14, which'is of a magnitude
‘that is known to correspond to a de31red lifct.

When the valve is openlng, the high frequency

voltage cycles contlnue,between positive ‘and

Once the’desired valve‘lift iS'attained the . -

‘current is maintained. at Il to: malntaln the valve_

lift for a duratlon predetermlned by a

.

Mercedes EX1012, Page 76 of 190
Mercedes v. Westport
 IPR2023-00351




controller The controller 1s respon81ve to
current englne load and demand .
: , The injection event is concluded by
:decrea51ng current untll it is reduced
5 substantlally to zero amps by applylng hlgh
frequency voltage cycles and in each cycle o
4ma1nta1n1ng the negatlve voltage for a longer |
J - time than the positive voltage _
‘ As shown by. the dashed lines in FIG 4,”the
10 shape of the waveform may be controlled to
| v'fachieVe desiredleffects - For ekample, dashed
waveform B shows that upon- 1n1t1at1ng the .
1njectlon event to further acceleratevvalve'
openlng and introduction of the fuel, the current>
15 may be 1n1t1ally 1ncreased to I, Wthh is much
higher than the magnltude needed to.prov1de the-
desired lift. To conserve energy and to malntaln
.the desired lift durlng the duration of the

Y
,1njectlon event, the current is later lowered- to

20 I,. In this example, current Il has a value
correspondlng to the current known to malntaln
" the de81red 1ift.
Waveform C shows that different amounts of
valve lift can be achleved by changlng.the
25 "magnltude of the current maintained during the
- injectiOn event. ‘Waveformlc maintains the
current at I3 to produce a lower lift to 1nject a

smaller amount of fuel compared 'to the injection

Mel;cedes EX1012, Page 77 of 190
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ilnjectlon event w1th a shorter duration compared '

-event of waveform‘A " Waveform C also shows an

to the 1njectlon event that would be produced by

r'waveform AL

Dashed llne D shows that ‘the shape of the

waveform can be manlpulated to influence the -

"movement of -the: valve member In thlS example

the current is momentarlly made negatlve to I, to
accelerate the valve clos1ng ‘and then made -

momentarlly positive again to Is to slow down the

:valve member to reduce 1mpact and wear on the

valve member and valve seat. The current could

‘also be kept p081t1ve (that is I, equals zero) and

.. current could be momentarilyfraised to Is to slow

down the valve member before it contacts the

valve seat - Dashed line E also shows that.valve

x‘f‘clos1ng 1mpact and wear to the valve seat and

.20

25 .

valve member can be reduced by slow1ng the rate

at Wthh the current is reduced to zero.

Persons skllled in the technology 1nvolved
here will recognlze that the tlme to open or’
cloSe the injection valvermay'be decreased\byV'

increasing the slope of the control waveform, or

~increasedi by decreasing the slope of the

waveform. In summary, the shape of the control

waveform may-be‘manipulatedlto produce the

" ?desired.effectscon'the_speed of the valve member

" Mercedes EX1012, Page 78 of 190
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movement and its displacement with respect t0~the'
valve seat (to‘contfol‘lift). ’
R ‘ The time span for the waveforms of FIG. 4
may b% in thé.range of 100 to 5000 microseconds,
-5 ‘and typically between 250 and 2000 micrOSeconds
for the majority of injéct@onvevenﬁs. | '
The combination'of the ‘above described"
Jdirectly‘aétuated injection valve and control
strétegy provides several benefits, including:"
10 e  elimination of the hydraulic fluid
| sﬁpply sYstem that is”ﬁeeded by
cQﬁVentioﬁal hYdrauliéaliy actuated
.injection‘valves. This simplifies
injection valve cantruction, for
15 A example, by eliminating‘the need for
| hydrauiic fluid supply and return
-passages and the hydraulic{fluidi

-control valves that are eﬁployed by

gonyentional hydraulically actuated
20 - | o injéétion'val?es.

e Hautomatic compensation for differential
thermal expanéion within the‘injection
valve, for wear due to prolohged'

operation, and for small differences

v 25 o caused by -limitations in'manufacturing
>tolerances. '
. an appafatus that permits the use of a

control strategy that can throttle fuel

i

-

g
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flow and reduce valve seat wear. The

ability‘;o]control the lift

o

displacement permits reducedlinjéction : -

at lower loads and reduced pre-mixed

‘burning. For example, using a

' magnetostrictive or piezoelectric.

actuator, the valve member movement can

be controlled between about

10% and

100%. For lower load conditions it is

of fuel into the combustion

resulting in lower operating'efficiency-
- and higher emissions.

improved manufacturability is made’

4important to>be'able to reduce the flow

chamber,

since excess fuel may not be combusted, .

!

F

possible by the use oanxisymmetric

cylihdrical‘parts and few'tightu.

tolerances_between'the injectionivalveA

components,

valve operation is improved

control of the valve member.

A

since the

actuating assembly permits Jréater

For

example, the injectiqn valve may be

‘used to inject a gaseous or’

liquid -

“fuel. Whéh,phe fuel is gaseous, thére o T

is a greater7peed to_élow down the

valve member upon closing b?caﬁse there

is no liquid fuel tb_dampeﬂ

the impact
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of thé vaIVe’member on the valve seat.
By shaplng the control pulse waveform
applled to the .actuator it is p0351blev
: o to slow down the closing of the
5 " ‘ - 1njectlon valve to reduce 1mpact on the -
valve member and the valve . 'seat.
While-partloular‘elements, embodlments and
'.appllcatlons of the present 1nventlon have been
shown and described, 1t will be: understood of
'10'_ course, that the inventlon 1is not limited thereto
' since modifications may be made by those skllled
‘1n the art w1thout departlng from the scope of
_the present. dlsclosure, partlcularly in light of
the fore901ng teachlngs

s

15

g
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‘What ig claimed isi

1.

into a .combustion chamber of~an internal

‘-3

An injection valve for injecting fuel

combustion engine, said injection valve

comprising: o 4 A ‘ "~

5 ‘ (a)

- 10

(b)
.15
20
(e)
25

a_biasing mechanism”associated with

said valvefmember, said biasing

a valveihousing comﬁrising}v : ".<

| " a fuel inlet pbrt; R
~ . an interior‘chamber ﬁluiaiy
connégted'to sa£d fueilinlet port; and

| a valve seat for éoopérating with

a valve member £o seal ‘said interior
chamber frdm‘said combustion chamber
when said injéctién Vélﬁe is cioSed;
said valve member having one.endJ
disposed within saidfvalve héusiﬁg andV-i‘
an oppbsite end gxpendéblevfrbm said
valVe«seat\toward said chbuétion'.
chahbef;‘wherein said.val#é member
comprises a sealing‘surfacé that
fluidly\seais agéinst éaid valve seat
when~said;injectiénwvaive is closed and -
thaﬁ<i§ liftable-away from said'vélve

seat when said injection wvalve is open;

mechanism applying a closing:f§rce to
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- 52 "'.'“

said valve member When'said,Qalve:
‘member is in said clésednéosition;
(d) an actﬁator‘assembly"éssdciated'with-'
7 said valve member,‘whérein_said
actuator assembly mé? be_adtuated-tob
apply an openingfforce,to said‘valve
member stronger than said closing |
‘fofcé, for'movingfsaid-valVé member to.
said open position; and \ V
(e) a hYdraulic link assembly comprising a
passive hydraulic link having a '
hydraulic fluid thickness through which |
&said,obening_and clbsing»forces‘afe
transmitted;‘whereby:said:hydraulic
fluid acts substantially as a 961id' }
with s;id thickness‘being substantially
constant while said ‘actuator agsembly
is actuated and wherein saidvthicknéssb
of said hydraulic link is adjustable )
while said'actuatoﬁ,assembly is not
actuated in response to changes in the
dimensidnal relationship between \
' componentslbf said,injecfion'valve_tO'
). | maintain a desired valve lift’ppOnfv |
actuatfon of said adtuatof aésembly;
2. - The injection wvalve of claim l'Wheréin‘

said thickness of said hydraulic-link is auto-

J' - ) - . ) R Mércedes EX1012, Page 83 of 190"
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adjustable whlle said actuator assembly is not
actuated in response to changes in sald
dlmen51onal relatlonshlp caused by dlfferential

thermal expansion.

3. The~injection'valve of claim 2 whereinr
‘said‘thickness of said hydraulic link‘is auto-
'adjustable while sald actuator assembly 1s not
actuated in response to cnanges in sald
dlmens1onal relatlonshlp caused by wear to

components of sald 1njectlon valve

4. dThe injection valve of:claimil wherein
sald hydraullc link assembly comprises a fluidly
sealed hydraullc cylinder that is fluldly sealed
-from sald,lnterlor chamber, said hydraulic llnk
assembly_comprising a piston and.saiddhydraulic

fluid is disposed within said hydraulic cylinder.

5.  The 1n]ectlon valve -of clalm 4 wherein
'gsald plston is an 1ntegral part of said valve

member.

_ 6. _ The injection valVe,of‘claim 1 wherein7
sald actuator assembly comprlses a dlmen81onally

5,
1

responsive member g o N
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7. 'The injection valve of claim 6 wherein
said dimensionally responsive membér‘is formed

- from a magnetostrictive material.

8. The injection valve of claim 7 wherein .
said magnetostrictivé material comprises a metal

allby comprising terbium, dysprosium and iron.

S.  The injectipn Valvélof claim 7 wherein
said actuator assembly further comprises an
elec;ric~coil disposed in an annular space around
.said dimensionally responsive member.- |

'

-

L ~10. The injection valve df claim 9 wherein
said aétuator assembly further comprises a flux

tﬁbe dispoéed arOund’saidlelectric coil.

11. The injection valve of claim 10 wherein

N . said a flux tube is disposed in an annular space

§
/

‘around said electric’ coil.
'~ 12. The injection valve of claim 10 ‘wherein

said actuator assembly is disposed within said

interior chamber. " ‘

-

. : ... 13. The injection valve of claim'6 wherein’
. said dimensionally responsive member is formed

from a piezoelectric material. - ' A
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14. The injection valve.of,claim ‘6 further
.comprising a compression spring member for
- applying a'compreSSive‘force;to said

dimensionally responsive member.

:lS;V_The injection Valve ofvelaim 1 wherein
.said fuel inlet port ngpositioned'such that fuelv
4entere said valve housing and‘passeebthrough said

:lactuatorfand hydraulic link assemblies.

16. fThe injection valve of claim‘l whereinv

:sald fuel 1nlet port is pos1tloned near the valve
~tip such that fuel flowing through sald interior

. chamber does not contact sard actuator assembly.

~17. The 1njectlon valve of claim 6 wherein
said actuator assembly is controllable to
rmalntaln sald de81red lift between 10 and lOO

'”percent of maximum lift.

18' The 1njectlon valve of clalm 17 whereln
sald lift 1is controllable by varylng at least one.
- of the electric current, the electrlc voltage’ and>
the magnetlc fleld 1mposed upon said . ‘

dlmen51onally responsive member L .
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19 The injection valve of claim 6 wherein
said valve member is controllable‘such‘that.said
~ valve member moves between said open and closed

positions in less than about 200,microsecondsg

20. The injection.valve of claim 6 further’
comprising_aibiasing mechanism’for appiying a
compressive force to said dimensionally

- responsive member. ) |
21. ,The‘iujection‘valve of‘elaim~l wherein
"said'biasing mechanism comprises a spring.

-

22. The injection valve of clalm 21 whereln

said sprlng comprises at least one disc sprlng

23. The injection valve of claim 1 wherein -

said fuel is a gaseous fuel.

24. The injection valve of claim 23 wherein -

" said hydraulic fluid is a liquid.

25> ‘The injection'valve of claimﬂ2ﬂ wherein
'sald hydraullc fluld is a'liquid.selected from
the group con81st1ng of motor 0il and grease,
. \
26. The injection valve of claim 1 wherein
Said‘fuel is injected into said combustion
_Chamber at a pressure greater than about 2000 p51

o (about 13.8 Mpa) .
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~27. The 1njectlon valve of clalm 1 whereln
1sa1d valve hou51ng comprlses a plurallty of parts
which are jOlned with each other to prov1de a.

fluldly‘sealed.body.

P o 28 The.injectionvvalve of claim 1 wherein
‘ said valve housing; said valve member and sald
‘actuator assembly are selected from materlals
having thermal expanS1on coeff1c1ents
-5 sufflclently compatlble such that changes in the
dimensional relationship between sald‘componentS'
’ caused by changes‘ln temperature are reduced.
f - | o .
| 29. An 1njectlon valve for 1nject1ng fuel
‘1nto a combustlon chamber of an. lnternal
'combustlon engine, said 1njectlon valve
comprising:
5 o (a) a valve hou51ng compr1s1ng

)

‘a fuel inlet port ;
an interior chamber fluidly
connected to said fuel 1nlet port;

a valve seat prov1ded on an end of .
lO ' said hous1ng that faces sald combustlon
| chamber, |
“(b) a valve member comprising a shaft.

‘portlon having a flrst/end to Wthh at
circular head is transversely mounted

15 c wherein said head provides an annular"
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_58 '—
‘sealing surface that faces said valve
seat, and a second end of’ said shaft 1s\
assoclated with a plston portlon, sald
~ valve member movable between a closed
- 20 - : position at which said seallng surface
contacts sald valve seat to fluldly |
seal said'interiOr,Chamber from said
L o _ combustion cbamber) and anlopen
p081tlon ‘at which said seallng surface
25 . is spaced apart from sald valve seat
| | whereby sald-lnter;or chamber\ls
‘fluidly connected with combustion
.chamber; ' ; | ‘ |
(c) a biasing mechanism associated w1th
30 . said plston portlon of said valve"
| | member said b1a51ng mechanlsm applying
a closing force to sald valve member

’when sald valve member is- 1n said

closed position}-

35. . (d) an. actuator assembly for applying an :

J ' .opening:force to said valveAmemberﬂthat
is stronger than said;closing force,
for moving said valve member to said
open position, said actuator assembly

4b C o lcompr1s1ng a member having dlmens1onal
ER o ‘ K ‘ responsiveness to the 1mp081tlon of at

least one of an electrlc current ~an

o electrlc voltage and a magnetlc fleld

1
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said dimensionally responsive member
45 ' dlsposed between a flxed pole
malntalned in a fixed position relatlve

| e | to said malve‘hou81ng ‘and a sliding
.pole} said slldlng pole being |
,dlsplaceable by expan81on of said
'-.‘SO "j ’ d d1mens1onally respon51ve member ; and
"(el~va hydraullc link assembly compr1s1ng a
fluidly sealed hydraullc cyllnder |

dlsposed about sald piston portion of

A;ﬁ'; : sa1d valve member, a hydraullc fluld,'}
555d, e 'dlsposed w1th1n sald hydraullc
| - " cylinder, wherein sald'openlng and
| .closing forces applied to said‘valve
member are transmltted through a
thlckness of said hydraullc fluid
C 60 B :wherebylsald‘hydraullc.fluld acts as,a
1  hydraulic link and séid thickness is

O . - ) automatlcally adjustable in’ response to

changes in the d1mens1onal relatlonshlp
between components of sald 1njectlon‘
‘ 65 o valve to malntaln a des1red valve llft
| “upon actuatlon of sald actuator

assembly.

' 30. . The 1njectlon valve: of clalm 29 whereln
sald d1mens1onally respon51ve member is formed

from a magnetostrlctlve material.
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'31. .The injection valve of claim 30 wherein
jsaid magnetostrictive material comprises a metal

alloy comprising-terbium;'dYSprosium and iron.

32. The 1njectlon Valve of clalm 30 whereln
sald actuator assembly further comprlses an
electric coil dlsposed in an annular space around
said dimensionally respon31ve member. y R

3;.ﬁ The injection valve of claim 32 wherein
said actuatdr assehbly’further comprises a flux
tube disposed in'an aﬁnular,space aroundrsaid

electric coil.

34. The injeCtion valve of claim 29 wherein ’

lsa1d dlmen51onally respon81ve member is formed

from a plezoelectrlc materlal

37 - . . . . .
%;i_ The injectidn valve of claim 29 further”
compr1s1ng a compre851on sprlng meﬁber for
1 applylng a compre831ve force to sald
dimensionally respon81ve member.’
23 : S ; . ‘
36~ A method of using a shaped waveform to
'contrelfelectric current‘toﬁactuate anfinjectien
valve for an-internai‘combustion.enginevthat;
employs"a'dimensioﬁally'responsive actuator

P
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5 Aassembly comprlslng at least one of a ’
. - magnetostrlctlve and a . plezoelectrlc materlal
and a controller to govern valve lift.and
duration according to valuesipredetermined‘fOr
»engine load demands within the operating range of
10 said engine by said controller controlllng
current and voltage directed to sald actuator
.assembly, said method compr1s1ng»for each
injection event: | -
- (a) initiatingvan injectionnevent by
15 - , 3 rapldly 1ncrea81ng current to ‘a
\ 1‘ o magnltude that is known to correspond
to a desired lift by applylng hlgh
frequency voltage cycles and in each
cycle‘maintaining‘a net positive ’
20 o ' voltage; ’ A | ‘
(bl,.maintaining a current to controlésaid'
| de51red lift for a duration .

predetermlned by sald controller, and

(c) jconcludlng an- 1njectlon event by {
25.- ‘ decrea51ng current until it is reduced
‘Ato zZero amps by applylng hlgh frequency
voltage cycles and in. each cycle |
'malntalnrng a netvnegatlve voltager
. ' -%?.‘ The method of clalm %6‘whereby the stepv
of initiating an injection event further .

- : B comprlses initially 1ncrea51ng current to a splke
|
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value hlgher than the value for the de51red llft

to rapldly open said wvalve and then reduc1ng B Y
_current to the value to cause the deered lift.

, ~). | | _ . ; :

j&L The-method ef_dlaimw;;’wherein saidﬂ
‘spikefvalue is ué to aboutkan,order'of magnitude
highef than the value needed to cause the desired

1ift.

24. The ﬁethod ef claim 29 further
v:comprieing’appIYing high frequency voltage cvcles'
~.between offeetting positive‘and‘negativebvoltagee>
to generate a current of close to Zero amps
immediately prior to an 1njectlon event

“5(0 . _ - 7 ,
, 46-.  The method of claim 29 wherein the time ;
to open said\valve from a cioeed poeition-to eaid

desired'%ift is less that about 100 microseconds. .

41-_ A method ‘of operating a fuel 1njectlon
valve for an 1nterna1 combustlon englne 'sald
'1n3ectlon valve hav1ng a longltudlnal axis, said -
method cohpfising{ S o f

(a)' actuating a dimensionally responsive

member cemprieing at least eneeoﬁ a
magnetostrlctlve mater1a1 and a’
plezoelectrlc mater1a1 said

‘dlmen81onally respon31ve'member Co
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10 ' ,’expandipg7in lénéth‘in the direction bf ‘
‘said/loﬁgitudinalAaxis uponhaCtuation"
of said‘aétuator} | A
(b)"t;éﬁsferring movement causéd'by said o
| »aétﬁated.dimensionaily'réqunsive\
15 .. h me&bef”throughfa passive hydraulic link
| | to cause a COrreSponding,movement’ofja_.
valve member to open said valvélbi'b
lifting éaidA§aIVefmémber'aWay from a
valve seat aﬁd.compressinéna biaSingﬂ~x
20 ; | , ﬁechéﬁism that biases said,val&é in a
o closed poSition, said-paséive hydraulic
link comprising .a hydraulic cylinder .
which housés.a piétongénd isAfilléa B
,wi£h7a hydraulic‘fluid,:whéfein said
25 hydréulic:fluid forms a léyer betweén’
Said'piston and‘é cylinder head and .

‘because of the short dﬁratioﬁithat said.¢

'Valve(is open, - said hydraulic fluid:
does,ndt'have timé to flow from one
- 30 _sid“ev of said piston to the other side
| ~and while said.injectién valve is‘bpén[
said layer of hydraulic fluid acts és:
7ah incompressible'Sdlid'so that o
movement caused by.the actuation of
35 L o éaidfdimensiqnally reSponsive,mémber'is
transmittgd through said fluid IaYer;

~ ) -
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(c) -deactuating said dimensionally
responsive member_toicontract the
o leﬁgth of saidfdimeﬁsionallyyresponsive
40 ) | member to unlbad’said biasing mechanism
and cause a éorrespondiﬁg'movehentjQf:
. said valve member to close said valve;ﬁ
(d) ' providing sufficiéﬁt time between ,
':;" o - . . vconsecutiveivalve‘opeﬁings to ailow'aﬁ.f
'» : _45 | ~* least some of said'hydraﬁlié £iuid |
A ‘within said passive hydraulia link to
. flow from one side of said pistéhito,

the other side of said piston.
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20

"dlsposed w1th1n the hollow interio

'link asSembly The valve membe

- combustion chamber of an

‘openlng force that

‘are'transmitted'throngh a thickness of the

Attorney Docket No. 12541US03

{
‘

s
i

' DIRECTLY ACTUATED INJECTION VALVE.

Abstract

'Aidirectly'actuated injection va
cgmprises a hollow valve hou51ng, alve member'"z
,.a_biasing;

mechariism, an actuator assembly d’a'hydraulicl

is movable

rbetween a closed p081tlon and an open p051tlon o

for governlng the flow of fyel into the
ternal combustion

engine._‘The‘biasingbmec anism, preferably a

‘spring; biaSes the valye member in~the Closed

position‘ The actua or assembly generates an
cts- agalnst the valve sprlng
to open the valve.A The . hydraullc link assembly
is 1nterposed b tween the valve member and the

valve spring ghd. the actuator assembly The

4hydraulic 1i k'assembly transmlts respective

closing an openlng forces to the: valve member

. The hydr lic link preferably comprlses a plston

within a cylinder that 1stfllled w1th,a\“

hYdra'lic fluid,v'The opening and'Closing:forceslf

hydraulic. fluid that is trapped between the
lanar surfaces of the piston and the head and

base of the hydraullc cyllnder

LT
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however, are missing. Applicant is given TWO MONTHS from the date of this Notice within which to file all
required items and'pay any fees required below to avoid abandonment: Extensions of time may be obtained .
by f|||ng a petition accompamed by the extension fee under the provisions of 37 CFR 1.136(a).

“e The oath or declaratuon is m|ssmg o

_A properly signed oath or declaration in compl/ance with 37 CFR 1.63, /dent:fymg the appllcatlon by the
. above Apphcatlon Number and Filing Date, is required..
- o To avoid abandonment, a late filing fee or oath or declaration surcharge as set forth in 37 CFR 1. 16(e)
- of $130 for a non-small entity, must be submitted with the mlssmg items udentlfued in this Ietter
'y The balance due by applicant is $ 130.

[

A copy of this notice MUST be‘ reiur_ned with the reply.

Customer Serv1ce Center .
Initial Patent’ Examination Division (703) 308 1202

PART 2-COPY TO BE RETURNED WITH RESPONSE
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: . Attorney Docket-NQ. 12541US03 -

DECLARATION AND POWER OF ATTORNEY

T . : . .
AS'a below-named inventor I-hereby declare that: *

My residence, post office address and c1tlzensh1p are
'as stated below next to my name. :
: _ I‘belleve that I am the original inventor (if only one:
" namé is listed below) or an original, first and joint inventor
(if plural names are listed below) of the subject matter which is
‘claimed and for Wthh a patent is sought on the invention
"entltled

VDIRECTLY'ACTUATED INJECTION VALVE
. . .
the spec1f1catlon of which was filed as U. S Patent Appllcatlon
Serial No. 09/863,187 on May 23, 2000% ‘ :

I hereby state that T have reviewed and understand the
contents of the above-identified specification, including the
claims. I acknowledge the duty to disclose information which is
material to the examination of this application in accordance
with Title 37, Code of Federal. Regulations, Sect;on 1.56(a)..

L I hereby claim foreign priority benefits under Title
35, United States Code, section 119(a)-(d) or section 365(b) of
any foreign application(s) for patent or inventor'is certificate,
or section 365 (a) of any PCT internaticnal appllcatlon which
de51gnated at least one country other than the Unlted States of
America, listed below and have also identified Dbelow any foreign
-application(s) for patent or inventor's certlflcate or any -PCT
international application(s) designating at least one country -
other “than the United States of Ameérica filed by me on the same

) sub]ect matter having a filing date before that of the
appllcatlon on which prlorlty is. clalmed

NONE
(
I hereby claim the beneflt under Tltle 35, United
States Code, section 119(e) of any Unlted States” provisibnal
application(s) ‘listed below: ~ L ‘

uU.s. Provisional Patent Appllcatlon
Serial No. 60/159,791 filed October 15, 1999.

I hereby claim the benefit under Title 35, United
States Code, ‘section 120 of any’ United States application(s), or
section 365(c) of any PCT 1nternatlonal application designating -
the Unlted States of Amerlca, llsted below and, insofar as. the
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subject matter of each of the clalms of thlS appllcatlon is. not

disclosed in such prior‘application(s)
the first paragraph of Title 35,

in the manner prov1ded by
United States Code,

section 112

I acknowledge the duty to disclose material information as

- defined in Title 37, Code of Federal Regulations,

section 1.56(

which became available between the filing date of the prior

application(s) and the national or PCT 1nternatlonal filing date

~of this application:

u.s. Patent Appllcatlon.
Serlal No. 09/522 130 filed March 9,

I hereby app01nt

George P McAndrews
John J. Held .
Tlmothy J. Malloy
.William M. Wesley
Lawrence M. Jarvis
- Gregory J. Vogler
Jean Dudek Kuelper ‘
Herbert D. Hart III
Robert W. Fieseler
'D. David Hill ,
. Thomas J. Wimbiscus
. Steven J. Hampton

‘Priscilla F. Gallagher

Stephen F. Sherry

- Patrick J. Arnold Jr.
George Wheeler

. Janet M. Mchcholas
Ronald E. Larson

Christopher.c.~Winslade

Edward A. Mas II
Gregory C. Schodde
Edward W. Remus

Donald J. Pochopien *

Sharon A. Hwang
David D. Headrick
Dean D. Small
_Alejandro Menchaca

- Kirk A. Vander Leest
Richard T. McCaulley, Jr.

Anthony E. Dowell
Peter J. McAndrews
Jonathan R. Sick
. Eligio C. Pimentel
-James P. Murphy

, Reg.
. Reg.
: Reg.
Reg.

. Reg.
Reg.
‘Reg.

" Reg.
Reg..
Reg.
Reg.
‘Reg.

+ Reg.

- Reg.
Reg.
Reg.
Reg.
Reg.
Reg.

- Reg.
Reg.
'Reg.

. Reg.
Reg.
Reg.
‘Reg.

- Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
-Reg.
Reg.

‘No.
No.
No.
No.
No.
No.

“No.

No.

No.

No.

No.

~Now

No.

No.

No.

No.

No.

" No.

" No.
No.
No.-
No.

‘No.
No.
No.
No.
No.

No.

-No.
No.
No..
No.
No:
No.

‘Mercedes EX1012, Page 113 of 190
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12000,

22,760
21,061

25,600

26,521
27,341
31,313

30,171 -

30,063

31,826

35,543

36,059 .

33,707
32,223
30,530

37,769

28,766

32,918
24,478
36,308

37,179
36,668
25,703
32,167
39,717
40,642
34,730
34,389
34,036

40,741

41,977
39,661 -
38,547
43757920
42,076
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Dean A. Pelletier - , Reg. No. 45,007

Michael B. Harlin i i Reg. No. 43,658
James R. Nuttall , " . Reg. No. 44,978
Jeffrey D. Wheeler L Reg. No. 39,066
Timothy L. Harney Reg. No. 38,174
Joseph M. Barich .~ Reg. No. 42,291
‘Scott P. McBride - . Reg. No. 42,853
" Patricia J. McGrath . Reg. No. 44,919
Sandra A. Frantzen .- "Reg. NO. P-48,799
Christopher V. Carani - B Reg. No. 44,049
Jennifer E. Lacroikx o Reg. No. 46,852
Joseph F. Harding ; Reg. No. P-48,450
Joseph M. Butscher . Reg. No. P-48,326
Stephen M: Miller -~ - ‘ Reg. No. 40,728
Troy -A. Groetken : . Reg. No. 46,442
Michael J. Fitzpatrick o Reg. No. P-48,510

" .the address and telephone number of each of whom is McAndrews
- Held & Malloy, Ltd., 500 West Madison Street, 34th Floor, '
Chicago, Illinois 60661 (312) '775-8000, as our attorneys with
full power of substitution and revocation to prosecute. this
appllcatlon and to transact all business in the Patent and
‘Trademark Office connected therew1th

, Please direct telephone ‘calls to Robert W. Fieseler at
(312) 775-8123. Please direct fac51m11es to Robert W. Fieseler
at (312) 775-8100. . . -

Please address correspondence to:
Robert W. Fieseler ,
McAndrews, Held & .Malloy, Ltd.
500 West Madison Street, Suite 3400
Chicago; Illinois 60661 ‘

, I hereby declare that all statements made herein of our
own knowledge are true and that all statements made on
information and- belieflare believed to be true; and further that
these statements were made with the knowledge that willful false
statements and the like so made are punishable by fine: or
imprisonment, or both, undeér Section 1001 of Title 18 of the
United States Code and that such willful false statements may -
jeopardize the validity of- the applicatlon or any patent issued -

thereon. , N .o o
FPull name of first inventor: an P. Welch . 3'<;» - o
Inventor's signature ',. (/j:22?2f52§u5Z21 - pateZy[ -T2
N - ] = | - — .
=3-
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_Residence Address: 2828 West: 34m'Avenue ©
S . ‘ Vancouver, Brltlsh Columbla, Canada'V6N 2J6"

Citizenship: Canadian

Post Office~Address:' Westport Innovations Inc.
' ' . 1691 West 75" Avenue
' - Vancouver, B.C. Canada V6P 6P2

~ Full name of second inventor: rayan43z Rahardja ,
I,nventor:"s signature ' ,‘”‘ Date ZO jDV‘f‘ 200‘
Residence Address: = Suite 206 - 3727 West 10”1Avenue

- B "' ~ Vancouver, British Columbia, Canada V6R 2G5

Citizénéhipr'Canadian‘

Post Office Address: Westport Innovatlons Inc
o ' 1691 West 75" Avenue. |
Vancouver, B.C., Canada V6P 6P2

Full"name'of:third_inventor: Mike,Hebbes_

.Inventor s 51gnature ;ZZZ;Q j/ﬁéy - Date L0 ‘73Au5,p7¢h51:

Re81dence Address ‘Suite 804 - 501 Pac1f1c Street
' © ~ Vancouver, British Columbia, Canada VGZ 2X6

Citizenship: Canadian

Post Office Address: Westport Innovations Inc.
: ‘ 11691 West 75" Avenue 4
Vancouver, ‘B.C., Canada V6P 6P2
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g; \  Attorney -Docket No. 12541US03

' &/
T

, IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

" PATENT APPLICATION OF: ' CERTA‘IFICATE OF MAILING

'I hereby certify that this
correspondence is being
deposited with the United
States Postal Service as.
first class mail, postage
prepaid, in an envelope
addressed to: Assistant
‘Commissioner for Patents,
Washington, D.C. 20231, on
"this date: o

ALAN WELCH,

-IRAWAN RAHARDJA and
'MIKE HEBBES - '
SERIAL NO. 09/863,187
FILED: MAY 23, 2001

FOR: DIRECTLY ACTUATED
INJECTION VALVE

GROUP ART UNIT: 3747

Robert W. Eiesefer
.Registration No. 31,826
Attorney for Applicants

EXAMINER: Not yet assigned

N N e N N N n v v e e v n n S S e e e

INFORMATION DISCLOSURE STATEMENT

[

‘ . . . . L N ) v ) ’ —‘
Assistant Commissioner for Patents - T o g
Washington, D.C.. 20231 . = : @, D0

. ' : . M { -

Sir: | o . . E e
= - <

— N m.

N . <D H
. . . L L., 0 =2 O
Applicants Fubmlt herewith a copy of each of theg; .
. ; ' '\ . X

following réferences for‘consideration'bf the U.éﬁ‘Patent
and TrademarkAOffiée in connection with the above

'application; ; N ‘ . : .
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U.S. Patent No.

4,158,368
4,725,002
4,813,601
5,031,841
5,035,360 .

5,697,554
5,779,149
5,819,710
5,845,852
5,875,764

6,062,533

'Foréign Patent No:

Inventor(s)

Clark

~Trachte o
Schwerdt et al. .

Schafer ‘
Green et al..

Auwaerterlet al.

Hayes, .Jr.

- Huber ‘
““Waldman et al.

Kappel et_al.

? Kappel et al.

Country

WO 85/02445 .
© 09-324723

10-009084

2 321 501

0 869 278

197 27 992

PCT

- Jaﬁan
‘Japan S
.Great Bri;ain :

EPO

Germany

N

Issue Date

06/79
02/88
03/89

- 07/91 .

07/91

. 12/97.

1 07/98

10/98 . .
'12/98" C
03/99

05/00 .
) . N

,Publication Date

06/85

12/97
01/98

07/98

08/98 . -

01/99

"The above references are listed Qn’the'enclosed Form

PTO—1449 entitled "Information Diéclosure-citatioh."'

This Information Disclosure Statement is being submitted ' -

within three iB) months  of the fi%ing'date of the

appliqation'and/or before'thé recéipt of a first Office .

Action on'the merits of the appiicafiohl

_MémedesEX1012,Page117of190
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- Please charge any fées inéurréd in connection with'this
Submiss%oh to Deposit Account No. 13-0017 in the name of

McAndrews, Held & Malloy, Ltd.

!

" Respectfully submitted,

!

<

Robert W. Fieseler
~ Registration No. 31,826
. Attorney for Applicants.

Russell A. Garrison - = o o
McANDREWS, HELD & MALLOY, LTD. | |

500 West Madison Street, 34th Floor

Chicago, Illinois 60661 .

Telephone (312) 775-8000
Facsimile (312) 775-8100

pated: gluam,f 23,200\

L.
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] - : Sheet 1 of 1
Form PTO-1443, - DEPARTMENT OF COMMERCE | ATTY. DOCKET NO. .| SERIAL NO. '
(Rev. 8-83) UENT AND TRADEMARK OFFICE‘ 12541U803 ‘ - 09/863,187
(modified) - ¢ mADE\’" ) . E . ‘ i . .
~ INFORMATION DISCLOSURE CITATION APPL‘CANT‘S)
(Use several sheets if-necessary) "’ ' WelCh et al
FILING DATE | GROUP ART UNIT:
May 23, 2001 3747
U.S. PATENT DOCUMENTS .
I 3 HE - o o FILING DATE,
~ EXAMINER DOCUMENT NO. DATE NAME CLASS = | SUBCLASS IF.
INITIAL - ' - L . : . APPROPRIATE
24 4,158,368 1 06/79 Clark - 137 | 4875 ' '
\ 14,725,002 | 102/88 | Trachte 239 102.2°
' 4,813,601 . | 03/89 | Schwerdt et al. 239 91
5,031,841 1 07/91 Schafer 239 585
5,035,360. 07/91 Green et al. 239 58 o |
5,697,554 - 12/97 | Auwaerter et al. | 239 88 Dlen A
5,779,149 07/98 | Hayes, Jr. | 239 124 Sl%
’ 15,819,710 10/98 Huber 123 498 = | & O
L) 5,845,852 12/98 | Waldmanetal. |239  [533.8 &= | 0 o5
1/ .| 5,875,764 03/99 Kappel et al. 123 467 . = | 2 O
Lﬁ 6,062,533 05/00 Kappel et al. 251 57 ‘§ |
. FOREIGN PATENT DOCUMENTS
‘| EXAMINER | DOCUMENT NO. | PUBLICATION | COUNTRY - | CLASS | SUBCLASS | TRANSLATION
|| INITIAL K | . DATE Lo : \ ‘ i »
) , . YES NO
] _ WO 85/02445 06/85 PCT b RS
09-324723 12/97 | Japan - R X (abstract)
10-009084 - 01/98 Japan . - | X (abstract) |
| 2321 501 07/98 . | Great Britain | .| B
1/ 0 869 278 ~.08/98 EPO R
197 27 992 1 01/99 Germany |
|} 'OTHElR DOCUMENTS (Including Adithor, Title, Date, Pertinent Pages, Etc.) -
EXAMINER ; : DATE C.ONSIDE‘RED:;' ) a ]
/ \&kw WQW | - l ~0-o%

*EXAMINER Initial citation considered, whét@r or not citation is in conformance with MPEP 609; Draw line through mtanon if not m conformance andnot
consndered Include copy of this form with next communication to appllcam

(&

N
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EUROPEAN PATEN" JFFICE

o Patent Abstracts of. Japan

'PUBLICATION NUMBER + 09324723 7, 7BL
© 'PUBLICATION DATE - © L 161297 g 7%
: S . A i s
. /]
. 'APPLICATION DATE: . 03-06-96 wué/ Iremayl
~ APPLICATION NUMBER . 08140050 - 1 -0 3 n/
! | o 1 '
- . . 1 O b l’M 7.0 /]
APPLICANT :  HITAGHI LTD; jwfif}nl'/n/m’/y(/)ﬁ g
I o AR S
INVENTOR : MORIYA HISATOKU; fj :/o ol /A
» . C ) 3 . /1 N :/ ol |o E /3
INT.CL.  : FO2M.51/06 HO2N -2/00° | 7\8 / °1 2/ A
. } . 3 :/‘)"° o v
- . o N ¥ /A a o X,
TITLE =~ : FUEL INJECTION VALVE L NN
- . J P2l 22T
] ~10
Y v : \ '
o o U~N/
o P R N\ i |

1l

ABSTRACT : -PROBLEM TO BE SOLVED: To p,rovid‘e a reliable fuel injection valve, in an internally .
i open type fuel injection valve using a magnetostrictive element.

SOLUTION: An electro -magnetic coil 3 for generating a magnetic field and an
electncny -machine conversion element 4 extending when the magnetic field is mpressed
by this electro-magnetic coil 3 are fixed in the box body 1 of a fuel injection valve. Further,
a rod 10-on which a ball valve 9 is fixed on a tip is pressed downward by the o

- electricity-machine conversion element 4. Therefore, when the magnetic field is nmpressed
on the electricity-machine conversion element 4 by the electro-magnetic coil 3, the ~
electricity-machine conversion element 4 is dusplaced and the rod 10 is.driven by this
displacement and the fuel is injected.

COPYRIGHT: (C)1997.0P0 - . - .
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" Patent Abstracts of Japan

PUBLICATION NUMBER . 10009084 -

- PUBLICATION DATE - 13-01-98
| APPLICATION DATE SR 24.06-96
APPLICATION NUMBER. : 08162947
FA’APPLICIAr\tT : NISSAN MOTOR CO LTD;
| INVENTOR " : ARAI rArgAYtJKr;
ONTOL 'F02M 51/06 F;rak‘ 31102 HO2N 2/00
TITLE. VPIEZOELECTRIC FUEL INJECTION
VALVE
ABSTRACT

EUROPEAN PATEN'

EIEAS Kb, BRAGE Kx AIREFY K

FFICE

Kx

el

Lg'

. —
1’/‘/1//1(/{{/{1/!

) f/]/,/j VAV VAV

N
AN

USTIIIIED DI
Ll Lo Lo
Lb

PROBLEM TO BE SOLVED: To make the fuel injection velve free from the influence of

thermal expansion in any service temperature area, and make effective use of the
displacement of a piezoelectric elemént even when the piezoelectric element high in
responsiveness is applied to the needle valve of a fuel injection valve; and lower -

' ~production costs with the prezo -electric element'made small in size.

- SOLUTION: The piezoelectric type fuel in]ection valve is formed out of a needle valve -
" opening/closing an injection port to inject fuel, a spring which epergizes the needle valve

to the direction that the valve is closed, and concurrently presses the needle valve to a
nozzle, and of a prezoelectnc element which drivingly extends the needle valve to a valve
open condition. An expansion correction member is provided in series with the-

" - piezoelectric element, and it is so constituted that a relation expressed by

Lx=(KbxLb-KpxLp)/Kx is thereby satisfied where Lx represents the dimension of a linear
expansion correction member, Kb represents the linear expansion coefficient of a casing
part, Lb represents the length of the casing concerned with expansion, Kp represents the
linear expansion coefficient of the electrostrictive element, Lp represents the length of the
electrostrictive element, Kx represents the linear expansion coefficient of a linear
expansion absorbing member, and Lx represent the linear expansron coefficient of the

linear expansion absorbmg member

"COPYRIGHT: (C)1.998,JPO
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UNITED STATES DEPARTMENT OF COMMERCE

UNITED STATES PATENT AND TRADEMARK OFFIGE

United States Patent and Trademark Office
Address: COMMISSIONER OF PATENTS AND TRADEMARKS
. Washington, D.C. 20231 .

WWW.USpto.gov
-

[ APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ~ [ ATTORNEY DOCKETNO. | CONFIRMATION NO.
©09/863,187 05/23/2001 " AlanB. Welch~ 12541US03 2084 -
7590 1142002 .~
Robert W. Fieseler [ © 7 EXAMINER

McAndrews, Held & Malloy, Ltd.
34th Floor o

500 West Madison Street
Chicago, IL- 60661

GIMIE, MAHMOUD

| ~ ARTUNIT 'PAPER NUMBER

e D

DATE MAILED: 11/14/2002 .

"Please find below and/or attached an Office communication concerning this application or proceeding.

v

S

. PTO-90C (Rev. 07:01)

.
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Application No. - o Applicant(e) -
o o 09/863,187 - . . | WELCHETAL
Office Action Summary Examiner « ArURIE
: A | Mahmoud M Gimie ' 3747 |

_ - --The MAILING DA TE of this communlcatron appears on the cover sheet w:th the correspondence address oy
'Perlod for Reply .

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) E_ROM
THE MAILING DATE OF THIS COMMUNICATION. A

- Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed S J
after SIX (6) MONTHS from the mailing date of this communication. '
“- f the period for reply specified above is less than thirty (30) days a reply within the statutory minimum of thlrty (30) days will be considered timely.
- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication.
- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133).
- Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any.
-earned patent term adjustment. See 37 CFR 1.704(b): ’ . ’

Status
X Responsive to communication(s) filed on 27 August 2002
- 2a)] . This action is FINAL. - 2b)IE This action is non-final.

-3)] Since this application is in condition for allowance except for formal matters prosecut|on as to the merits is
‘ closed in accordance W|th the practice under Ex parte Quayle, 1935 C. D. 11, 453 O. G 213,
Dlsposmon of Claims 8

. ‘4)[2 Claim(s) 1-41 rs/are pending in the application. '

43)‘ Of the above claim(s) is/are withdrawn from consi‘deratio‘nz
5] Claim(s) _____is/are allowed. ‘ | |
86X Claim(s) 1-41 is/are rejected.
'7)[_—_1 Claim(s) _____is/are objected to.

.| 8 claim(s)
Appllcatuon Papers

are subject to restriction and/or election requlrement

9)X] The specification is objected to by the Exammer
10)@ The drawing(s) filed on 23 May 2001 is/are: ad accepted or b)@ objected to by the Exammer
- Applicant may not request that any objeclnon to the drawing(s) be held in abeyance See 37 CFR 1. 85(a)
11)J The proposed drawing correction filed on is: a)[J approved b)] dlsapproved by the Examiner.
) if approved corrected drawings are required |n reply to this Office action.
’ 12)l:I'The oath or declaratlon is objected to by. the Exammer. ‘
Priority under 35 Uu.S.C. §§ 119 and 120 .
13 I:] Acknowledgment is made of a claim forforelgn pnonty under 35 u. S C § 119(a) (d) or (f)
a)JAll b)(:] Some * ¢)[_] None of:
1.0 Certified cop:es of the pnonty documents have been recerved
2. E] Certlf ed copies of the priority documents have been recelved in Appllcatlon No._ . =~

30 Copies of the certified copies of the priority documents have been received in this National Stage
: . application from the International Bureau (PCT Rule 17.2(a)).
', *See the attached detailed Office action for a list of the certifi ed copies not recelved

-

14)] Acknowledgment is made of a claim for domestic priority under 35 U.S.C. § 119(e) (to a provnsmnal apphcatlon)

a)[] The translatlon of the foreign language provisional application has been recelved
15)] Acknowledgment is made of a cialm for domestlc prronty under 35U.S.C. §§ 120 and/or 121

‘Attachment(s)

1) Iz Notice of References Cited. (PTO-892) ) D Interview Summary (PTO-413) Paper No(s)
2) D Notice of Draftsperson’s Patent Drawing Review (PTO 948) ‘ l:] Notice of informal Patent Appllcatuon (PTO 152)
3) |Z Information Dlsclosure Statement(s) (PTO—1449) Paper No(s) 4 .. . - 6)‘ D Cther:
U.S. Patent and Trademark Office N . . ) — ‘ ) .
PTO-326 (Rev. 04-01) N ' Ofﬁce Action Summary . - ' -Part of Paper No. 5
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,}‘Apphcatlon/Control Number 09/863 187 | o e o Page 2

. Art Unit: 3747

DETAILED ACTION

'Drawings

1 - This applrcatlon has been f||ed with informal drawmgs which are acceptab!e for
o exammatnon purposes only. Formal drawmgs will be required when the appllcatron is

allowed. | | N
2 The drawrngs -are objected to as falllng to comply W|th 37 CFR 1. 84(p)(5)
'} because they do not mclude the fo||ow1ng reference sngn(s) mentloned in the
‘ 'descnptlon (a) 100 men'uoned on varlous parts of the speC|f|cat|0n including page.25
I|ne 19 and page 28, line 8. (b) 202 ment|oned on page 27, line 8 A proposed drawmg
correctllon or corrected drawings are requ_lred in reply t_o the Off ce ,ecnon to av0|d

ébandOnment' of the applicétion. The objection to the drawings will not be held in

abeyance.

- Specification ]
3. The abstract of the disclosure is obje'cted o because it exceeds 150 words in
Iength : ' _ - :

Correchon is requured See MPEP § 608 01 (b)
| | CIarm Rejectlons 35 USC § 103
4, The foIIowmg IS a quotatlon of 35 U. S. C 103( ) which ermS;th‘e basis for all

‘obviousness reJectlons set forth in this Office action:

(@A patent may not be obtained though the invention is not identically disclosed or described as set
forth in section 102 of this title, if the differences between the subject matter sought to be- patented and
the prior art are such that the subject matter as-a whole would have been ob\vious at the time the -

7
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‘,Appllcatlon/Control Number: 09/863,187 . Page3
Art Unit: 3747 | ' L 4

|nvent|on was made to a-person havmg ordmary skill i in the artto Wthh said subject matter pertalns
. Patentabllrty shall not be negatlved by the manner in which the mventron was made-

5 Clalms 1-41 are reJected under 35 u. S C 103( ) as berng unpatentabl'e over
Kurishige etal (5,630 550) | IR / o

R Kunshrge et al, dlscloses an. |nJect|on valve for lnjectrng fuel into a combustlon chamber
| ofan |nternal ,combustlon englne sald |nJectlon valve comprlsmg: (@)a valve housmg |
compnslng a fuel inlet port (17); an |nter|or chamber flurdly connected to said fueI mlet

- ‘port (3a) and a valve seat for cooperatlng wrth a valve member (4) to seal said |nter|or

chamber from sald combustron chamber when sald-rnjectlon' valve is closed' (b) sald N

vaIve member havmg one end dlsposed wrthln sald valve housrng and an opposrte end’

- extendable from said valve seat toward said combustlon chamber whereln sard valve

member’ comprlses a seallng surface that flurdly seals agalnst said valve seat when

. -said anectlon valve is closed and that is Ilftable away | from sard valve seat when said .-

L |nJectlon valve' is open (c) a blasmg mechanism assocrated wuth sald valve member

' N,sald blasmg mechanlsm applylng a cIosmg force to said valve member when said valve
d

member |s in sard closed posmon' (d) an actuator assembly assocrated with said valve

: member wherein sald actuator assembly may be actuated to apply an openlng force to

>, said valve member stronger than sald closing force for movrng said valve member to.

’sald open posrtlon and (e) a hydraulrc I|nk assembly comprlsmg a passlve hydraullc
link having a hydraullc flurd thlckness through whrch sald openlng and cIosrng forces
vare transmltted whereby said hydraulic qurd sald thlckness belng substantlally constant
while said actuator assembly is actuated and whereln said thlckness of sald hydraullc

' Irnk is adJustable whlle sard actuator assembly |s not actuated |n response to changes |n:

i
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Application/Control Number 09/863 187 o : _ Page 4
Art Unit: 3747 - |

Vthe dimensional rela_tion,ship'betweeh components of said 'injection valve to maintain a |
_ d'esired val\}e lift upon actuation of saidactuator assembly .(
Kurishige, et al, does not teach the pressure transmitting f|UId acts substantially asa
solid However teaches that an increase/decrease of the Visc05ity coeffiCient can be of
| ?lthe pressur\e\transrnitting medium can be controlled between -30° C and 200°C\whi,lch >
suggestsvthat the fluid acts substantially asa solid-. | |
Theretore, It would .ha\/e‘been" obvious to one of\ordinary skill in theavrt at the time .of the
) - ini/ention vi/as rnade to modify the ihvention of Kurishige et al by realizing‘ that the |
.pressure transmitting ﬂUld actsasa solid The motivation to do 0 would have been to-
show that the pressure transmitting fluid characteristics does not heaVin depend on . ..
" ambient temperature. - - _—
nWi_th regard to claim 4, the hy'drauliclink assembly comprises a fluidly sealed hydraulic .
chinder_(18) that is _flu‘idly sealed.frorn ‘sa.id interior charnber,' said hydraulic lin:k‘ : |
+ assembly cOmprising a piston (6) avn'd sai\d hydraulic fluid is disposed within said’
| | hydraulic cylinder. N . |
" With regard to claim’b said piston (B6)is an integral part of said valve ‘member (4). g
With regard to method claims see above and figures 8A 8C and 13A- B
' All other claims see above and figures 1- 15
| ; Conclusion o o | B
6. The prior art made of record and not relied upon is conSidered pertinent to

!
" 'applicant S disclosure The cited references show directly actuated fuel injectors

N

. Mercedes EX1012 Page 126 of 190
* Mercedes v. Westport
IPR2023-00351 .



| Application/Control Nurber 09/865,187.' - S . o "Pa’ge_s
(At Unit; 3747 o " o

7. | '.Tlhis_ apptication curr'ently names‘joi_nt inventors. In'considering patentability of
. the claims under 35U.S.C. 103(a)‘,v the examiner presumes that ’theleubject matter of
the various clai-m‘s was 'commonly owned at the time an.y inventions covered therein -
were"mgde,absent a}ny e\}idence' to the contrary. App}l‘ica'ntrisv advise_d of the, O-b'bi Qaﬂoﬁ’ ,
'under 37'CFR 1.56 to point out the inventor and-invention dates of each claim that was
not commonly owned at the t|me a Iater |nvent|on vrras made m order for the examrner to(
' con5|der ’_thev apphcablhty of 35 l_J.S.C. 103( )and potentlal 35U.S. C. 102(e), (f) or (@)
prior-art under 35 U.S.C. 103(a )‘ |
| Any mqurry concerning this communlcatron or earlier communlcatlons from the
. examrner should be dlrected to Mahmoud M Glmle whose telephone number is 703-
305-14037. The examiner can normalty be reached on7am. -'3:30 p.m. -

If attempts to reach the examrner by telephone are unsuccessful the exammer ]

supervisor; Henry Yuen can be reached on-703-308- 1946 ‘The fax phone numbers for}
- the organizatton where this app.lication or proceeding-is assigned are 703-872-9302 for
regular commu,nications and 703-872;9302 for‘After Final ‘commUni'cationsv.

Any rnqurry of a general nature or relatrng to the status of this appllcatlon or

proceedrng should be dlrected to the receptlonrst whose telephone number |s 703 308-

o861, .

Mahmoud M Gnmre /
Examiner :
- Art Unit 3747

M Gimie, Examiner.
November 12, 2002
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AMENDMENT AND REQUEST FOR RECONSIDERATION

1

Commissioner of Patents
Washington, D.C. 20231

Sir: -

This AmendmentQand‘Request'for'Réconsidération~is submitted

| :infresponse to'thé.Office:Actiéﬁvdated,Novemberll4,'2002. A
mafkéd—up~version of the abstf;ct'andzspeCificétion,(insertidné
uﬁderlihed} deiétions brédkéted) ié’attached as Appéndix'A. :
Appendig B heretd:qontains the;éubstityte~f§fmél:drawingst
Appendix C hereto;contaiﬁs a version 5f thevsubstitute.erméi
»drawings with fheiadded refefencé nuﬁerals shown in red.

A

. Mercedes v. Westport
IPR2023-00351

Attorney'bocket No. 12541US03.

. IN THE UNITED STATES PATENT AND TRADEMARK OFFICE '-_ii:&) 62/
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- IN THE ABSTRACT:

P".CEIVED
FEB 2 6 2003
~ TECHNOLOGY CENTERR3700

[

Please substitute theﬂfive (5) sheet(s) of formal drawings

'containing FIG. 1, FIG. 2, FIGs. éafand 2b, FlG. 3, and FIG 4,

respectively; for the five (5) sheets of 1nformal draw1ngs

t

presently of record in the present‘application.

Pleasevsubstitute“the following abstract for that presently

of "record in the .present applicatlon, as follows:

\

A dlrectly actuated 1n]ectlon valve
fvcomprlses a hollow valve housing, a valve memberb
disposed within thehhollow interior, a-b1a81ng

‘ mechanism, an actuator assembly and adpassive"

hydraulic link assembly. Thé valve member is

| <:}} ~ movable between a clOsed position and an open

10

15

Lp081tlon for governlng the flow of fuel ‘into the
combustion chamber of an ‘internal combustlon '
'englne. The biasing mechanrsm, preferably a
‘spring, biases the valve member‘in‘the closed
- position. The actuator assembly generates an’
openlng force that acts, agalnst the valve sprlng
t0~open the valve.  The" hydraullc llnk assembly,
is interposed between the walwe member and the
valve sprlng and the actuator assembly 'The
hydraullc llnk assembly transmlts respective’
c1081ng and openlng“forces,to the.valve member .
-~ The hydraulic link preferably comprises a piston
disposed_within a cyllnder‘that'is filled with a
hydraulic fluid. - . |
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IN THE SPECIFICATION: , " B ////

A

Please amend the paragraph in'the_"CrossLReference.to

L

Related Appllcatlon( s)" section of the specification at page 1,

- lines 2-13, to read as follows

Cross Reference to Related Appllcatlon(s)

This appllcatlon 1s a contlnuatlon in- part

09/522 130-

of U. S Patent Appllcatlon Serlal No.
o C>// .flled March 9, 2000, entltled "Dlrectly Actuated’
5 | ‘_Injectlon Valve"‘ now U.S. Patent No. 6, 298 829

nProv1s1onal Patent Appllcatlon Serlal No

issued October 9, 2001' The '130 appllcatlon

elates to and claims prlorlty beneflts from U S.:

~60/159 791 flled ‘October 15, 1999, entltled“

‘10 . "Dlrectly Actuated In]ector" N:The 113

0

appllcatlon ‘and the 1791 appllcatlon are each

1ncorporated hereln by reference 1n thelr

enti

rety.

REMARKS

T e

Claims 1-41 remain pendingfin_the‘present appllCationmf .

endments to

the Draw1ngs

As to the draw1ng ob]ectlon set forth 1n the November 14

2002 Offlce AQ
ontalnlng FIG

respectlvely,

tion, flve.( )‘sheets of formal draw1ngs

1, FIG. 2, FIGs. 2a and 2b, FIG

have been substltuted for the flve

,Tand FIG}‘4,

‘("5 )

sheets‘of

'dlnformal draw1ngs presently of record in the present .

a AR .
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- o
fappliéaﬁion. In thé{subsﬁitqte drawings, reference.nuﬁerai 100
has been-gdded to desiénaté thelcorresponding ¢1e;eﬁt in FIGs. 1
and 2, and(réference numeral 202 ﬁés been'added td_désigﬁaﬁe:Fhe 
correspondinglelement in FiG.iZa;'all aS'shownyin;Appendices B
aﬁd c. Applidanﬁé submit that the written deécriétion_inAthe
sbecificaﬁién[ takép in:cpmbination'with the drawinés as
originaliyﬂfiled, fuliy éuppdrts’the‘subsﬁitute drawings; aﬁd
that the sﬁbétitute dréwingé‘submitﬁed herewith.overcome the

drawing objection(s) set forth in the‘Oﬁfice-Action.‘

A}

Amendments to the Abstract SR o
The Abstract of thé:di3closure has been amended so as not
‘to exceed 150 words in Iength, as set forth in Appendix A |

hereto, and as féqﬁired in the Office Action.

iAmendmenﬁérto_ﬁhé Spedificétion

'The‘specificatibn has been amended'to.insért/the/number and
issuefdate of the pateht that'waé graﬂted from the applicaﬁion,»
_Se;iaero, 09/522,i30 fi;gd.March‘9,'200p;.§f which thelprééent

application is a continuation-in-part.

-~

Claim Rejections o s o . : RN

In the Officeé Action dated November 14, 20025 claims 1-41

were rejected for obviousness under 35 U.SLC;‘§103(a) inview of
3 . i Y X .

N

b} . N . . ) . . ) ) - . .
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A Kurishigé'u.s. Peteet]Nor<5,630,55O (tﬁe"ﬂséo'paﬁene).e~The '550
bateﬁt discldses”e feei injecﬁieﬁ‘systém,thétbpermies the use oﬁ
.a hyd;auiie>cenfrel‘oil ae a‘preSSureetreﬁsmitting medium in a
‘hydraqiicaliy actuated'injecter; At‘colemn 3 of the '556
‘batent{'beginning at-iine 25, 'Kurisﬁigevstateé,

‘,It 1s an object of the present invention to provrde a fuel 1nJect10n

system which perm1ts the use of hydraulic control oil as a. pressure

transmlttmg medlum for transmlttmg the dr1v1ng force of a

plezoelectrlc element to a needle valve.

eThe"SSO'patent thus diée;nguisﬁes its fuel injection

syste@'ffem‘prierAhydfaulically actuated:injection Qalve '
farréngements, eech'asethe one il1ustrated in Figure‘16.of.the‘
-'550vpatent.. Like cenvegtional fuel,injec%ors, ﬁewever,‘ﬁhé
fvfuel iﬁjeetor dieciesed end claiméd in,thelrséo paténe felies.'
upon the diéplaeémént and:dYnahic ﬁiow efhh?draulic flﬁﬁd to
:eaﬁse movement Qf:ﬁherneedle Vai%e. .FQr'éxampie; as.ehewn in:

‘FigureAl of thej'SSO patént,yﬁhen a voleagé.is appliedltb
A ;piezoeleceric elément.8,>it'expands and displeees hydfaulie oil
frdm'pressure-eehtfoi ehambér 10. Thélhydrauiic’oilrleWs”ipto
:cylindervré'through_iﬁflow/edtflow holé 25,'thérebyrincreésing
“the fluld pressure applled the openlng pressure‘rece1v1ng |

\

sectlon 6. The '550 patent descrlbes the operatlon of thlS

first embodiment at column-S,,beginning_at line 48.
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  ,The,"d?namic"'hydraulié sysgém,of‘the '550‘pateﬁt1is the
same,type.of conventional hydraulicélly actuatéd-injection valve
VdiséuSééd iﬁ the backéround portion df*the presént applicétion
at; for,e%ample; pagé‘4, beginninglat 1ine 18: |

Nearly all known direct fuél,iﬁjectioh
‘ sYstems in internal combustion enégnes'have
‘been hydraulicaliy actuated. These systems>>
‘rely on avhydraulid fluid to provide the
force that is needed to'open1an injection
valve (or valves, when the engine comprises
! plurality of combustion.chaﬁbers). o
AccOrdinglyn at»tybical engine operating
speeds[JhYdfaulically actuated injectors
rely on rapid changes in the hydraulic fluid
pressure to‘open and close.thé injgction
valve(s). An injection valve is tyﬁically
‘opened by:incréasing the hydraﬁiic fluid
pressuré and closed by.reducing'ﬁhe'
IhYdraulic fluid pressure, such that the
opening.fofce'applied to the injection valve
is reduced,'causing the valve to close;
HoWever,,ih the context of a conventional
gasebus'injecfionVValvé, hydrau1i¢ 6peratién"
pfesents several drawbacks,’inclﬁding: ' -
. delayed fesponse of the system
caused,by ﬁime delays associatéd
With‘the dYnamic flow of the
hydraulic fluid, the actuation of

the electronic hydraulic valve N
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hardware and the movement of ‘the .
needle thatfcbntrols.gas ficw from
the injection valve.

Moreover, ‘the degree of’ controllablllty .&‘ -
of the movement of the 1njectlon valve is -
low when the motlve.fcrce is provided by a
pressurized flurd'rather than by a directly‘

'contrcllabie source Iin this‘respect; it is
.dlfflcult to control lift, resulting in |
limited llft control capabilities when us1ng,,
.hydraullcally actuated injection valve with '

ha double spring conflguratlon Therefore; |
dlt is des1rable to avoid the use of
hydraullcs to operate gaseous fuel

'}njeCtors,'particurarly foruhigh—speed

. engines. - ‘ : SR

A conventicnal,"dynamic"_hydraulic_system, which relies -
"ﬁupoh the flow of hydraulic fluid to actuate.a’needlefvalve, is
'structurally and functlonally dlstlngulshed from the appllcants'
. N

“pa851ve" hydraullc llnk.‘ In a "dynamlc" hydraulic system,’the

'Ahydraullc fluld does not "act substantlally as a solid w1th the

il

FhiCkne?.S,_, being substantially constant while the.,.,.,.actua.tor |
assembly is actuated“ as recited‘in claim'li(subparagraph (e)),‘
because the hydraullc fluld must flow from che chamber to
ancther to cause needle movement. Thrshls.eveh acknowledgeddin
"the Offrce Action 1tself "Kushige,let ai{ dces‘not teach'[thatT

!

the pressure transmlttlng fluld acts substantlally as a SOlld

e
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The Office Action cited the description of preferred

" viscosity in the '550 patent as suggestingf"that'the‘fluid acts

.substantiallyfas a sofid", - To phé'contfary,,the '550 patent
‘discloses an'apparatus that relieé upon the flow of hydraulic

oil as a liguﬁ'.d from one chamber to. another chamber in order
‘ \

move the valve’needlé between»closed'ehd‘open positions:; The
"550 patent describes the preferred viscosity of the hydraulic'

oil at,vfor exampie, ceiumn 6, beginniugbat line 32 (emphasis
_ . . : : ‘ ¢,
added) :

The pressure transmittlng rnediur'n is required to have a low
saturated vapor pressure even under higb‘temperat'ure to control
the generation of bubbles. Furt‘her,‘ the rnedium provides ~
lubrication for the needle valve 4 t'e rho‘Ve as well as it transfers -
pressure; therefore, the medium is also‘required to exhibit stable:

R lubricating property fo‘r. the needle valve 4 to move smoothly, ie.,

stable viscosity coefficient against temperature changes. For' these

reasons, the liquid used for the pressure transmrttmgmedrum

-should be a lubrlcant such as engme onl and gear oil or ’

hzdrauhc oil for a hydraulic circuit which do not reach the :

saturated vapor pressure at 200,deglreel C. andatmospheric |

pressure to survive the operating temperature of the internal- | -
combustion engine and Whieh have good lubricating property..

&

By emplovmgthe engine onl, gear oil, or the hydraulic

onl for a hyvdraulic circuit, the occurrence of bubbles in the

pressure transmitting medium filled in the pressure control

chamber 10 can be prevented and therefore the deterroratron in the

N -8-
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N

pressure transmitting charaoteristie ean be prevented' even when, i

for example, the ambient temperature reacties 150, degree C.to L
200. degree C. from contmuous operatlon in an automotlve . h |

internal- combustlon engine. Moreover an-increase in the V1scosrty

Y coefficient of the pressure transmitting medium can be.contr_olled

., and the lubricating property can be maintained to ensure smooth )

'operatlon of the piston 9 and the needle valve 4 even if the amblent Y
‘temperature goes down to -30. degree C or Iess at the time of |

startup in a cold reglon

Applicants therefore'submit that the 1550 patent cannot bed*

;interpretedjae diselosing or‘snggeeting tnat the hvdfaulic oil
dactSjas a eoIid Whenvthelvaive needle is ectueted; Rather; the
deseription of preferred viscoeityvin-the 550 patent‘simply.
states that the hydraullc 011 must be sultable to avoid the
formatlon of bubbles and to prov1de favorable lubrlcatlng

‘properties over*a broad range of temperatures.

Afmajor difference betWeeneaq“dynaﬁieﬂ hydraulic 8ystem‘and
arﬂpassiveﬁdhydraulic systemﬁie»the presence‘in.dynamicA
Jhydreulie'svsteme‘oftfluidpaeseges:thet~ailowuthe hydfeulic
fluid totflow during an aethation event,(thatdis, inflow/outflow
noleizéiin'ﬁigure 1 of’the '550 patent)‘“ In pa881ve hydraullc
evstems lite the applicentsf the- hydraullc oil is substantlally
{contained, thereby av01d1ng the flow of hydraudlc fluld durlng

“an actuation event when the valve member is moving from a. closed
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positionitotan open position. As set forth in
"application at{page 41, begrnning at line 21,
As previously’discussedx'becaus
actuation occurs suddenlyh(on the or
»200 ps),‘hydraulic fiuidfi6ib does n
Atlme to flow through the narrow clea
gap between piston 114b and hydrauli
cyllnder 160. Instead, hydraullc f1l
‘acts as a solid and transfers the mo
'of magnetostrlctlve member 130 to va
member ‘114 via piston 114b, ‘causing
member 114 to lifE"away'from valve s
~Because injection valve 100 stays op
such‘a brief period" (typlcally less
milliseconds),jas long as the v1chs
hydraulic fluid 164 ishproperly1sele
the Clearance‘gap is suitably sized,
f flow‘of‘hydraulic)fluid 164 through
.. Cclearance gap while injection valve
>open is 1n81gn1flcant so that any
dlsplacement caused by such flow is
‘less than the total dlsplacement of

member 114

As. to the method claims'pending in the present‘application,

the Office Action cited Figures SA—BC.and:13A—

‘patentwas the basis for rejecting‘those claims.

the present
fer?eXample;
evvaIVe
der of
ot have
rance
c .
uid 164b>
vement
lve
valve
eat 112.
en for :
than 3
1ty of -
cted and
the .
the
100 is

much |

valve

13B of the '550

The '550

'patent's method for controlling an.injection valve employs a

) i

piezoelectric actuator and agneedle‘element,that moves inward

S -10-

/
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displacement of the needle

8

from the nozzle tip td'opehg_.The '550 patent describes and

.illustrates/an."undesirable‘nonlinear relationship-between‘a set

LN

© . valve opehing$period of time and ?n actual valve opéning"period

offtimeﬁ;"Figﬁré 8A shows a difference betweén the desired "set

'valve‘openingvpériOd of time T1l" and the "actual Valverpgning

period of time T2", thus supporting the applicants'vsubmissioh,‘
that a“Chéfactéristic,of conventional hydraulically~actuafed

injection valves is a delay assqciateduwith the dynamic flow of

‘

hydraulic fluid. Figure 8A also shows a "bounce" effect when

‘the stopper 4a collides with the Cylinder‘main'bodyA(immediately

after time T1) and when the needle valve 4 collides with the

C nozzle'(immediately‘aftérﬁtime'T3). Figures 8B and 8C of théfi )

“{SSO‘patent illustrate alternative strategies for controlling -

{ ! ~“5 L : .
valve with the objective of avoiding

needle‘bounée»by closing théfvalve immediately,fbllowing\thé.
CblliSion:bétweenvstdpper‘4agand'cylinder main body 41 (Figure

8B),mofﬁby'starting to cloéeuthe‘needle valve immediately

‘preceding collision between stOpper 4a andfcylinder main body 41

(Figure 8C). Figures 13A and 13B of the '550 patent show

Kurishige's preferred strategies for controlling applied.voltaéel

and displacément of a piezoelectrib elemént.

The problém addressed and illustrated by Figures 8A-8C of

the '550 patent is needle bounce and controlling the duration of 

. Mercedes EX1012, Page 139 of 190
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the ihjédtiéh event. Such problems are typically associated
with hydraulically actuated injectionAvalves, and the method of
the»T550’patent‘0vercomes those problems as follows: o o
[The] step-up rate of the driving voltage applied to the
piezoelectric element 8 is decreased immediéfely’ before the _
- completion-of the valve opening operation and the step-down rate :
is also decreased immediately be’f@re completion of the valve

closing operation. -,

~ (Column 15, lines 8543;} ‘The objectiVe'of'the '550 ﬁatent-is
‘thus to 51ow down the needle to avoid needle bounce when the

jinward mdving needle strikeévthe needle stopper.

\ ' . . -

\ N

The applicants"cléihéd techhique differs‘markedly from
ﬁhat‘disélosed in the '550 patent because of theiraimporﬁant'
"_strﬁctural différeﬁces.i Uniike the !Ssovpatégt's injection -
valve, the applicants' claimed iﬁjection valve employs a valve
mémbér thét moves outwardly‘from the nozzle tip to the obep
" position. The éppiicanté‘ claimed diréctly actuated injéction
valve.theréfpre cdntaihs‘no'featurevthat corresponds to. stopper
:4é‘in the'5556 patent. The valve_element of -the '550 patent , 
movés betweeﬁ a closed posi;iéﬂ and‘an open position defined'by
the needlé stopper. In the appIiCants' claimed teéhpique, ﬁhe
.méVement Qf thé valveumember ié defined by the cbntrollable‘

leﬁgth of the actuator, and not by a stopper. For example, in

_ 12 _ T ‘ . . . . . “‘

i
%
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FIG. 4 of the present application,.wévéform'A depicts an

injection event with a larger valve membér displacement than the

injection évent represented by waveform €. 1In the outward '/

opening arrangement disclosed and glaimednin the embodiments

described in the present applicafion,va_méChanical stopper is

not necessary to limit the travel of the valve member, so there -
" is no problem with: "bounce" due to collision of the»aCtuated

' part with the stop upon opening the injection valve. In closing

the applicants' ‘injection valve, a negative'curréht can be

applied’to rapidly contract the dimensidnally—fésponsive -

‘}actuatof;‘followed'byithe application of a positive current

immediately before the valve member is\seated in the closed .-
poSitibn;_:
N . . . : «

Because the.appliCants' claimed actuator is used to- control

the "lift" of the valve member, claim 36, for examﬁle, in

. subparagraph (a), defines the claimed method aé comprising:

_initiating an injection event by rapidly: -

' increasing current to a magnitude that is

- known to correspond to a desired lift.

- . Y
-

- In the '550'patent, current is not,controlled‘in this way

" because the needle étopger’cbntrols thé‘degree«of.lift»at a

fixed conStant."

. -13-

Y
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C
o As to. the concerns regérding cdﬁméﬁ.owheréhipvset fofth in .
pafagraph-4 of the October 24, 2002 Office'Actiqﬁ, applicénts

confi;m that the subjeﬁtrmatter of the vgriOus'claims'pending in
‘the preéent application Was Commonly owned at thé timé>they ;

E

"inventions covered therein were made.
* Kk Kk * %k

In view of the foregoing amendﬁehts and remarks, épplibants
submit that Claims 1-41 are allowable. The Examiner is invited

" to telephone the applicant's undersigned attorney at. (312) 775-

8123 if any unresolved matters remain;

- Please charge any fees incurred in connectioﬁ with this

- submission to Deposit Account No. 13-0017.

N

'~ Respectfully submitted;

=y

_Robert W. Fieseler A
Registration No. 31,826
Attorney for Applicants

MCANDREWS, HELD & MALLOY, LID. : | hereby certify that this correspondence ié hning
500 West Madison Street, 34th Floor " deposited with the United States Postal Sarice as
" Chicago, Illinois 60661 : . first class-mail in an envelope addressed io: Commis-

o ' i fPatents and Tragemarks, Washington, D. C.
Telephone (312) 775-8000 20781, o 72 =\ ~OF
Facsimile (312) 775-8100 :

L . Date of Deposit -
| . ROBERT W. FIESELER

l ‘ g - ame of applicant, asgigriee, or
: Y ) egistered Represdntativg
Dated: . 4 2603 | i;;; e Represdtat
. . ) . . . \ g ' - - ‘ ' -

: Signature
T-\4&-03

o~
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APPENDIX ‘A R ',,*} N
MARKED - UP VERSION SHOWING AMENDMENTS MADE

»The:Abstractlhas been amended as follows:
A directly actuated injection valve
'comprises athollow valve honsing, a valve member
disposed within the hollow'interior, a- b1a51ng

'_mechanlsm an actuator assembly and a Eas31ve

.5 - L '~ hydraulic link assembly  The valve member is

'movable between a closed p051tlon and an open
p081tlon for governlng the flow of fuel 1nto the’
o combustlon chamber of an 1nternal combustlon
englne., ‘The biasing mechanlsm preferably a
ldM'. | “L;fspring, blases ‘the valve member in the closed
| , position The actuator assembly generates an
'openlng force that acts agalnst the valve spring
to open the valve. The hydraulic llnk assembly
‘lS 1nterposed between the Valve member and the‘
15 - | valve spring and the actuator assembly fThe
‘hydraullc llnk assembly transmlts respective
01081ng and openlng forces to the valve member
The hydraullc link preferably comprlses a. plston

disposed w1th1n a cyllnder that is fllled w1th a

Y20_' : ' hydraulic fluid. - [The opening and closing forces

are transmitted through a thickness of the

hydrau1ic fluid that is trapped between the

C-1s5-
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10

~

planar surfaces of the piston and the head aﬁd
base of the hydraulic cylinder.] |

}

‘The paragraph in the "Cross—Refe:ence to Related

1{

16 has been amended as fdlldws:'

Cross-Reference to Related Application (s)

- Application(s)" section of the specification at page 1, lines 54v"

.

This application is a continuationfin—part

of U:S. Patent Application Serial No. 09/522;;30'

filed March 9,AZOOO[_entitledAUDirectly;Actuated.

Injection Valve", now U.S. Patent No.‘6,298,829

issued October 9, 2001.° The l130 applicatgon
rélates to and claims-briprity benefits from U
Provisiona; Patent¢Applicatidn Sérial-No.<'
60/159,791 filed October 15, 1999, entitled
) "Directly Actuated Injector"f ‘The"l30! .
épplication]and'the_'79l application are each
- incorporated herein by reference in their

" entirety.

.S.
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. SUBSTITUTE FORMAL DRAWINGS
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ApplicationNo. . - T Applicant(s)
g - 09/863,187 - |welcHETAL
Notice of Allowability - Bxaminer — : At Unit

MahmoudMGlmle S 13747

v

--"The MAILING DA TE of this communication appsears on the cover sheet with the correspondence address--

All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included

herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be maited in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative

of the Office or upon petition by the. appllcant See 37 CFR 1 .313 and MPEP 1308 |

This communlcatlon is responsive to amendment f/led on 2/21/03
The allowed claim(s) is/are 1-41.

The drawings filed on'21. Februagz 2003 are accepted by the Exammer

-Acknowledgment is made of a claim for forelgn priority under 35 U.S.C. § 119(a)- -(d) or (f).
)I:I Al b)|:| ‘Some* ¢)[] None™ _ ofthe:

1 O Certified copies-of the prloruty documents have been recelved :
2, [] Certified copies of the prlonty documents have been recerved in Appllcatlon No. ,
3.0 Coples of the certified copies of the prrorlty documents have been received in this national stage applrcatlon from the
International Bureau (PCT Rule 17.2(a)). '
* Certified copies not received: : : . :
5 X Acknowledgment is made of a claim for domestrc priority under 35 U.S.C. § 119(e) (to a provrsronal apphcatron)
(a) [ The translation of the forelgn language provisional application has been received.
6. [:I Acknowledgment is made of a clalm for domestic pnonty under 35 U.S.C. §§ 120 and/or 121.

o=
EIXIIZIIXI

Aplecant has THREE MONTHS FROM THE “MAILING DATE" of this communlcatron to file a reply complying with the requlrements noted .
below Failure to timely compIy WIII result in ABANDONMENT of this appllcat|on THIS THREE MONTH PERIOD IS NOT EXTENDABLE

7.[] A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER'S AMENDMENT or NOTICE OF
- INFORMAL PATENT. APPLICATION (PTO 162) which gives reason( ) why the oath or declaration’is def|0|ent

8. [] CORRECTED DRAWINGS must be submitted. -
( ) including changes required by the Notlce of Draftsperson s.Patent Drawmg Revnew ( PTO- 948) attached : S 1
1Y hereto or 2) (] to Paper No. ____. : , : : o g S '
b) [ including changes requwed by the proposed drawing correctlon flled . which has been approved by the Examiner.
D -including’ changes required by the attached Examlner s Amendment / Comment or in the Office action of Paper No.

Identlfymg indicia such as the application number (see 37 CFR 1 .84(c)) should be written on the drawings In the top margln (not the back)
of each sheet. The drawmgs should be filed as a separate paper with a transmittal letter addressed to the Official Draﬂsperson

9. [] DEPOSIT OF and/or INFORMATION about the deposrt of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner's comment regardmg REQUIREMENT FOR THE. DEPOSIT OF BIOLOGICAL MATERIAL

Attachment(s)

10 Notice of References Cited (PTO- 892) - 2[] Notice of Informal Patent Application (PTO-152)

3[J Notice of Draftpersons Patent Drawing Review (PTO 948) o " 4[] Interview Summary (PTO-413), Paper No. -

'8[] Information Disclosure Statements (PTO-1449), Paper-No. ____. - 6[ Examiner's Amendment/Comment

7[ Examiner's. Comment Regardlng Requrrement for Deposrt ) - 8 Exammers Statement of Reasons for AIIowance
of Biological Material . - o g[] Other

U'S, Palent and Trademark Gffice — ' » . : T . . -
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| Application/Control Number: 09/863,187 . I | " . - Page2 -
Art Unit: 3747 ' | L o ‘ o

' REASONS FOR ALLOWANCE
1. The following is an examiner’s statement of'reasons for allowance: k B
_ The primary reason for allowance of claims 1,29,36 and 41 is the inclusion of the

- limitations of * '
“A hydraulic link assembly comprising a passive hydraulic link having a hydraulic fluid
thickness through which said opening and closing forces are transmitted, whereby said
hydraulic fluid acts substantially as a solid with said thickness being substantially -
constant while said actuator assembly is actuated and wherein said thickness of said
hydraulic link is adjustable while said actuator assembly is not actuated in response to
changes in the dimensional relationship between components of said rnjectlon valve to -~

‘maintain a desired valve lift upon actuatlon of said actuator assembly inclaim1;

"A hydraulic link assembly compnsmg a fIU|dly sealed hydraulic cyllnder dlsposed
- about said piston portion of said valve member, a hydraulic fluid disposed within said
hydraulic cylinder, wherein said opening and closing forces applied.to said valve
member are transmitted through a thickness of said hydraulic fluid wherebysaid
hydraulic fluid acts-as a hydraulic link and said thickness is automatically adjustable in
response to changes in the dimensional relationship between components of said -
injection valve -to maintain a desired valve lift upon actuatron of sald actuator
assembly " In claim-29; -

"lnltlatlng an-injection event by rapidly increasing current toa magnltude that is known
to correspond to a desired lift by applying high frequency voltage cycles and in each ~
cycle-maintaining a net positive voltage; concluding an‘injection event by decreasing

~ current until it is reduced to zero amps by applylng high frequency voltage cycles and |
|n\each cycle maintaining a net negatlve voltage." in claim 36; and : '

“Sald passive hydraullc link-comprising a hydraullc cyllnder which houses a plston and
is filled with a hydraulic fluid, wherein said hydraulic fluid forms a layer between said | |
piston and a cylinder head and because of the short duration that said valve is open,
“said hydraulic fluid does not have time to flow from one side of said piston to the other
side and while said injection valve is open, said layer of hydraulic fluid acts as an
incompressible 'solid so that movement caused by the actuation of said dimensionally
responsive member is transmitted through said fluid layer® in clalm 41 that the pnor art
of record neither taught nor suggested. Co

Any comments consrdered necessary by applrcant must be submitted no later

than the payment of the issue fee and, to avord processing delays should preferably

<
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Applrcatlon/ControI Number: 09/863 187 . " - a | - o page'g
C ArtUnit: 3747 o RRTET - |

aocomp.any the issue fee S.}u’ch submissions should. be clearly labeled “Comments on
'Statement of Reasons for Allowance | , | , - A

) Any inquiry concerning thls communlcatlon or earller communlcatlons from the |
‘examrner should be dlrected to Mahmoud M Grmle whose telephone number is 703-
305—1037., The ex‘amlner can normally be ,reached on7 a.m. -3.30{ p.‘m. |

| If attempts to reach 'the’ eXaminer by telephone are unsucceszul ‘the eXaminer’s
superwsor Henry Yuen can be reached on 703- 308 1946 The fax phone numbers for
' the organlzatlon where thrs appllcatron or proceedlng is assrgned are 703 872-9302 for ,
regular communlcatlons and 703 872- 9302 for After Frnal communlcatlons | |

Any mqurry of a general nature or relatrng to the status of thrs applrcatron or |
)

proceedrng should be directed to the receptronlst whose telephone number is 703 308-

'-0861.

| Mahmoud M G|m|e
Examiner .
Art Unit 3747

‘M Gimie; Examiner ~
March 6, 2003
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[ aeenovee [ smatcenmity | ISSUEFEE | . PUBLICATIONFEE |  TOTALFEE(S)DUE | DATE DUE - |
nonprovisional NO - $1300 oo 8300, $1600 ) 06/09/2003

THE APPLICATION IDENTIFIED ABOYE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.

THIS APPLICATION IS SUBJECT TO WITH])RAWAL FROM ISSUE AT, THE INITIATIVE OF THE OFFICE OR UPON'
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS STATUTORY

' RIOD CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE REFLECTS A CREDIT
FOR ANY PREVIOUSLY PAID ISSUE FEE APPLIED IN THIS APPLICATION. THE PTOL-85B (OR AN EQUIVALENT)
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and twice the amount of the ISSUE FEE shown above and notify the | claiming SMALL ENTITY status, check the box below and.enclose
United States Patent and Trademark Office of the change in status, or | -the PUBLICATION FEE and 1/2 the ISSUE FEE shown above.

« ; . . ' O Applicant claims SMALL ENTITY status.
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II. PART B - FEE(S) TRANSMITTAL should be completed and returned to the United States Patent and Trademark Office (USPTO) with
your ISSUE FEE and PUBLICATION FEE (if required). Even if the fee(s) have already been paid, Part B - Fee(s) Transmittal should be
completed and returned. If you are charging the fee(s). to your deposit account, section: "4b" of Part B - Fee(s) Transmittal should be
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1. AlL communications regardmg thxs application must give the apphcatlon number Please direct all communications pr1or to xssuance to
Box ISSUE FEE unless advised to the contrary

IMPORTANT REMINDER: Utility patents lssumg on appllcatlons filed on or after Dec. 12, 1980 may require payment of
maintenance fees. It is patentee's responSIblllty to ensure timely payment of mamtenance fees when due
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Complete and send this form, together with applicable fee(s), to: Mail

i

PART B - FEE(S) TRANSMITTAL

Box ISSUE FEE
Commissioner for Patents .
Washington, D.C. 20231

Fax (703)746-4000

* INSTRUCTIONS: This form should be used for transmi‘tting the TSSUE FEE and PUBLICATION FEE (if rcquircdz). Blocks 1 through 4 should be'corhpleied where

appropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will

e mailed to the current correspondence address as

indicated unless corrected below or directed otherwise in Block 1, by.(a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

maintenance fee notifications.

~—CORRENT CORRESPORDENCE ADDRESS TNote: Logibly warkeup il a7y comeations or owc BIock T}
7590 03/07/2003, ‘ -

Robert:W. F ieseler .
McAndrews, Held & Malloy, Ltd.
" 34th Floor - '
-+ 500 West Madison Street
Chicago, IL 60661

YT

IR

“Note: A certificate of mailing can only be used for domestic matlings of the

Fee(s) Transmittal. This certificate cannot be used for any other

_accompanying papers. Each-additional paper, such as an assignment or

formal drawing, must have its own certificate of mailing or transmussion.

Certificate of Mailing or Transmission,’
1 herebg certify that this Fee(s) Transmittal is being deposited with the
United States Postal Service with sufficient (fostage‘ for first class mail in an
envelope addressed to the Box Issue Fee address above, or being facsimile
transmitted to the USPTO, on the date indicated below. .

(Dcepositor's name)

. ’ (Sigiature)
(Date)
[ apruicaTionno. | FILING DATE | FIRST NAMED INVENTOR ATTORNEY DOCKETNO. |  CONFIRMATION NO.
09/863,187 . . 05/23/2001 Alan B. Welch 125410803 2084
TITLE OF INVENTION: DIRECTLY ACTUATED INJECTION VALVE s . : '
I . APPLN.TYPE SMALL ENTITY l ISSUE FEE |  'PUBLICATION FEE | TOTAL FEE(S) DUE DATE DUE
nonprovisional © NO $1300 $300 - $1600 06/09/2003
T EXAMINER - ART UNIT CLASS-SUBCLASS | , o N
GIMIE, MAHMOUD 3747 123-467000 ' J

)

1. Chan}ge of correspondence address or indication of "Fee Address" (37 2. For printing on the’ patent front page, list (1)
CFR 1.363). e the names of up to 3 registered patent attorneys -
U Change of correspondence address (or Change of Cori'espondencc | or agents OR, a[t'gmatlvely,,‘(Z) the name of a »
Address form PTO/SB/122) attached. ) single firm (having as a member a registered 5
1 "Fee Address” indication (or "Fee Address" Indication fi - attorney or agent) and the names of up to:2 - .
ee ress” indication (or "Fee ess ication form / v ; \ . e \
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer regt stered, patent aupmeys or a;,ent; If no name 3 X . :
Number is required. : is listed, no name will be pmm?d, . -

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type) S R

PLEASE NOTE: Unless an assignee is identified below, no assiénec data will appear on the patent. Inclusion of assignee data is onl appropriate when an assignment has

been previously submitted to the
~ (A) NAME OF ASSIGNEE

~

SPTO or is being submitted under separate cover. Completion of this form is NOT-a substitute for filing an assignment.
- ' : -(B) RESIDENCE: (CITY and STATE OR COUNTRY) ‘

Please check the appropriate assignee category or categories (will not be printed on the patent)

‘4a: The following fee(s) are enclosed: 4 4b. Pai:mcnt of Fee(s):

H
© U Issue Fee
\J Publication Fee
- U'Advance Order - # of Copies _._

U individual 1 coxporatidn or other private group entity J government
- - - -

|

W A check in the amount of the fee(s) is enclosed. )
U Payment by credit card. Form PTO-2038 is attached. ) n

U The Commissioner is hereby-authorized by charge the réquired fee(st), or credit any overpayment, to
Deposit Account Number _.__~ - ? '

_ (enclose an extra copy of this form).

Commissioner for Patents is requested to apply the Issue Fee and Publicalion.Fee (if any) or to re-'a,pply any p_r_eviéusly pﬁid issue fee to the applic;ation identified above.

N

(Authorized Signature) (Date)

J

NOTE, The Issue Fee and Publication Fee (if required) will not be accepted from anyone
other than the applicant; a registered attorney or agent; or the assignee or other party in
interest as shown by the records of the United States Patent and Trademark Office.

This collection of information 1s required by 37 CFR.1.311. The information is required to |
obtain or retain a benefit by. the public which is to file (and b 'the USPTO to process) an’

application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is
estimated to take 12 minutes to complete, including gathering, preparing, and submitting the
completed application form to the USPTO. Time will vary dependinf upon the individual
case, Any comments on the amount of time you.require to complete this form and/or
suggestions for reducing this burden, should be ‘sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, WashinEton D.C. 20231. DO
NOT SEND FEES OR COMPLETED FORMS TO THIS AD RESS. SEND TO:
Commissioner for Patents, Washington, DC 20231. .

Under the ‘Paperwork Reduction Act of 1995, no Eersons are required to respond to a
_collection. of information unless it displays a valid OMB control number. *

- - -

TRANSMIT THIS FORM WITH FEE(S) . }
U.S. Patent and Trademark Office; U.S: DEPARTMENT OF COMMERCE
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UNITED STAaTES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE

. . United Stutes Putent and T'rademark Office

4 . ' . Addlexs COMMISSIONER OF PATENTS AND TRADEI»!ARKS -
. o Washington, D.C. 20221

WWW.uspta.gov |

[ appLICATION NO. 'FILINGDATE | - FIRST NAMED INVENTOR [ aTroRNEY DoCKETNO. | conFIRMATIONNO. |
09/863,187 05/232001 ' © AlanB.Welch - . ' 12541US03 2084
' ' . o | ' EXAMINER ' I
7590 03/07/2003 ‘ . _ . \

ARobert W. Fieseler . . * GIMIE, MAHMOUD-
McAndrews, Held & Malloy, Ltd : : — -

34th Floor _ : | CARTUNIT . | " PAPER'NUMBER |

- 500 West Madison Street ‘ C : S v ‘ '

"Chicago, IL 60661 . .
o “. : : : : DATE MAILED: 03/07/2003

Determmatlon of Patent Term Adjustment under 35U. S C.154 (b)
. (appllcatlon ﬁled on or after May 29, 2000)

o . Y

The- patent term adjustment to date is 107 days If the issue fee is pald\on the date that is three months after the
mailing .date of this notice and the. patent issues on the Tuesday before the date that is 28 weeks (SIX and a half
E months) after the malhng date of this notice, the term adjustment will be 107 days.

i

N

~If a continued prosecutxon apphcatlon (CPA) was filed in the above- 1dent1ﬁed apphcatlon the ﬁhng date that
_determines patent term adjustment is the filing date of the most recent CPA. :

- Apphcant w111 be able to obtain more detalled 1nf0rmat10n by accessing the Patent Apphcatlon Information Retneval
‘(PAIR) system. (http://pair.uspto. gov)

- Any questlons regardmg the patent term extension or adjustment determmatlon should be directed to “the Offlce of
Patent Legal Admmlstratlon at (703)305 1383. . . o ‘ S Y
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UNITED STATES PATENT AND TRADEMARK OFFICE

T n . B UNITED STATES DEPARTMENT OF COMMERCE
- ! c N . . United Stutes Putent and Urademarck Ollice

. . . . Address: COMMISSIONER OF PATENTS AND TRADEMARKS
s : . Washington, D.C. 20231
. WWW.IRpto.gov

Notice of Fee Increase on January 1, 2003
: l.f._a reply toa "No’%ice of Allowance and Fee(s) Due" is filed in the Office on or after J anuafy l,-2003, then the
amount due will be higher than that set forth in the "Notice of Allowance and Fee(s) Due” since there will be an increase

_in fees effective on January 1, 2003. Sge: Bg vision of E@tgnt and T aglemark E_e_es for Flsgal Y QQ}, Final Rule, 67 Fed.

Reg 70847 70849 (November 27, 2002)

_ The current fee schedule is access1b1e from ttp,[[m,gsp Q.gQVZmamszﬂg ggs,htm‘ v,‘ - ' e

If the i issue- fee pald is the armount shown on the ”Not1ce of Allowance and Fee(s) Due but not the correct amount

Y in.view of the fee increase, a "'Notice to Pay Balance of Issue Fee" will be mailed to appllcant In order to avoid

processing delays associated with mailing of a "Notice to Pay Balance of Issue Fee," if the response to the Notice of

. Allowance and Fee(s) due form is to be filed on or after January 1, 2003 (or mailed with a certificate of mallmg on or

after January 1, 2003), the issue fee paid should be the fee that is requlred at the time the fee is paid. If the i issue fee was
previously pald and the response to the "Notice of Allowance and- Fee(s) Due" includes a request to apply a

S prev1ously ‘paid -issue fee to the issue fee now due, ‘then the difference between:the issue fee amount at the time the
response is filed and the previously paid issue fee should be pald Seg Manual of Patent Examining Procedure, Section . .

1308 01 (Elghth Edmon August 2001)

Questlons relating to issue and publication fee payments should be dlrected to the Customer Service Center

- ofthe Ofﬁce of Patent Publication at (703) 305 8283.
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PARTB- FEE(S) TRANSM!’[TAL - /

Completeudmdtlbform,toptlerwlﬂn appllub!e fee(s), to.m Box ISSUE FEE | ,

Commissioner for Patents .
‘ Wai m, D.C. 20231

Fax (703) :
“ISTRUCTIONS: TG o Ve et T Sasgcuing G TOSOW TS S5 PUBDYCATION PRE (7 requied) Blocks T Tooagh 7 Should B compleed wher
mgcnwd unksscww&dbobwadnmdomnmsmblodl by(:)speufymgnnwconwondenoem and/or (b) h;‘ommm ?D%%f'sf::
N CORRESTON S WATA Ay odrfocded of i BR300 — Nolo: A certificaic of mailing can only be used 107 damestic mailings of the
%0 . o;mmom . S Fee(!) Transmiital. ‘nm cextificate cannot bc used for any o:.hcr
RobettW Fieseler : dmwma,mhlvemmeuuﬁwfnmlmmmmssnm °r

.!;'icﬁ?glirews, Held & Malloy, Ltd. ; . ) g:‘rugum.m& gor 'rmmlum

500 W&?Madxson Street - .Uﬁmwﬁ:ﬁgwfﬁu@t hgefor cl:swsdm‘::l‘hm%

addressed to the Box nmlsabov being fi il
envelope bdrcased Do e, or being facsimile

" t W. Fiesgl (Dopasitor's namc)

/ T - U March 28,2003 o

Chicago, IL 60661

| aerLicATiONNO.  }7 mumNGDATE . | FIRST NAMED INVENTOR ‘ LAmmoomruo 1 CONFIRMATION NG, j
. 09/863,187 <7 0572372001 ‘ T AWnB Welkch T 12541US03 . 2084
TITLE OF INVENTION: DIRECTLY ACTUATED INJECTION VALVE- - : / :
A
| APPLN.TYPE - -~} SMALLENTITY | ISSUEFEE |  ruBucamoNres | Z/l‘cr;uu.ma(snn.uz | DATEDUE |
ponprovisional NO $1300 o $300 / . S1600 06/09/2003
~f . EXAMINER | ARTUNIT | cLasssusclass |
* GIMIB, MAHMOUD 3747 _ " 123-467000

1. Oungofconupondmuaddtwnxwuﬂonof?eeml'(” 2. For pmmgontbpmﬁwlplp.lht m McAndrewé, Held &
the names of up to 3 registered patent attorneys 1Malloy, Ltd
U Change of coryes| eelddzm(orChmgsofConupondmne | o agenis OR, alicrnatively, (Z)du:mmeofu : )

Aa:smnzwuﬁ: um::LAddm * Indication form mﬁ: m"ﬁ :h'm:; of w2 ? :
K 8
]I;‘L(?I&BI{?;I ri:: e e rocenty stathed Use of s Castamer ml’mmw 120 name
3. ASSIGNEE NAME AND RESIDENCE DATATO BEPRINTED ON THE PATENT (print ar type) : ' :
‘J&i‘sprfv.’i‘?ﬁ;nmm‘”“‘%mmm tuking ":-f'.f:.qm:m e Lo ik g g L rer fo:%mmm:m e assigament has |
(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY)
Westport Research Inc. - Vancouver, BC, Canada

Please chenkdxenppmpm(eumgmecatesoxy ormguna(wxllnotbegmbdonthepmt) U individeal -J) corparation or other private group entity U government

- 4a. The following fee(s) are enclosed: o -' " 4b, Payment of Fee(s): ]
hﬂlssue?ee L : o Ki A check in the amount of the fee(s) is enclossd.
U Publication Fee : ’ U Payment by credit card. Form PT0-2038 is attached. o '
XiThe Coxmmsmna credit tto
" Advance Ordes - # of Copiu ey mm mme;geg L Gfodit any overpaymen

Commissioner for Patents is requested to apply the Issue Fee and Publication Fee (if any) or to re-spply any previously paid issue fee to the application identified above. - '

. : on Tee (i fequired) Will not be accepied from : cor . ' »
other than ‘hownnpg’l}etgen n:ﬂr;giofu m‘e‘m :d the assignee oox other pu'g/ou ‘ 04/07/2003 Ssmlm 00000087 09863187 .

JTCPR T3 Ths Slipaaion s il 01 FLa1501 L 130,00 0P
Eﬁmﬂ‘fmi’ beoags by the puble- whidh I i 6 (sad by the USPTO to proccss) 4n 02 FLatSd ) 300,00 0P

fication. Confidentiality i emed 350&:;122.:«13 CFR!M‘nﬁscoleedonn
S&nmuwmlzmum?v by

preparing, and submitting the y
completed application form to the Time nﬂﬁm
csse

vary upon the
Any comments on the amount of time to this form -and/or
- ggoRions or edus Mh&mwu%mﬁ i an Offcer, U5,
. t ‘rademark o . 20231,
NOT SEND FBES OR mr%g'%nus T TS “ADDRESS SHD TO"
Commissioner for Patents, Washington, DC 20231. . : :
Undcrthel’nycrwo RmmAaoflMSnooMgnmsmm&edwmdwn - . .
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File History Content Report

The following content is missing from the original file history record obtained from the

United States Patent and Trademark Office. No additional information is available.

Document Date - 2012-07-23
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| Application or Docket Number

V/ 575
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OTHER THAN

SMALL ENTITY (
(Column 1) TYPE [ OR SMALLENTITY
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Family 1/1

1 record(s) per family

Record 1/1 US6575138B2 Directly actuated injection valve

Title: Directly actuated injection valve

Title - DWPI: Injection valve for injecting fuel into a combustion chamber of an IC engine, has
housing, valve member, biasing mechanism, actuator assembly and hydraulic link assembly
Priority Number: US1999159791P | US2000522130A

Priority Date: 1999-10-15 | 2000-03-09

Application Number: US2001863187A

Application Date: 2001-05-23

Publication Date: 2003-06-10

IPC Class Table:

IPC Section Class Subclass Class Group Subgroup

FO2M005100 F F02 FO2M FO2MO0051 FO2M005100
F02D004120 F F02 F02D F02D0041 F02D004120
F02M002102 F F02 FO2M FO02M0021 FO02M002102
FO2M004700 F F02 FO2M FO2M0047 FO2M004700
FO2M004704 F F02 FO2M FO2MO0047 FO2M004704
FO02M005106 F F02 FO2M FO02M0051 FO2M005106
FO02M006108 F F02 FO2M FO2M0061 FO2M006108
FO2M006110 F F02 FO2M FO2M0061 FO2M006110
FO2M006116 F F02 FO2M FO2MO0061 FO2M006116
F02M006300 F F02 FO2M FO02M0063 FO2M006300

IPC Class Table - DWPI:

IPC - DWPI Section - DWPI Class - DWPI Subclass - DWPI  Class Group - Subgroup - DWPI
DWPI

FO2M004702 (IPC  F F02 FO2M FO2M0047 F02M004702 (IPC

1-7) 1-7)

FO2M005106 (IPC  F F02 FO2M FO2MO0051 FO02M005106 (IPC
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1-7) 1-7)

FO2M005946 (IPC  F FO2 FO2M FO2M0059 F02M005946 (IPC
1-7) 1-7)

FO2MO006116 (IPC  F FO2 FO2M FO2M0061 F02M006116 (IPC
1-7) 1-7)

FO02M006300 (IPC  F FO2 FO2M FO2M0063 F02M006300 (IPC
1-7) 1-7)

F02D004120 F FO2 FO2D F02D0041 F02D004120
F02M002102 F FO2 FO2M FO2M0021 F02M002102
F02M004700 F FO2 FO2M FO2M0047 F02M004700
F02M004702 F FO2 FO2M FO2M0047 F02M004702
F02M004704 F FO2 FO2M FO2M0047 F02M004704
F02M005100 F FO2 FO2M FO2MO0051 F02M005100
F02M005106 F FO2 FO2M FO2MO0051 F02M005106
F02M005946 F FO2 FO2M FO02MO0059 F02M005946
F02M006108 F FO2 FO2M FO2M0061 F02M006108
F02M006110 F FO2 FO2M FO2MO0061 F02M006110
F02M006116 F FO2 FO2M FO2MO0061 F02M006116
F02M006300 F FO2 FO2M FO2M0063 F02M006300

Assignee/Applicant: Westport Research Inc.,Vancouver,CA
JP F Terms:

JP FI Codes:

Assignee - Original: Westport Research Inc.

Any CPC Table:

Type Invention Additional Version Office

Current FO2D 41/20 FO2B 2275/14 20130101 EP; US
Current FO2M 21/0254 FO2D 41/2096 20130101 EP; US
Current FO2M 21/0269 F02D 2041/2037 20130101 EP; US
Current FO2M 51/005 FO2M 2200/30 20130101 EP; US
Current FO2M 51/0603 FO2M 2200/304 20130101 EP; US
Current FO2M 51/0607 FO2M 2200/507 20130101 EP; US
Current FO2M 61/08 Y02T 10/12 20130101 EP; US
Current FO2M 61/10 Y02T 10/30 20130101 EP; US
Current FO2M 61/166 20130101 EP; US
Current FO2M 61/167 20130101 EP; US
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Original F02D 41/20 F02B 2275/14 20130101 us

Original FO2M 21/0254 FO2D 41/2096 20130101 us
Original FO2M 21/0269 FO02D 2041/2037 20130101 us
Original FO2M 51/005 FO2M 2200/30 20130101 us
Original FO2M 51/0603 FO2M 2200/304 20130101 us
Original FO2M 51/0607 FO02M 2200/507 20130101 us
Original FO2M 61/08 Y02T 10/12 20130101 us
Original FO2M 61/10 Y02T 10/30 20130101 us
Original FO2M 61/166 20130101 us
Original FO2M 61/167 20130101 us

ECLA: F02D004120 | FO2M002102S10 | FO2M005100C | FO2M005106A | FO2M005106A2 |
FO02M006108 | FO2M006110 | FO2M006116F | FO2M006116G | R02D004120P | R0O2B027514 |
R02D004120C6 | R02M020030 | R02M020030H | R02M020050C

Abstract:

A directly actuated injection valve comprises a hollow valve housing, a valve member disposed
within the hollow interior, a biasing mechanism, an actuator assembly and a passive hydraulic link
assembly. The valve member is movable between a closed position and an open position for
governing the flow of fuel into the combustion chamber of an internal combustion engine. The
biasing mechanism, preferably a spring, biases the valve member in the closed position. The
actuator assembly generates an opening force that acts against the valve spring to open the valve.
The hydraulic link assembly is interposed between the valve member and the valve spring and the
actuator assembly. The hydraulic link assembly transmits respective closing and opening forces to
the valve member. The hydraulic link preferably comprises a piston disposed within a cylinder that
is filled with a hydraulic fluid.

Language of Publication: EN

INPADOC Legal Status Table:

Gazette Date Code INPADOC Legal Status Impact
2021-07-16 AS

Description: ASSIGNMENT WESTPORT FUEL SYSTEMS CANADA INC., BRITISH COLUMBIA CHANGE OF NAME;
ASSIGNOR:WESTPORT POWER INC.; REEL/FRAME:056898/0199 2021-03-31

2021-06-09 AS

Description: ASSIGNMENT WESTPORT POWER INC., BRITISH COLUMBIA RELEASE BY SECURED PARTY;

ASSIGNOR:CANADIAN IMPERIAL BANK OF COMMERCE; REEL/FRAME:056887/0499 2010-06-15

2016-01-14 AS
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Description: ASSIGNMENT PANGEA TWO MANAGEMENT, LP, NEW YORK SECURITY INTEREST,;

ASSIGNOR:WESTPORT POWER INC.; REEL/FRAME:037529/0579 2016-01-11

2014-12-10 FPAY +

Description: FEE PAYMENT FEE PAYMENT YEAR 12

2010-12-10 FPAY +

Description: FEE PAYMENT FEE PAYMENT YEAR 8

2007-08-01 AS -

Description: ASSIGNMENT WESTPORT POWER INC., CANADA RELEASE BY SECURED PARTY;

ASSIGNOR:PERSEUS, L.L.C.; REEL/FRAME:019617/0680 2007-07-26

2006-11-17 FPAY +

Description: FEE PAYMENT FEE PAYMENT YEAR 4

2006-09-21 AS -

Description: ASSIGNMENT PERSEUS, L.L.C., DISTRICT OF COLUMBIA SECURITY AGREEMENT;

ASSIGNOR:WESTPORT POWER INC; REEL/FRAME:018279/0449 2006-07-24

2006-09-18 AS -

Description: ASSIGNMENT CANADIAN IMPERIAL BANK OF COMMERCE, CANADA SECURITY AGREEMENT;

ASSIGNOR:WESTPORT POWER INC; REEL/FRAME:018260/0357 2006-07-24

2006-08-31 AS -

Description: ASSIGNMENT WESTPORT POWER INC., CANADA ASSIGNMENT OF ASSIGNORS INTEREST;

ASSIGNOR:WESTPORT RESEARCH INC.; REEL/[FRAME:018184/0812 2006-08-16

2003-05-21 STCF -

Description: INFORMATION ON STATUS: PATENT GRANT PATENTED CASE

2002-03-06 AS -

Description: ASSIGNMENT WESTPORT RESEARCH INC., CANADA CORRECTIVE DOCUMENT TO CORRECT THE
ORIGINAL ASSIGNMENT PREVIOUSLY RECORDED ON REEL 011943 FRAME 0881, ASSIGNOR CONFIRMS THE
ASSIGNMENT OF THE ENTIRE INTEREST.; ASSIGNORS:WELCH, ALAN B.; RAHARDJA, IRAWAN; HEBBES, MIKE;
REEL/FRAME:012679/0462 2001-12-18

2001-06-29 AS -

Description: ASSIGNMENT WESTPORT RESEARCH INC., CANADA ASSIGNMENT OF ASSIGNORS INTEREST;
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ASSIGNORS:WELCH, ALAN B.; RAHARDJA, IRAWAN; HEBBES, MIKE; REEL/FRAME:011943/0881 2001-06-20

Post-Issuance (US):

Reassignment (US) Table:

Assignee Assignor Date Signed Reel/Frame Date
WESTPORT FUEL WESTPORT POWER INC. 2021-03-31 056898/0199 2021-07-16
SYSTEMS CANADA

INC.,VANCOUVER,CA

Conveyance: CHANGE OF NAME (SEE DOCUMENT FOR DETAILS).

Corresponent: CAMERON KYLE 1750 75TH AVE W SUITE 101 VANCOUVER, BCC V6P 6G2

PANGEA TWO WESTPORT POWER INC. 2016-01-11 037529/0579 2016-01-14
MANAGEMENT LP,NEW

YORK,NY,US

Conveyance: SECURITY INTEREST (SEE DOCUMENT FOR DETAILS).

Corresponent: ROSEANN B. CALDWELL, BENNETT JONES LLP 4500 BANKERS HALL EAST, 855 - 2ND STREET SW
CALGARY, T2P 4K7 CANADA

WESTPORT POWER CANADIAN IMPERIAL BANK | 2010-06-15 056887/0499 2021-06-09
INC.,VANCOUVER,CA OF COMMERCE

Conveyance: RELEASE BY SECURED PARTY (SEE DOCUMENT FOR DETAILS).

Corresponent: CAMERON KYLE 1750 75TH AVE W SUITE 101 VANCOUVER, V6P 6G2 CANADA

WESTPORT POWER PERSEUS, L.L.C. 2007-07-26 019617/0680 2007-08-01
INC.,VANCOUVER,CA

Conveyance: RELEASE BY SECURED PARTY (SEE DOCUMENT FOR DETAILS).

Corresponent: COLLEEN HOLCOMB MCDUFFIE 1600 TYSONS BOULEVARD SUITE 900 MCLEAN, VA 22102

WESTPORT POWER WESTPORT RESEARCH 2006-08-16 018184/0812 2006-08-31
INC.,VANCOUVER, BRITISH | INC.
COLUMBIA,CA

Conveyance: ASSIGNMENT OF ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS).

Corresponent: MCANDREWS, HELD & MALLQY, LTD. 500 WEST MADISON STREET 34TH FLOOR CHICAGO, IL 60661

PERSEUS WESTPORT POWER INC 2006-07-24 018279/0449 2006-09-21
L.L.C., WASHINGTON,DC,US
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Conveyance: SECURITY AGREEMENT
Corresponent: STUART BARKOFF 555 TWELFTH STREET, N.W. IP DOCKETING, ARNOLD & PORTER LLP

WASHINGTON, DC 20004

CANADIAN IMPERIAL BANK | WESTPORT POWER INC 2006-07-24 018260/0357 2006-09-18
OF
COMMERCE, TORONTO,CA

Conveyance: SECURITY AGREEMENT

Corresponent: STUART BARKOFF 555 TWELFTH STREET, N.W. IP DOCKETING, ARNOLD & PORTER LLP
WASHINGTON, DC 20004

WESTPORT RESEARCH WELCH, ALAN B. 2001-12-18 012679/0462 2002-03-06
INC.,VANCOUVER, BC,CA

RAHARDJA, IRAWAN 2001-12-18 - -

HEBBES, MIKE 2001-12-18 - -

Conveyance: CORRECTIVE DOCUMENT TO CORRECT THE ORIGINAL ASSIGNMENT PREVIOUSLY RECORDED ON
REEL 011943 FRAME 0881, ASSIGNOR CONFIRMS THE ASSIGNMENT OF THE ENTIRE INTEREST.

Corresponent: MCANDREWS, HELD & MALLOY, LTD. ROBERT W. FIESELER 500 WEST MADISON STREET 34TH
FLOOR CHICAGO, IL 60661

WESTPORT RESEARCH WELCH, ALAN B. 2001-06-20 011943/0881 2001-06-29
INC.,VANCOUVER, BC,CA

RAHARDJA, IRAWAN 2001-06-20 - -

HEBBES, MIKE 2001-06-20 - -

Conveyance: ASSIGNMENT OF ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS).

Corresponent: MCANDREWS, HELD & MALLOQOY, LTD. ROBERT W. FIESELER 500 WEST MADISON STREET 34TH
FLOOR CHICAGO, ILLINOIS 60661

Maintenance Status (US):

Litigation (US): 2021-12-15 2021 Westport Fuel Systems Canada Inc. Nissan North America,
Inc. E.D. Texas 2:21cv00455 | 2021-12-15 2021 Westport Fuel Systems Canada Inc. Mercedes-
Benz USA, LLC E.D. Texas 2:21cv00454 | 2021-12-15 2021 Westport Fuel Systems Canada Inc.
General Motors, LLC E.D. Texas 2:21cv00456 | 2021-12-15 2021 Westport Fuel Systems
Canada Inc. Ford Motor Company E.D. Texas 2:21cv00453 | 2021-12-15 2021 Westport Fuel
Systems Canada Inc. FCA US LLC d/b/a FCA Group US LLC E.D. Texas 2:21cv00457
Opposition (EP):

License (EP):

EPO Procedural Status:
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