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(54)  Fuel injector

(57) A fuel injector (100; 200; 300) for an internal
combustion engine is disclosed. The injector includes a
slave piston (130; 230; 330) provided with a control bore
(144; 244, 344) and associated with a valve needle (110;
210; 310), such that movement of the slave piston causes
movement of the valve needle. An end of the slave piston
remote from the valve needle is exposed to fuel pressure
in a control chamber (152; 252; 352) of the injector, in
use. A control piston (148; 348) is operable to move rel-
ative to the slave piston so as to control fuel flow through
first and second control ports that connect the control
bore to a high-pressure fuel supply and a low-pressure
drain respectively. By suitable positioning of the control
piston, the valve needle can be biased in an opening
direction and in a closing direction and, optionally, the
valve needle can be held in one or more intermediate
positions between its fully-lifted and fully-seated posi-
tions. Proportional control of the position and velocity of
the valve needle is possible, and a low-force actuator
can be used to control the valve needle.
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Description

[0001] The present invention relates to a fuel injector
suitable for use in an internal combustion engine. In par-
ticular, the invention relates to the control of a valve nee-
dle in a fuel injector.

Background to the invention

[0002] In an internal combustion engine, it is known
for a fuel pump to supply fuel to a high-pressure accu-
mulator, or common rail, from which it is delivered into
each cylinder of the engine by means of a dedicated fuel
injector. Typically, a fuel injector has an injection nozzle
that is received within a bore provided in a cylinder head
of the cylinder; and a valve needle that is actuated to
control the release of high-pressure fuel into the cylinder
from spray holes provided in the nozzle. It is also known
to use fuel injectors of this type in other types of fuel
injection systems, such as electronic unit injector and
electronic unit pump systems.

[0003] Common rail fuel injectors have historically
used a hydraulic servo mechanism (e.g. a power assist-
ance) in order to open and close the needle. Examples
of such mechanisms are described in the present Appli-
cant’'s European Patent Application Publication EP-A-
0647780 and European Patent Publication EP-B-
0740068.

[0004] A solenoid-actuated hydraulic servo fuel injec-
tor such as that described in EP-B-0740068 is illustrated
in Figure 1. The fuel injector 1 comprises a nozzle body
3 defining a blind bore 5 that terminates at a nozzle region
7; and an elongate valve needle 9 having a tip region 11
that is slidable within the bore 5, such that the tip region
11 can engage and disengage a valve seat 13 defined
by an inner surface of the nozzle 7. The nozzle 7 is pro-
vided with one or more apertures (or spray holes; not
shown) in communication with the bore 5. Engagement
of the tip 11 with the valve seat 13 prevents fluid escaping
from the nozzle body 3 through the apertures, and when
the tip 11 is lifted from the valve seat 13, fluid may be
delivered through the apertures into an associated en-
gine cylinder (not shown).

[0005] A control chamber 21 for the valve needle 9
communicates with a high pressure fuel line 17 through
a restrictor 23, with an end of the valve needle 9 being
exposed to fuel pressure in the control chamber 21. A
control valve for the control chamber 21, including a valve
member 37, is operable to control whether fuel pressure
within the control chamber 21 is at a relatively high level,
in which case the valve needle 9 remains seated against
the valve seat 13 and no injection takes place, or whether
fuel pressure is reduced to a sufficiently low level to allow
the valve needle 9 to lift from the valve seat 13 to com-
mence injection through the apertures. As the fuel passes
through the apertures, the pressure drop across the ap-
ertures causes the fuel to become atomised, which is
advantageous for efficient combustion. A solenoid actu-
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ator45is provided to control movement of the valve mem-
ber 37 via an armature (not labelled in Figure 1).
[0006] A solenoid-actuated hydraulic servo mecha-
nism such as that of Figure 1 means that a low force
control valve 37 can be used to switch the high forces on
the valve needle 9. With low forces on the control valve
37, a relatively inexpensive, compact and simple sole-
noid can give a suitably fast enough response in the in-
jector. It is also possible to use an actuator other than a
solenoid actuator, such as a piezoelectric actuator, in an
injector of the type shown in Figure 1.

[0007] In such an injector, the valve needle operates
in a bi-polar manner. In other words, when movement of
the valve needle is required, a hydraulic force imbalance
is created that rapidly drives the needle in one direction
or the other until movement of the needle is arrested.
Opening movement of the valve needle is arrested at a
full lift position by an abutment or lift stop (embodied as
a plate 25 in the injector of Figure 1). Closing movement
of the valve needle is arrested when the tip engages with
the valve seat.

[0008] Such an arrangement is advantageous when it
is desirable to open and close the valve needle both
quickly and completely. For example, when the valve
needle is inwardly opening and the apertures are down-
stream of the valve seat, as is the case in the known
injector of Figure 1, when the valve needle is in close
proximity to the valve seat, the flow of fluid through the
apertures can be throttled. This can result in inadequate
atomisation of the fuel. The servo arrangement shown in
Figure 1 helps to ensure that the valve needle does not
linger close to the valve seat, so as to avoid this problem.
[0009] To effect fuel delivery from such an injector, the
pressure in the control chamber must be switched rapidly
between the high pressure and low pressure states in
order to achieve the necessary hydraulic force imbal-
ance. This is typically achieved by venting the control
chamber to a drain passage (denoted 27 in Figure 1)
using the control valve. A drain passage in the fuel injec-
tor is therefore required. Furthermore, in venting pressu-
rised fuel to drain, the energy expended in pressurising
that quantity of fuel is effectively wasted. Also, the fuel
flowing into the drain passage is generally at a high tem-
perature, so it must be cooled before it can be returned
to the fuel supply system.

[0010] Furthermore, in some fuel injector applications,
it would be desirable to provide a degree of control over
the lift position of the needle. For example, it may be
desirable to be able to arrest movement of the valve nee-
dle at an intermediate position between the closed and
full-lift positions. One example of such an application is
described in the Applicant’'s European Patent Application
Publication EP-A-2065590, which describes a fuel injec-
tor having a nozzle arrangement in which fuel flow
through respective radial and axial apertures in a nozzle
body is selectively controlled by a valve needle having
first and second lift positions.

[0011] It is also expected that controlling the velocity
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of the valve needle during opening and/or closing move-
ment may be desirable, for example to reduce injector
noise and to ensure low-emission combustion. Currently,
servo mechanisms such as that shown in Figure 1 are
capable of opening and closing the valve needle at
speeds of around 1 metre per second. Although the nee-
dle velocity may be influenced by the pressure of fuel in
the injector, such influence is not readily controllable.
[0012] Against this background, it would be desirable
to provide a fuel injector having an improved actuator
arrangement that alleviates or overcomes some of the
above-mentioned problems.

Summary of the invention

[0013] The present invention resides in a fuel injector
for an internal combustion engine, the fuel injector com-
prising an injection nozzle having a nozzle body provided
with a nozzle bore, a valve needle being received within
the nozzle bore and engageable with a seat region to
control fuel delivery through at least one nozzle outlet,
and a slave piston provided with a control bore and as-
sociated with the valve needle such that movement of
the slave piston causes movement of the valve needle.
An end of the slave piston remote from the valve needle
is exposed to fuel pressure in a control chamber of the
injector, in use, the control chamber being connectable
to a source of relatively high-pressure fuel by way of a
first control portin the slave piston, and to a drain passage
at relatively low pressure by way of a second control port
in the slave piston. The first and second control ports are
arranged to communicate with the control bore. A control
piston is operable to move relative to the slave piston
and the nozzle body so as to control fuel flow through
the first and second control ports.

[0014] According to the invention, the control piston is
positionable so as to allow, in a first mode of operation,
fuel flow through the first control port and to prevent fuel
flow through the second control port, thereby to bias the
valve needle in a first direction. The control piston is also
positionable so as to allow, in a second mode of opera-
tion, fuel flow through the second control port and to pre-
vent fuel flow through the first control port, thereby to bias
the valve needle in a second direction opposite to the
first direction.

[0015] With this arrangement, the volume of fuel that
flows to the drain passage through the second control
port in the second mode of operation is approximately
equal to the volume displaced in the control chamber by
the movement of the slave piston in the second direction.
Because fuel flow through the first control port is prevent-
ed in the second mode of operation, fuel cannot flow from
the source of relatively high-pressure fuel directly to the
drain passage. Advantageously, therefore, the volume
of fuel that flows to drain during movement of the valve
needle is very low compared to a prior art injector of the
type shown in Figure 1. Furthermore, when the valve
needle reaches the end of its travel in the second direc-
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tion, no fuel flows to the drain passage.

[0016] In one embodiment of the invention, in the first
mode of operation the valve needle is biased in the first
direction towards its seat region, and in the second mode
of operation the valve needle is biased in the second
direction away from its seat region. In other words, the
injector is of the inwardly-opening type. In another em-
bodiment of the invention, the first and second directions
arereversed, so that the injector is of the outwardly-open-
ing type.

[0017] Preferably, the control piston is positionable so
as to prevent, in a third mode of operation, fuel flow
through both the first and second control ports, thereby
to maintain the valve needle in a substantially static equi-
librium position relative to the control piston. In this way,
the valve can be held in anintermediate position between
a fully-seated position and a fully-lifted position. The abil-
ity to hold the valve needle in such an intermediate po-
sition can be advantageous in controlling fuel injection
through nozzle outlets of a suitable design.

[0018] Furthermore, by provision of the third mode of
operation, in some embodiments of the invention the po-
sition of the valve needle can be proportionately or con-
tinuously controlled across the full range of movement
from its fully-seated position to its fully-lifted position by
moving the control piston to an appropriate position. The
slave piston, and hence the valve needle, follows the
position of the control piston. Thus the valve needle can,
for example, be halted at a desired intermediate location
to achieve a particular fuel injection characteristic. Fur-
thermore, the speed of movement of the valve needle
can be controlled by controlling the speed of movement
of the control piston.

[0019] Inone embodiment of the invention, the control
piston is received within the control bore, in which case
the control piston may comprise an annular piston mem-
ber slidable within the control bore so as to selectively
occlude the control ports.

[0020] The control ports may comprise radial passag-
es in the slave piston. Preferably, the first and second
control ports may be spaced apart along a longitudinal
axis of the injector, and the piston member has a length
along the longitudinal axis that is sufficient to prevent fuel
flow through both the first and second control ports si-
multaneously. In this way, operation of the injector in the
third mode of operation can be achieved.

[0021] The control piston may comprise a necked por-
tion to define an internal gallery for high-pressure fuel,
the internal gallery being connectable to the first control
port in use of the injector.

[0022] Advantageously, the control piston comprises
a tubular member having a central bore, the central bore
comprising the drain passage. By providing the drain pas-
sage in the control piston, there is no need to accommo-
date a separate drain passage in the body of the fuel
injector. Furthermore, because the drain passage is con-
tained within the control piston, leakage of fuel to the
drain passage from other components of the injector can
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be minimised.

[0023] In another arrangement, however, the drain
passage comprises a passage through the slave piston.
[0024] The injector may comprise a valve assembly
that is operable to prevent the flow of fuel from the control
bore to the drain passage. Although the flow of fuel from
the control chamber to the drain passage through the
second control port is prevented in the first mode of op-
eration, the provision of the valve assembly provides an
additional sealing means to prevent leakage of fuel to
the drain passage, from the second control port or oth-
erwise. In one example, when the control piston is re-
ceived within the control bore, the valve assembly may
comprise a valve element being a tip region of the control
piston and a seat region formed in the slave piston at an
end of the control bore upstream of the drain passage,
the valve element being arranged to engage with the seat
region so as to prevent the flow of fuel from the control
bore to the drain passage.

[0025] In one embodiment of the invention, the slave
piston comprises a portion of the valve needle. In other
words, the slave piston and the valve needle are formed
as a single component. Alternatively, the slave piston
and the valve needle may be separate components, in
which case the slave piston may be biased to abut an
end of the valve needle.

[0026] The fuel injector may further comprise a spring
means to bias the valve needle towards the seating re-
gion. The spring means may be provided in the control
chamber to act on an upper end of the slave piston. Al-
ternatively, or in addition, a spring means may be ar-
ranged to act on the valve needle.

[0027] The control chamber may be connectable to the
source of relatively high-pressure fuel by way of two or
more first control ports in the slave piston, and to the
drain passage by way of two or more second control ports
in the slave piston. In this case, the control ports may be
equi-angularly spaced around the slave piston, so as to
balance the hydraulic forces acting on the control piston.
[0028] The control piston is preferably operable by
means of an actuator arrangement comprising a linear-
movement actuator. The actuator arrangement may, for
example, comprise a Lorentz coil (voice coil), a piezoe-
lectric stack, or a solenoid actuator arrangement includ-
ing a single solenoid actuator or multiple solenoid actu-
ators.

Brief description of the drawings
[0029]

Figure 1 of the accompanying drawings, which has
already been referred to above, is a part-sectional
view of a known fuel injector. The present invention
will now be described, by way of example only, with
reference to the remaining drawings in which like
reference numerals are used for like parts and in
which:
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Figure 2 is a part-sectional view of part of a fuel in-
jector according to a first embodiment of the present
invention, in a first mode of operation;

Figure 3 is an enlarged view of Figure 2, showing
the fuel injector of the first embodiment in the first
mode of operation in greater detail;

Figure 4 is a part-sectional view of part of the fuel
injector of Figure 2 in a second mode of operation;

Figure 5 is an enlarged view of Figure 4, showing
the fuelinjector of the first embodiment in the second
mode of operation in greater detail;

Figure 6 is a part-sectional view of part of the fuel
injector of Figure 2 in a third mode of operation;

Figure 7 is an enlarged view of Figure 6 showing the
fuel injector of the first embodiment in the third mode
of operation in greater detail;

Figure 8(a) is a part-sectional view of part of a fuel
injector according to a second embodiment of the
present invention, and Figure 8(b) is an end view of
a slave piston of the fuel injector of Figure 8(a);

Figure 9 is an enlarged view of Figure 8(a) showing
the fuel injector of the second embodiment in greater
detail;

Figure 10 is a part-sectional view of part of a fuel
injector according to a third embodiment of the
present invention; and

Figure 11 is an enlarged view of Figure 10 showing
the fuel injector of the third embodiment in greater
detail.

[0030] Throughout the remainder of this document,
terms such as 'upper’, 'lower’, 'upward’, ‘"downward’ and
so on are used with reference to the orientation of the
fuel injector in the accompanying drawings. However, it
will be appreciated that a fuel injector according to the
presentinvention could be used in any orientation. Terms
such as 'upstream’ and '"downstream’ are used with ref-
erence to the direction of fuel flow in use of the injector,
either during an injection event or otherwise as the con-
text demands.

[0031] Figure 2 shows part of a fuel injector according
to a first embodiment of the present invention. The fuel
injector 100 comprises an elongate nozzle body 102. The
nozzle body 102 is clamped on to an injector body 104
by a cap nut (not shown), as is known in the art.

[0032] The injector body 104 is generally elongate and
comprises a control chamber block 106 that abuts the
nozzle body 102, and one or more further blocks that
house an actuator arrangement (not shown). For simplic-
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ity, only the control chamber block 106 of the injector
body 104 is shown in Figure 2.

[0033] The nozzle body 102 is provided with a nozzle
bore 108, which receives high-pressure fuel from a fuel
supply passage 105 provided in the injector body 104,
via an annular gallery 107 at the uppermost end of the
nozzle bore 108. A valve needle 110 is slidably received
within the nozzle bore 108.

[0034] The configuration of the valve needle 110 and
the nozzle body 102 in a tip region 116 of the nozzle body
is substantially as described in the Applicant’'s European
Patent Application Publication EP-A-2065590, the con-
tents of which are incorporated herein by reference. Only
a brief description of the arrangement will be given here,
and reference should be made to EP-A-2065590 for a
detailed description.

[0035] A set of radial fuel outlets or spray holes 112
and an axial fuel outlet or spray hole 114 are provided at
the tip region 116 of the nozzle body 102. In use, the
injector 100 is mounted in a cylinder head (not shown)
of an internal combustion engine, so that the tip region
116 of the nozzle body 102 extends into a combustion
chamber 118 of the engine. Each of the fuel outlets 112,
114 passes through the wall of the nozzle body 102, so
as to provide radial and axial flow paths to allow fuel to
flow from a delivery chamber 186, defined by the nozzle
bore 108, through the nozzle body 102 and into the com-
bustion chamber 118, in use.

[0036] A lower portion of the valve needle 110 com-
prises a shaft 109 having atip 111. The tip 111 comprises
a frusto-conical valve member 120. The valve member
120 is of complementary shape to a valve seat 122 pro-
vided in the nozzle bore 102.

[0037] Atits end-most extremity, the valve needle 110
is shaped so as to form an obturator piston 124. An in-
wardly-curving spray shaping region 126 spaces the ob-
turator piston 124 from the valve member 120.

[0038] The obturator piston 124 is arranged to coop-
erate with the axial outlet 114 so that, when the valve
member 120 is seated on the valve seat 122, the valve
needle 110 extends through the axial outlet 114 and the
obturator piston 124 is positioned beyond the axial outlet
114. The obturator piston has a diameter that is slightly
smaller than the diameter of the axial outlet 114, such
that the obturator piston 124 can slide relative to the axial
outlet 114.

[0039] Asdescribedin EP-A-2065590, the fuel injector
is arranged so that the valve needle 110 can take up one
of three positions within the nozzle bore 102, namely a
first, fully lowered position, a second, intermediate posi-
tion, and a third, fully lifted position.

[0040] In the first position, the valve needle 110 is fully
lowered and the valve member 120 is seated on the valve
seat 122. The valve member 120 covers the radial outlets
112 so as to prevent fuel flow out of the injector 100 in a
radial direction. In this position, the valve member 120
also blocks fuel flow to the axial outlet 114. Hence, no
injection can occur through either the radial outlets 112
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or the axial outlet 114.

[0041] In the second position, the valve needle 110
occupies a position intermediate the fully-lowered and
fully-lifted positions, in which the valve member 120 is
lifted away from the valve seat 122, and a flow path is
open between the nozzle bore 108 and the radial outlets
112 and the axial outlet 114. An injection event occurs
through the axial outlet 114, because the obturator piston
124 is not fully withdrawn into the axial outlet 114. A small
amount of fuel may also be injected through the radial
outlets 112.

[0042] Inthe third position, the valve needle 110 is fully
lifted. The valve member 120 is lifted fully away from the
valve seat 122, and the obturator piston 124 is drawn
fully within the axial outlet 114. This decreases the injec-
tion flow through the axial outlet 114, and increases flow
through the radial outlets 112.

[0043] By virtue of the arrangement of the valve needle
110 and the provision of three needle lift positions, the
nature of the fuel injection provided by the injector can
advantageously be controlled as described furtherin EP-
A-2065590.

[0044] The mechanism by which the lift position of the
valve needle 110 is controlled in the present invention
will now be described.

[0045] Asshown additionally in Figure 3, an upper por-
tion of the nozzle bore 108 has an enlarged diameter so
as to form a spring chamber 134. The valve needle 110
passes through the spring chamber 134 and into a lower,
relatively large diameter bore 136 formed in the control
chamber block 106. An upper portion of the valve needle
110 comprises a slave piston 130. The slave piston is a
sliding fit in the lower bore 136 in the control chamber
block 106.

[0046] Intermediate the slave piston 130 and the shaft
109, the valve needle 110 is provided with an annular
collar 132. The spring chamber 134 houses a biasing
spring 140 arranged annularly around the slave piston
130. The biasing spring 140 is held in compression be-
tween a lower end face 142 of the control chamber block
106 and the collar 132 of the valve needle 110. In this
way, the biasing spring 140 acts to bias the valve needle
towards the first, fully lowered position.

[0047] The slave piston 130 is provided with a bore,
known hereafter as the control bore 144, extending from
the uppermost end 146 of the slave piston 130 towards
the collar 132. The control bore 144 receives a control
piston 148, which is a sliding fit within the control bore
144. The control piston 148 is a tubular member that com-
prises, atits upper end, a stem 149 that extends through
an upper, relatively small diameter bore 150 in the control
chamber block 106 to cooperate with an actuator ar-
rangement (not shown).

[0048] An annular control chamber 152 is located be-
tween the lower bore 136 and the upper bore 150 in the
control chamber block 106. The control chamber 152 is
defined in part by the walls of the lower bore 136, in part
by a shoulder 154 where the lower bore 136 meets the
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upper bore, in part by the outer surface of the control
piston stem 149, and in part by the uppermost end 146
of the slave piston 130.

[0049] Aswill be explained below, in use of the injector,
the control chamber 152 is supplied with fuel. The pres-
sure of the fuel in the control chamber 152 is controlled
by the position of the control piston 148 relative to the
slave piston 130. The uppermost end 146 of the slave
piston 130 is subject to the changes in fuel pressure in
the control chamber 152, such that the position of the
slave piston 130, and hence the valve needle 110, can
be controlled by modifying the position of the control pis-
ton 148.

[0050] As shown most clearly in Figure 3, the slave
piston 130 comprises a side drilling 156 which allows fuel
to flow from the gallery 107 into the control bore 144. The
side drilling 156 coincides with the position of a necked
portion 158 of the control piston, so that the side drilling
opens into an annular internal gallery 160 defined by the
necked portion 158 and the wall of the control bore 144.
[0051] The internal gallery 160 is closed at its upper
end by the control piston stem 149. The control piston
stem 149 is a close fit in the control bore 144, so that
leakage of fuel from the internal gallery 160 to the control
chamber 152 past the control piston stem 149 is mini-
mised. The internal gallery 160 is closed at its lower end
by a piston member 162 of the control piston 148 that is
likewise a close fit in the control bore 144.

[0052] It will be appreciated that the high-pressure fuel
in the internal gallery 160 imparts an upward force on the
control piston stem 149, and a downward force of ap-
proximately equal magnitude on the piston member 162.
There is therefore substantially no net force on the control
piston 148 due to the fuel pressure in the internal gallery
160, which means that the control piston 148 can be
moved using a relatively low-force actuator.

[0053] A transfer passage 164 is provided in the slave
piston 130. The transfer passage 164 comprises a blind
bore that communicates with the control chamber 152
and extends downwardly from the uppermost end 146 of
the slave piston 130, adjacent and parallel to the control
bore 144. A first, upper control port 166 and a second,
lower control port 168 extend radially from the control
bore 144 into the transfer passage 164. Thus the control
chamber 152 is in communication with the control bore
144 by way of the transfer passage 164 and the upper
and lower control ports 166, 168.

[0054] As will be described in more detail later, the
upper and lower control ports 166, 168 are arranged such
that the piston member 162 of the control piston 148 can
adopt one of three positional configurations with respect
to the control ports 166, 168. Specifically, the distance
between the upper port 166 and the lower port 168 is
slightly shorter than the longitudinal length of the piston
member 162. Thus, the piston member 162 can block or
occlude both ports 166, 168 simultaneously (as shown
in Figures 4 and 5, to be described below). Alternatively,
the piston member 162 can be positioned to block fuel
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flow through the upper port whilst allowing flow through
the lower port only (see Figures 6 and 7), or to block fuel
flow through the lower port whilst allowing flow through
the upper port only (as shown in Figures 2 and 3).
[0055] Atthe lowermost end of the control bore 144, a
drain chamber 174 is provided. The drain chamber 174
has a smaller diameter than the control piston 148 and
the control bore 144. The lowermost end or tip of the
control piston 148 comprises a frusto-conical valve ele-
ment 170 arranged to seat on a seating region 172 of
complementary shape. The seating region 172 is formed
as a shoulder in the slave piston 130 where the drain
chamber 174 meets the control bore 144.

[0056] The control piston 148 is tubular to define a
drain passage 176 that runs axially through the bore of
the control piston 148. The lower end of the drain passage
176 communicates with the drain chamber 174, while the
upper end of the drain passage 176 communicates with
a fuel drain at low pressure (not shown). When the valve
element 170 is seated on the seating region 172, as
shown in Figure 3, flow of fuel into the drain chamber
174, and hence the drain passage 176, is prevented.
[0057] As noted above, the stem 149 of the control
piston 148 cooperates with an actuator arrangement (not
shown). The actuator arrangement is of a type capable
of moving the control piston 148 up and down within the
control bore 144 in response to control signals from an
engine control unit. In particular, in this embodiment of
the invention, the actuator arrangement is of a type that
is capable of positioning the control piston 148 in at least
three positions, namely a lower end-stop position, in
which the control piston 148 is fully extended downwards,
an upper end-stop position, in which the control piston
148 is retracted upwards, and an intermediate position
between the upper and lower end-stop positions.
[0058] In one suitable actuator arrangement (not
shown), the control piston stem 149 is arranged to coop-
erate with first and second independently-controlled so-
lenoid actuators, each being arranged to apply an upward
movement to the control piston 148. The first actuator is
configured to decouple from the control piston 148 in re-
sponse to the upward movement, for example by provid-
ing the first actuator with an armature that can slide on
the control piston stem 149. The second actuator com-
prises an armature that is fixed on an upper end of the
control piston stem 149.

[0059] A collar on the control piston stem 149 is pro-
vided so that, when the first actuator is energised, the
collar couples to the armature of the first actuator to move
the control piston 148 from a lower end-stop position to
a well-defined intermediate position. Then, on energisa-
tion of the second actuator, the collar decouples from the
armature of the first actuator and the control piston 148
is drawn from the intermediate position to an upper end-
stop position by the action of the second actuator alone.
Reference should be made to the present applicant’s co-
pending European Patent Application No. EP
09166712.1, the contents of which are incorporated here-
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in by reference, for more details of such an actuator ar-
rangement.

[0060] Figures 2 and 3 illustrate a first mode of oper-
ation of the fuel injector 100. In this first mode, the control
piston 148 is positioned such that the upper control port
166 is not occluded by the piston member 162, so that a
fuel flow path is open between the internal gallery 160
and the control chamber 152, via the upper control port
166 and the transfer drilling 166. Thus, fuel at high pres-
sure flows from the supply passage 105 into the control
chamber 152 via the gallery 107, the side drilling 156,
the internal gallery 160, the first control port 166, and the
transfer passage 164.

[0061] The lower control port 168, meanwhile, is
closed by the piston member 162 so as to prevent the
flow of fuel from the control chamber 152 to the drain
chamber 174.

[0062] Consequently, in this first mode of operation,
the control chamber 152 contains fuel at relatively high
pressure. This high-pressure fuel acts on the upper end
146 of the slave piston 130 to apply a downwardly-direct-
ed force to the slave piston 130. The valve needle 110
is therefore subject to downwardly-acting forces via the
slave piston 130 and the spring 140.

[0063] In the first mode of operation, when the fuel in
the control chamber 152 is at high pressure, the down-
wardly-acting forces on the valve needle 110 are greater
than the upwardly-acting forces, and therefore the valve
needle 110 is biased to move towards its fully-lowered
or seated position.

[0064] Figures 2 and 3 show the valve needle 110 in
its fully-lowered position, in which the control piston 148
is also fully lowered to its lower end-stop position. In this
position of the control piston 148, the valve element 170
is seated on the seating region 172. By virtue of the valve
element 170 being seated on the seating region 172, any
leakage of fuel past the piston member 162, for example
from the internal gallery 160, the upper control port 166
or the lower control port 168, does not result in leakage
of fuel into the drain chamber 174 or the drain passage
176 when the valve needle 110 is fully lowered.

[0065] It will be appreciated, however, that seating
movement of the valve needle 110 can arise in the first
mode of operation even when the valve element 170 is
not seated on its seating region 172, because the block-
ing of the lower control port 168 by the piston member
162 is sufficient to prevent fuel flow from the control
chamber 152 to drain.

[0066] Indeed, the first mode of operation will arise
whenever the relative positions of the control piston 148
and the slave piston 130 are such that the piston member
162 is positioned so as to block the lower control port
168 whilst leaving the upper control port 166 clear for
fuel flow. Thus, movement of the valve needle 110 to-
wards its seat 122 can be effected by moving the control
piston 148 in a downward direction.

[0067] Figures 4 and 5illustrate a second mode of op-
eration of the injector 100. In this second mode, the con-
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trol piston 148 is positioned so that the upper control port
166 is occluded by the piston member 162, while the
lower control port 168 is open. Furthermore, the valve
element 170 is not seated on its seating region 172.
[0068] In this mode, the piston member 162 prevents
the flow of high-pressure fuel from the internal gallery
160 to the control chamber 152 through the upper control
port 166. The control chamber 152 instead communi-
cates with the drain chamber 174 via the open lower con-
trol port 168. Fuel in the control chamber 152 can there-
fore flow to the low-pressure drain by way of the drain
passage 176.

[0069] Consequently, in this second mode of opera-
tion, the fuel pressure in the control chamber 152 is
caused to drop. The downwardly-acting force on the up-
per end 146 of the slave piston 130 is correspondingly
reduced to a sufficient extent that the total downwardly-
acting force on the valve needle 110 becomes less than
the total force that acts upwardly on the needle, for ex-
ample as a result of the fuel in the delivery chamber 186
acting on downwardly directed surfaces of the valve nee-
dle 110 such as the valve member 120. The valve needle
110 therefore experiences a net upward force and moves
in an upward, unseating direction.

[0070] The second mode of operation comes about
whenever the relative positions of the control piston 148
and the slave piston 130 are such that the upper control
port 166 is occluded by the piston member 162 and the
lower control port 168 is open. Movement of the valve
needle 110 away from its seat 122 can therefore be ef-
fected by moving the control piston 148 in an upward
direction.

[0071] In Figures 4 and 5, the injector is shown with
the valve needle 110 in its fully-lifted position and the
control piston 148 in its upper end-stop position. In this
configuration, the upper end 146 of the slave piston 130
abuts a shoulder 155 in the wall of the control chamber
152. The shoulder 155 therefore acts as a full-lift end-
stop for the valve needle 110.

[0072] Figures 6 and 7 illustrate a third mode of oper-
ation of the fuel injector 100. In this third mode, the control
piston 148 is positioned intermediate its upper and lower
end-stop positions, and both the upper control port 166
and the lower control port 168 are blocked by the piston
member 162. Again, the valve element 170 is not seated
on its seating region 172.

[0073] In this configuration, the control chamber 152
is connected neither to the high-pressure fuel supply in
the internal gallery 160, nor to the drain chamber 174.
Thus fuel neither flows into nor out of the control chamber
152, and the fuel pressure in the control chamber 152
remains constant. For as long as both the upper and low-
er control ports 166, 168 remain covered, the volume of
the control chamber 152 is essentially fixed, and the slave
piston 130 (and hence the valve needle 110) cannot
move with respect to the control chamber block 106.
[0074] In this third mode, therefore, the position of the
valve needle 110 is hydraulically locked with respect to
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the injector body 104. In this way, the valve needle 110
can be held in a substantially static intermediate position
with respect to the valve seat 120. Advantageously, in
this example, fuel injection through the axial outlet can
take place when the valve needle 110 is in the interme-
diate position.

[0075] The third mode of operation of the injector
comes about when the control piston 148 is held station-
ary at a position intermediate its upper and lower end
stops. It will be appreciated that, if the pressure in the
control chamber 152 falls, for example due to leakage
past the control piston stem 149, the slave piston 130
may migrate upwards. In this event, the upper control
port 166 will become uncovered, such that operation of
the valve needle reverts to the first mode. The control
chamber 152 becomes re-pressurised by virtue of fuel
flow from the internal gallery 160 via the upper control
port 166, and the slave piston 130, and therefore the
valve needle 160, returns to its static intermediate posi-
tion in the third mode of operation. In this way, the third
mode of operation can be considered as a self-regulating
or equilibrium state of operation.

[0076] Similarly, movement of the control piston 148
to a different position will cause the operation of the in-
jector 100 to revert either to the first mode or the second
mode until the slave piston 130 once again comes to rest
in its equilibrium position with respect to the control piston
148.

[0077] Specifically, if the injector 100 is operating in
the third mode of operation with the control piston in a
starting position, the valve needle 110 will be held in a
static intermediate position. If the control piston 148 is
then displaced downwards from the starting position, the
injector 100 will revert to the first mode of operation: the
upper control port 166 will open so as to allow fuel to flow
into the control chamber 152, thereby causing down-
wards movement of the slave piston 130 and hence the
valve needle 110 as described above until the upper con-
trol port 166 is closed once again by the piston member
162 and the valve needle 110 adopts a new static inter-
mediate position displaced downwardly from its original
intermediate position.

[0078] If the control piston 148 is instead displaced up-
wards from the starting position, the injector 100 will re-
vert to the second mode of operation: the lower control
port 168 will open, allowing fuel to flow from the control
chamber 152 to the low-pressure drain passage 176, and
causing upward movement of the valve needle 110 as
described above until the lower control port 168 is closed
once again by the piston member 162 and the valve nee-
dle 110 adopts a new static intermediate position dis-
placed upwardly from its original intermediate position.
[0079] In this way, the movement of the valve needle
110 follows the movement of the control piston 148. De-
pending on the actuator arrangement provided, the valve
needle 110 could be positionable in an intermediate po-
sition defined by an intermediate stop of the actuator ar-
rangement. Advantageously, only a relatively low-force
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actuator need be provided to move the control piston 148
in the present invention, in common with a servo-type
injector. Furthermore, by controlling the speed of move-
ment of the control piston 148, the speed of movement
of the valve needle 110 can be controlled.

[0080] It will be appreciated that the third mode of op-
eration occurs only within a limited range of the full move-
ment of the control piston 148. When the valve needle
110 is fully seated, the control piston 148 is advanta-
geously positioned such that the valve element 170 is
seated on the seating region 172 to prevent leakage to
the drain chamber 174 as shown in Figures 2 and 3. In
this case, the piston member 162 occludes only the lower
control port 168, leaving the upper control port open 166.
Thus, in this position, the injector 100 is in the first mode
of operation while the valve needle 110 is static. This is
advantageous because any leakage of fuel from the con-
trol chamber 152, for example past the control piston
stem 149, is immediately corrected by flow of fuel from
the internal gallery 160 with no appreciable reduction in
fuel pressure in the control chamber 152. The valve nee-
dle 110 is therefore held firmly closed.

[0081] Similarly, when the valve needle 110 is in its
fully-lifted position, such that the upper end 146 of the
slave piston 130 abuts the shoulder 155, the control pis-
ton 148 is advantageously retracted as shown in Figures
4 and 5 so that the piston member 162 occludes only the
upper control port 166, leaving the lower control port 168
open. In this position, the injector 100 is in the second
mode of operation while the valve needle 110 is static.
This is advantageous because any leakage of high-pres-
sure fuel into the control chamber 152, for example from
the internal gallery 160, is vented to the drain chamber
174 without causing movement of the valve needle 110.
The valve needle 110 is therefore held stationary in its
fully-lifted position.

[0082] It will be understood, therefore, that the range
of movement of the control piston 148 between its upper
and lower end-stop positions is greater than the range
of movement of the valve needle 110 between its fully-
lifted and fully-lowered end-stop positions. The lower
end-stop position of the control piston 148 is defined as
the position where both the valve element 170 of the con-
trol piston and the valve needle 110 are seated on their
respective seats 172, 122. The upper end-stop position
of the control piston 148 is preferably defined by the ac-
tuator arrangement (not shown), as is known in the art.
[0083] It will be appreciated that, during operation of
the injector 100, the amount of fuel that is discharged to
drain (excluding any leakage) corresponds to the volume
displaced during upward movement of the slave piston
130 in the second mode of operation. Thus the amount
of fuel that is discharged to drain during operation of the
injector is much lower than for a conventional fuel injector
having a hydraulic servo mechanism such as that shown
in Figure 1, in which high-pressure fuel is discharged
constantly to drain while the valve needle is lifted.
[0084] A fuelinjector 200 according to second embod-



15 EP 2 320 061 A1 16

iment of the invention will now be described with refer-
ence to Figures 8(a), 8(b) and 9.

[0085] Asin the first embodiment, the fuel injector 200
comprises a nozzle body 202 and an injector body 204.
The injector body 204 includes a control block 206, in
which a high-pressure fuel supply line 205 is provided.
A nozzle bore 208 in the nozzle body 202 receives a
valve needle 210. A frusto-conical valve member 220 of
the valve needle 210 is engageable with a valve seat 222
at the tip region 216 of the nozzle body. The arrangement
of the valve needle 210 and the nozzle body 202 at the
tip region 216 is as described above with reference to
the first embodiment of the invention, so that fuel can
selectively be injected through radial or axial outlets for
fuel.

[0086] A slave piston 230 is formed integrally with the
valve needle 210. Unlike in the first embodiment, in this
second embodiment of the invention, there is no collar
between the slave piston 230 and the shaft 209 of the
valve needle 210, and there is no spring chamber. In-
stead, the slave piston 230 is a close sliding fit within an
upper needle guide 280 and a lower needle guide 282
of the nozzle bore 208. In this way, the slave piston 230
defines a guide portion 285 of the valve needle, which
cooperates with the upper and lower needle guides 280,
282.

[0087] The high-pressure fuel supply line 205 commu-
nicates with an annular gallery 207 in the nozzle body
202. The gallery 207 is situated in the nozzle bore 208
between the upper and lower guide portions 280, 282.
[0088] A nozzle path orifice 284, formed as a flat on
the guide portion 285 of the valve needle 210 adjacent
to the lower guide portion 282 of the nozzle bore 208,
provides arestricted flow path for fuel between the gallery
207 and a delivery chamber 286 formed by the nozzle
bore 208 downstream of the lower guide portion 282.
[0089] The control chamber block 206 comprises a
control chamber 252 that receives the upper end 246 of
the slave piston. As in the first embodiment of the inven-
tion, the slave piston 230 includes a blind control bore
244. Allower end of a control piston 148 is received within
the control bore 244, and the upper end of the control
piston 148 passes up through the control chamber 252
and the control chamber block 206 to cooperate with an
actuator arrangement (not shown).

[0090] The control piston 148 is as described above
with reference to the first embodiment of the invention.
Furthermore, as in the first embodiment, the slave piston
230 is provided with a side drilling 256 to allow fuel to
flow from the gallery 207 to an internal chamber 260 de-
fined by the necked portion 158 of the control piston 148.
The control chamber 252 communicates with the control
bore by way of three transfer passages 264 (only one of
which is shown in Figure 8(a)) and respective upper and
lower control ports 266, 268 in the slave piston 230. The
valve element 170 at the tip of the control piston 148 is
cooperable with a valve seat 272 in the slave piston 230,
so as to control the flow of fuel into a drain chamber 274
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and thereby into the drain passage 176 defined by the
bore of the control piston 148.

[0091] In this second embodiment, the control cham-
ber 252 is defined, in part, by a shoulder 254 in the control
chamber block 206. The control chamber 252 houses a
biasing spring 288 that acts between the upper end of
the slave piston 230 and the shoulder 254. The biasing
spring 288 therefore acts to bias the slave piston 230 in
a downward direction, and hence acts to bias the valve
needle 210 towards its seated position.

[0092] An upper lift stop for the slave piston 230, and
hence the valve needle 210, is provided in the form of an
annular washer 253 situated in the control chamber 252.
The control piston 148 is a clearance fit through a central
hole in the washer 253. The washer 253 abuts a shoulder
255 formed in the wall of the control chamber 252. Up-
ward movement of the slave piston 230, and hence the
valve needle 210, is arrested when the upper end 246 of
the slave piston 230 abuts the washer 253.

[0093] So as to ensure that the washer 253 does not
obstruct the flow between the control chamber 252 and
the transfer passages 264, flats or relief regions 265 are
provided at the upper end 246 of the slave piston 230,
as shown in Figure 8(b). By virtue of the relief regions
265, fuel can flow radially out of the transfer passages
264 when axial flow is restricted by the washer 253.
[0094] As described above for the first embodiment of
the invention, movement of the control piston 148 causes
the control ports 266, 268 to open or close to control the
fuel pressure in the control chamber 252.

[0095] In a first mode of operation (not shown), the
control piston 148 is positioned such that the upper con-
trol ports 266 are open and the lower control ports 268
are closed. The control chamber 252 therefore contains
fuel at a relatively high pressure. The force of fuel acting
on the upper end 246 of the slave piston, plus the force
of the biasing spring 288, create a net downward force
on the valve needle 210 that is greater than the total
upward force on the valve needle caused by fuel pressure
in the delivery chamber 286 . Thus, in the first mode of
operation, the net force on the valve needle 210 acts to
bias the valve needle 210 towards its seated position.
[0096] Inasecond mode of operation (not shown), the
upper control ports 266 are closed while the lower control
ports 268 are open to connect the control chamber 252
to the drain passage 176. The pressure in the control
chamber 252 is therefore reduced, and the correspond-
ing downward force acting on the upper end 246 of the
slave piston 230 is reduced. The upward force on the
valve needle 210 due to fuel pressure in the delivery
chamber 286 becomes sufficient to overcome the down-
wardly-acting forces resulting from the control chamber
pressure 252 and the biasing spring 288, and the valve
needle 210 is biased to move in an unseating direction.
[0097] Figures 8(a) and 9 show the injector in a third
mode of operation, in which the upper and lower control
ports 266, 268 are all blocked, and the pressure in the
control chamber 252 is held constant. The slave piston
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230, and therefore the valve needle 210, are held in a
static, unseated position intermediate the fully-seated
and fully-lifted positions of the valve needle 210. As in
the firstembodiment of the invention, leakage of fuel from
the control chamber 252 causes the injector to revert to
the first mode of operation, thereby to restore the control
chamber pressure 252 and return the valve needle 210
to the desired position.

[0098] As described for the first embodiment of the in-
vention, the slave piston 230 follows the movement of
the control piston 148, such that the valve needle 210
can be positioned in substantially any intermediate posi-
tion between its fully-seated and fully-lifted positions, and
so that the velocity of the valve needle 210 can be con-
trolled.

[0099] When the valve needle 210 is lifted and a fuel
injection is taking place, the area of the valve needle 210
that is subjected to upward forces due to fuel pressure
in the delivery chamber 286 is greater than the area of
the upper end of the slave piston 230 exposed to fuel
pressure in the control chamber 252.

[0100] To ensure that the valve needle 210 can return
to its seated position, fuel flow into the delivery chamber
286 is restricted by the nozzle path orifice 284. This
means that, during an injection event, the fuel pressure
in the delivery chamber 286 is somewhat lower than the
fuel pressure in the gallery 207. This arrangement en-
sures that, once the pressure in the control chamber 252
has been restored to a relatively high level in the first
mode of operation, there is a sufficient net downward
force on the valve needle 210 to re-seat the needle 210
without the need for a high-force return spring (such as
the spring 140 of the first embodiment of the invention).
Instead, only a low-force biasing spring 288 is required.
A known fuel injector having a nozzle path orifice with
the same function of restricting fuel flow into the delivery
chamber of the fuel injector is described in European
Patent Publication No. EP-B-0767304, the contents of
which are incorporated herein by reference.

[0101] A fuel injector 300 according to a third embod-
iment of the invention is shown in Figures 10 and 11. The
third embodiment of the invention shares many features
with the second embodiment, and only the differences
will be described.

[0102] In the third embodiment, a valve needle 310
and a slave piston 330 are formed as two separate com-
ponents. A lower end 353 of the slave piston 330 abuts
an upper end 361 of the valve needle 310, and a biasing
spring 388 received within a control chamber 352 biases
the slave piston 330 against the valve needle 310. In this
way, the slave piston 330 and the valve needle 310 are
associated with one another and coupled together such
that movement of the slave piston 330 causes movement
of the valve needle 310. The position of the valve needle
310 controls fuel delivery through a tip region 316 of the
injector 300, in the same way as in the first and second
embodiments of the invention.

[0103] The slave piston 330 is housed substantially
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within a control chamber block 306, in a slave piston bore
390 having a diameter closely matched to the diameter
of the slave piston 330. The control chamber 352 is lo-
cated at the top end of the slave piston bore 390 and,
where the control chamber 352 meets the slave piston
bore 390, a shoulder 355 is provided which acts as a full-
lift end-stop for the slave piston 330.

[0104] High-pressure fuel is supplied to the slave pis-
ton bore 390 from a first branch 305a of a fuel supply
passage 305. As in the first and second embodiments of
the invention, the slave piston 330 includes a control bore
344 and a side drilling 356 to allow high-pressure fuel to
flow into the control bore 344. In this embodiment, how-
ever, the side drilling 356 communicates with a gallery
392 formed by an annular recess in the outer wall of the
slave piston 330, such that fuel from the supply passage
branch 305a flows around the slave piston 330 in the
gallery 392 before entering an internal gallery 360 de-
fined by a necked 358 portion of the control piston 348.
[0105] The control chamber 352 communicates with
the control bore 344 by way of a transfer passage 364,
an upper control port 366 and a lower control port 368.
The control ports 366, 368 are arranged to be opened or
closed by a piston member 362 of the control piston 348,
as in the previous embodiments of the invention, so as
to control movement of the valve needle in first, second
and third modes of operation as previously described.
[0106] In this embodiment of the invention, the piston
member 362 includes two annular grooves 362a, 362b
arranged so that, when the piston member 362 is posi-
tioned so as to occlude both the upper and lower control
ports 366, 368 (as shown in Figures 10 and 11), an upper
one of the grooves 362a is aligned with the upper control
port 366 and a lower one of the grooves 362b is aligned
with the lower control port 368. Fuel entering the control
bore 344 via the control ports 366, 368 is held in the
annular spaces defined by the grooves 362a, 362b, so
as to ensure that the forces acting on the control piston
348 are radially balanced.

[0107] Furthermore, in this embodiment, the control
piston 348 is solid, rather than tubular. When the lower
control port 368 is open, fuel flows from the control cham-
ber 352 into a drain chamber 374 which is, in turn, con-
nected to a drain conduit 394 in the slave piston 330. The
drain conduit 394 communicates with an annular drain
space 396 at the lower end of the slave piston bore 390,
between the nozzle body 302 and the slave piston 330.
A drain passage 398 extends parallel to the slave piston
bore 390 in the control chamber block 305 to connect the
drain space 396 to a low-pressure fuel drain (not shown).
As in the first and second embodiments of the invention,
in this third embodiment fuel flow to the drain chamber
374 is prevented by cooperation of a valve element 370
of the control piston 348 and a seating surface 372 of the
slave piston 330 when the control piston 348 is in its
lowermost position.

[0108] Thevalve needle 310 comprises a guide portion
385 at its upper end. The guide portion 385 is a close fit
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within a needle guide 382 defined by the nozzle bore
308. An axially diagonal groove 399 is provided in the
guide portion 385 to allow fuel to flow from an annular
gallery 307 to a delivery chamber 386 which, in turn, com-
municates with the tip region 316 of the injector. The an-
nular gallery 307 is supplied with fuel from a second
branch 305b of the supply passage 305.

[0109] Unlike the nozzle path orifice 284 in the second
embodiment of the invention, the groove 399 in this third
embodiment does not appreciably restrict the flow of fuel
to the delivery chamber 386. However, the area of the
slave piston 330 that is exposed to fuel pressure in the
control chamber 352 is arranged to be greater than the
area of the valve needle 310 that is exposed to fuel in
the delivery chamber 386 when the needle 310 is not
seated, and therefore downward movement of the valve
needle 310 can occur when the control chamber 352 is
at high pressure.

[0110] Many of the features described above with ref-
erence to a specific embodiment of the invention could
also be applied to the other embodiments of the invention.
[0111] For example, grooves such as the upper and
lower grooves 362a, 362b on the piston member 362 of
the injector 300 of the third embodiment of the invention
could also be provided on the piston members of the first
and second embodiments of the invention, thereby to
balance the radial pressure on the control piston and re-
duce friction between the control piston and the walls of
the control bore.

[0112] A tubular control piston having a drain passage
therethrough, such as the control piston 148 of the first
and second embodiments of the invention, could also be
used in the third embodiment of the invention. Using a
tubular control piston to provide a drain passage, rather
than providing a drain space external to the slave piston,
advantageously avoids leakage of fuel from the delivery
chamber and from the slave piston bore to drain. How-
ever, this arrangement typically requires a control piston
of relatively large diameter to accommodate the drain
passage.

[0113] In any embodiment of the invention, the valve
needle and the slave piston could be formed as a single
component, as illustrated by the first and second embod-
iments of the invention, or as separate components, as
illustrated by the third embodiment. Advantageously,
when the valve needle and slave piston are formed as
separate components, the invention can be deployed us-
ing valve needle and nozzle body components known
from prior art injectors. For example, it will be noted that
the valve needle and nozzle body of the fuel injector 300
of the third embodiment of the invention are substantially
identical to the equivalent components in the injector de-
scribed in EP-A-2065590.

[0114] It will be appreciated that, in all embodiments
of the invention, it is preferable that the control piston is
a close sliding fit within the control bore of the slave piston
in the vicinity of the control ports, so as to avoid leakage
from the ports when the ports are closed. However, a
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larger clearance can be provided between the control
piston stem and the control piston bore, above the necked
portion of the control piston since, between injection
events, the control chamber and the internal gallery are
at approximately the same fuel pressure, thereby obvi-
ating the effect of leakage in that area.

[0115] It may be desirable to modify the valve assem-
bly as shown comprising the valve element at the end of
the control piston and the seating region of the slave pis-
ton so as to ensure that any leakage of fuel into the space
between the piston member and the valve element does
not result in a significant upward force on the control pis-
ton. For example, in one embodiment (not shown), the
diameter of the valve element and seating region is ar-
ranged to be as close as possible to the diameter of the
piston member.

[0116] It is also preferred that the distance between
the upper and lower control ports is closely matched to
the length of the piston member of the control piston, so
that only a small movement of the control piston is re-
quired to open a respective one of the ports. In this way,
the slave piston, and hence the valve needle, can be
made to follow accurately the movement of the control
piston.

[0117] Similarly, it is advantageous to ensure that the
bores in which the control piston and the slave piston
respectively reciprocate are of high concentricity, so as
to avoid sticktion during operation of the injector. Con-
ceivably, a low-friction coating could be provided on the
bores and/or the pistons so as to ensure reliable opera-
tion of the injector.

[0118] Although only one transfer passage having two
control ports is illustrated for the first and third embodi-
ments of the invention, it will be appreciated that, in any
embodiment, several transfer passages, radially spaced
around the slave piston, could be provided, as exempli-
fied by the second embodiment of the invention Providing
several transfer passages in this way helps to balance
the forces on the control piston, and to increase the flow
rate of fuel in and out of the control chamber, thereby
improving the operating speed of the injector. In one pre-
ferred example, as shown in Figure 8(b) three transfer
passages are provided in the slave piston at aradial spac-
ing of 120° to one another, each transfer passage having
an associated upper and lower control port, and the side
drilling for supply of high-pressure fuel to the internal gal-
lery is positioned equi-angularly between two of the trans-
fer passages.

[0119] Eachtransfer passage could communicate with
associated upper and lower control ports or, conceivably,
atransfer passage could communicate with justan upper
or alower control port. Itis also conceivable that a control
port could be embodied as an annular groove in the wall
of the control bore, arranged so that the groove intersects
one or more transfer passages.

[0120] Although the invention has been described with
reference to the arrangement of fuel outlets and the valve
needle tip described in EP-A-2065590, it should be noted
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that the present invention finds application in fuel injec-
tors having other arrangements at the tip of the injector.
The present invention is suitable for substantially any de-
sign of injector tip where it is necessary, or desirable, to
provide one or more intermediate valve needle lift posi-
tions, and/or to control the velocity of the valve needle.
[0121] For example, the present invention could be
used to control the valve needle position in a so-called
variable orifice nozzle, such as that described in the ap-
plicant’s European Patent Publication EP-B-1626173.
[0122] As noted above, any suitable actuator arrange-
ment could be provided, and the choice of actuator ar-
rangement will depend in part upon the design of the
injector tip. Generally, the actuator arrangement should
be capable of effecting linear movement of the control
piston between a first end-stop position and a second
end-stop position. Where a well-defined intermediate
valve needle position is required, a two-solenoid actuator
arrangement such as that described above is preferred,
since a physical intermediate lift stop position can be pro-
vided.

[0123] Another example of an actuator arrangement
that could be used in the present invention is a piezoe-
lectric actuator comprising a piezoelectric stack. The pi-
ezoelectric stack comprises layers of poled piezoelectric
material and an arrangement of electrodes configured
so asto cause the piezoelectric stack tolengthen or short-
en. In the injector, the piezoelectric stack is coupled to
the control piston stem. The length of the stack, and
hence the position of the control stem, can be controlled
by applying an appropriate energisation level to the elec-
trodes of the stack. Such an actuatoris capable of varying
the control piston position over a continuous intermediate
range, rather than being limited to a single intermediate
position such as is the case for a two-solenoid actuator
arrangement. Furthermore, such an actuator can be used
where it is desirable to control the velocity of the control
piston, and hence the valve needle.

[0124] A Lorentz coil or voice coil can also be used as
the actuator arrangementin the presentinvention. Again,
such an arrangement is capable of controlling the posi-
tion and velocity of the control piston, and hence the valve
needle, over a continuous range of movement from fully-
seated to fully-lifted.

[0125] Itis conceivable that a single solenoid actuator
with no intermediate lift position, such as that described
with reference to Figure 1, could be used to drive the
control piston. In this case, the injector would operate in
only the first and second modes of operation, since the
actuator would not be capable of positioning the control
piston in an intermediate position. Nevertheless, the in-
vention would still offer the benefit of reduced drain flow
compared to prior art injectors.

[0126] Althoughtheinvention has been described with
reference to inwardly-opening fuel injectors, the inven-
tion is equally applicable to outwardly-opening fuel injec-
tors in which the valve needle is moved downwardly to
cause a fuel injection event.
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[0127] As will be appreciated by a person skilled in the
art, further modifications and variations of the invention
not explicitly described above are possible within the
scope of the presentinvention, as defined in the append-
ed claims.

Claims

1. A fuel injector (100; 200; 300) for an internal com-
bustion engine, the fuel injector comprising:

an injection nozzle having a nozzle body (102;
202; 302) provided with a nozzle bore (108; 208;
308);

a valve needle (110; 210; 310) being received
within the nozzle bore (108; 208; 308) and en-
gageable with a seat region (122; 222) to control
fuel delivery through at least one nozzle outlet
(112, 114);

a slave piston (130; 230; 330) provided with a
control bore (144; 244; 344) and associated with
the valve needle (110;210; 310) such thatmove-
ment of the slave piston (130; 230; 330) causes
movement of the valve needle (110; 210; 310);
a control chamber (152; 252; 352), an end of the
slave piston (130; 230; 330) remote from the
valve needle (110; 210; 310) being exposed to
fuel pressure in the control chamber (152; 252;
352) in use of the injector, the control chamber
(152; 252; 352) being connectable to a source
(105; 205; 305) of relatively high-pressure fuel
by way of a first control port (166; 266; 366) in
the slave piston (130; 230; 330), and to a drain
passage (176; 394) at relatively low pressure by
way of a second control port (168; 268; 368) in
the slave piston (130; 230; 330), the first and
second control ports being arranged to commu-
nicate with the control bore; and

a control piston (148; 348) operable to move rel-
ative to the slave piston (130; 230; 330) and the
nozzle body (102; 202; 302) so as to control fuel
flow through the first and second control ports
(166, 168; 266, 268; 366, 368);

wherein the control piston (148; 348) is positionable
so as to allow, in a first mode of operation, fuel flow
through the first control port (166; 266; 366) and to
prevent fuel flow through the second control port
(168; 268; 368), thereby to bias the valve needle
(110; 210; 310) in a first direction;

and wherein the control piston (148; 348) is position-
able so as to allow, in a second mode of operation,
fuel flow through the second control port (168; 268;
368) and to prevent fuel flow through the first control
port (166; 266; 366), thereby to bias the valve needle
(110; 210; 310) in a second direction opposite to the
first direction.
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A fuelinjector according to Claim 1, wherein the con-
trol piston (148; 348) is positionable so as to prevent,
in a third mode of operation, fuel flow through both
the first and second control ports (166, 168; 266,
268; 366, 368), thereby to maintain the valve needle
(110; 210; 310) in a substantially static equilibrium
position relative to the control piston (148; 348).

Afuelinjectoraccording to Claim 1 or Claim 2, where-
in the control piston (148; 348) is received within the
control bore (144; 244; 344).

A fuelinjector according to Claim 3, wherein the con-
trol piston (148; 348) comprises an annular piston
member (162; 362) slidable within the control bore
(144; 244; 344) so as to selectively occlude the con-
trol ports (166, 168; 266, 268; 366, 368).

A fuel injector according to Claim 4, wherein the first
and second control ports (166, 168; 266, 268; 366,
368) are spaced apart along a longitudinal axis of
the injector, and wherein the piston member (162;
362) has a length along the longitudinal axis that is
sufficient to prevent fuel flow through both the first
and second control ports (166, 168; 266, 268; 366,
368) simultaneously.

A fuel injector according to any of Claims 3 to 5,
wherein the control piston (148; 348) comprises a
necked portion (158; 358) to define an internal gal-
lery (160; 260; 360) for high-pressure fuel, the inter-
nal gallery (160; 260; 360) being connectable to the
first control port (166; 266; 366) in use of the injector.

A fuel injector according to any of Claims 3 to 6,
wherein the control piston (148) comprises a tubular
member having a central bore, the central bore com-
prising the drain passage (176).

A fuel injector according to any of Claims 1 to 6,
wherein the drain passage (394) comprises a pas-
sage through the slave piston (130; 230; 330).

A fuelinjector according to any preceding Claim, fur-
ther comprising a valve assembly (170, 172; 272;
370, 372) operable to prevent the flow of fuel from
the control bore (144; 244; 344) to the drain passage
(176; 394).

A fuel injector according to Claim 9, wherein the con-
trol piston (148; 348) is received within the control
bore (144;244; 344) and wherein the valve assembly
comprises a valve element (170; 370) being a tip
region of the control piston (148; 348), and a seat
region (172; 272; 372) formed in the slave piston
(130; 230; 330) at an end of the control bore (144;
244; 344) upstream of the drain passage (174; 394),
the valve element (170; 370) being arranged to en-
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11.

12.

13.

14.

15.
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gage with the seat region (172; 272; 372) so as to
prevent the flow of fuel from the control bore (144;
244; 344) to the drain passage (174; 394).

A fuel injector according to any preceding Claim,
wherein the slave piston (130; 230) comprises a por-
tion of the valve needle (110; 210).

A fuel injector according to any preceding Claim, fur-
ther comprising a spring means (140; 288; 388) to
bias the valve needle (110; 210; 310) towards the
seating region.

A fuel injector according to Claim 12, wherein the
spring means (288; 388) is provided in the control
chamber (252; 352) to act on an upper end of the
slave piston (230; 330).

A fuel injector according to any preceding Claim,
wherein the control chamber is connectable to the
source of relatively high-pressure fuel by way of two
or more first control ports in the slave piston, and to
the drain passage by way of two or more second
control ports in the slave piston.

A fuel injector according to any preceding Claim,
wherein the control piston (148; 348) is operable by
means of an actuator arrangement comprising a lin-
ear-movement actuator.

Amended claims in accordance with Rule 137(2)
EPC.

1. Afuel injector (100; 200; 300) for an internal com-
bustion engine, the fuel injector comprising:

an injection nozzle having a nozzle body (102;
202; 302) provided with a nozzle bore (108; 208;
308);

a valve needle (110; 210; 310) being received
within the nozzle bore (108; 208; 308) and en-
gageable with a seat region (122; 222) to control
fuel delivery through at least one nozzle outlet
(112, 114);

a slave piston (130; 230; 330) provided with a
control bore (144; 244; 344) and associated with
the valve needle (110;210; 310) such thatmove-
ment of the slave piston (130; 230; 330) causes
movement of the valve needle (110; 210; 310);
a control chamber (152; 252; 352), an end of the
slave piston (130; 230; 330) remote from the
valve needle (110; 210; 310) being exposed to
fuel pressure in the control chamber (152; 252;
352) in use of the injector, the control chamber
(152; 252; 352) being connectable to a source
(105; 205; 305) of relatively high-pressure fuel
by way of a first control port (166; 266; 366) in
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the slave piston (130; 230; 330), and to a drain
passage (176; 394) at relatively low pressure by
way of a second control port (168; 268; 368) in
the slave piston (130; 230; 330), the first and
second control ports being arranged to commu-
nicate with the control bore; and

a control piston (148; 348) operable to move rel-
ative to the slave piston (130; 230; 330) and the
nozzle body (102; 202; 302) so as to control fuel
flow through the first and second control ports
(166, 168; 266, 268; 366, 368);

wherein the control piston (148; 348) is position-
able so as to allow, in a first mode of operation,
fuel flow through the first control port (166; 266;
366) and to prevent fuel flow through the second
control port (168; 268; 368), thereby to bias the
valve needle (110; 210; 310) in a first direction;
and wherein the control piston (148; 348) is po-
sitionable so as to allow, in a second mode of
operation, fuel flow through the second control
port (168; 268; 368) and to prevent fuel flow
through the first control port (166; 266; 366),
thereby to bias the valve needle (110; 210; 310)
in a second direction opposite to the first direc-
tion;

characterised in that the fuel injector further
comprises a valve assembly (170, 172; 272;
370, 372) operable to prevent the flow of fuel
from the control bore (144; 244; 344) to the drain
passage (176; 394) in the first mode of opera-
tion, thereby to prevent leakage of fuel into the
drain passage.

2. A fuel injector according to Claim 1, wherein the
control piston (148; 348) is positionable so as to pre-
vent, in a third mode of operation, fuel flow through
both the first and second control ports (166, 168;
266, 268; 366, 368), thereby to maintain the valve
needle (110; 210; 310) in a substantially static equi-
librium position relative to the control piston (148;
348).

3. A fuel injector according to Claim 1 or Claim 2,
wherein the control piston (148; 348) is received
within the control bore (144; 244; 344).

4. A fuel injector according to Claim 3, wherein the
control piston (148; 348) comprises an annular pis-
ton member (162; 362) slidable within the control
bore (144; 244; 344) so as to selectively occlude the
control ports (166, 168; 266, 268; 366, 368).

5. A fuel injector according to Claim 4, wherein the
first and second control ports (166, 168; 266, 268;
366, 368) are spaced apart along a longitudinal axis
of the injector, and wherein the piston member (162;
362) has a length along the longitudinal axis that is
sufficient to prevent fuel flow through both the first
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and second control ports (166, 168; 266, 268; 366,
368) simultaneously.

6. A fuel injector according to any of Claims 3 to 5,
wherein the control piston (148; 348) comprises a
necked portion (158; 358) to define an internal gal-
lery (160; 260; 360) for high-pressure fuel, the inter-
nal gallery (160; 260; 360) being connectable to the
first control port (166; 266; 366) in use of the injector.

7. A fuel injector according to any of Claims 3 to 6,
wherein the control piston (148) comprises a tubular
member having a central bore, the central bore com-
prising the drain passage (176).

8. A fuel injector according to any of Claims 1 to 6,
wherein the drain passage (394) comprises a pas-
sage through the slave piston (330).

9. A fuel injector according to any preceding Claim,
wherein the control piston (148; 348) is received
within the control bore (144; 244; 344) and wherein
the valve assembly comprises a valve element (170;
370) being a tip region of the control piston (148;
348), and a seat region (172; 272; 372) formed in
the slave piston (130; 230; 330) at an end of the
control bore (144; 244; 344) upstream of the drain
passage (174; 394), the valve element (170; 370)
being arranged to engage with the seat region (172;
272; 372) so as to prevent the flow of fuel from the
control bore (144; 244; 344) to the drain passage
(174; 394).

10. A fuel injector according to any preceding Claim,
wherein the slave piston (130; 230) comprises a por-
tion of the valve needle (110; 210).

11. A fuel injector according to any preceding Claim,
further comprising a spring means (140; 288; 388)
to bias the valve needle (110; 210; 310) towards the
seating region, wherein the spring means (288; 388)
is provided in the control chamber (252; 352) to act
on an upper end of the slave piston (230; 330).

12. A fuel injector according to any preceding Claim,
wherein the control chamber is connectable to the
source of relatively high-pressure fuel by way of two
or more first control ports in the slave piston, and to
the drain passage by way of two or more second
control ports in the slave piston.

13. A fuel injector according to any preceding Claim,
wherein the control piston (148; 348) is operable by
means of an actuator arrangement comprising a lin-
ear-movement actuator.

14. A fuel injector according to any preceding Claim,
wherein the slave piston (130; 230; 330) includes a
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transfer passage (164; 264; 364) that communicates
with the control chamber (152, 252, 352), such that
the control chamber (152; 252; 352) is in communi-
cation with the control bore (144; 244; 344) by way
of the transfer passage (164; 264; 364) and the first
and second control ports.

15. A fuel injector according to Claim 14, wherein
the first and second control ports (166, 168; 266,
268; 366, 368) extend radially from the control bore
(144; 244; 344) into the transfer passage (164; 264;
364).
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