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valve of a fuel injector. One or more coils may be employed to move the spool
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waveform used to generate a magnetic field in one or more coils for displacing
the spool may vary depending on engine operating conditions. Moreover, the
shape of the current waveform applied to coils in the fuel injector may be ditfer-
ent for engine operating conditions. Such differences in waveform shape may at
least assist, in real time, with the engine obtaining improved engine emissions
and/or otherwise obtaining fuel injection goals.
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Attorney Docket No. D7411
INJECTOR WAVEFORM

BACKGROUND

[0001] Illustrated embodiments relate to the use of electrical current waveforms to
control the operation of a spool valve of a fuel injector. More specifically, illustrated
embodiments relate the selection and use of multiple current waveforms for a dual coil of a
fuel injector to control the operation of a spool valve based on the operating conditions of the

associated engine.

[0002] In an attempt to comply with increasingly stringent emissions control standards
for internal combustion engines, fuel injectors often seek to inject fuel into the combustion
chamber of an engine at clevated or amplified pressures. By increasing the pressure of the
fuel that is injected into the combustion chamber, both the atomization of the fuel and the
mixing of the fuel with oxygen present in the cylinder may improve. As a result, the ability
to achieve complete combustion of the fuel may be improved, which may thereby reduce the

quantity of particulates formed during the combustion event.

[0003] To attain increases in fuel injection pressure, fuel injectors may include an
intensifier piston that, when displaced, compresses fuel within the fuel injector so as to
clevate the pressure of the fuel. The displacement of the piston may be attained through the
use of an actuating fluid, such as pressurized oil, that presses on the piston so as to displace
the intensifier piston. The application of the actuating fluid on the piston may be controlled
by a spool valve. Moreover, a spool of the spool valve may be moved from a closed
position, where the spool covers or closes an opening to a passageway that directs the flow of
actuating fluid to the intensifier piston, to an open position, where the spool no longer covers
the opening so that actuating fluid may flow through the passageway and at least assist in

providing the force necessary for the displacement of the piston.

[0004] Attempts to attain higher fuel injection pressures may include increasing the
pressure and quantity of actuating fluid that acts on the intensifier piston. However, such
pressure and quantity increases of the actuating fluid may require increasing the size of
certain components within the fuel injector. For example, the passageway, including its

opening, which leads the actuating fluid to the intensifier piston, may need to be increased.
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However, such increases in the size of the passageway typically require the spool to travel a
greater distance before the spool either fully opens or closes the passageway. Further, in
order to ensure that the spool sufficiently covers the increased size of the opening of the
passageway when the spool is in a closed position, the size of the spool may need to be
increased and/or the shape of the spool may need to be changed. But these changes may
adversely impact the time necessary for the spool to move from the closed position to the
open position, and vice versa. Further, such delays in the spool’s response times may
adversely impact the fuel injector’s ability to inject small amounts of fuel at desired fuel
injection pressures, increases the variability of fuel injection pressure between different fuel
injection events, and may be detrimental to the vehicle idle quality and cold start capability.
Additionally, the increased pressure of the actuating fluid may cause the actuating fluid to
push a spool that is intended to remain, at least for the moment, in an open position toward

the closed position.

BRIEF SUMMARY

[0005] An aspect of an illustrated embodiment is a method for controlling the movement
of a spool of a spool valve. The method includes determining a first engine operating
condition and selecting, by a control unit, based on the first engine operating condition, a first
open current waveform. The first open current waveform is applied to at least a first coil to
displace the spool from a closed position to an open position. Further, a first closed current
waveform is applied to at least a second coil to displace the spool from the open position to
the closed position. The method also includes determining a second engine operating
condition. The control unit selects, based on the second engine operating condition, a second
open current waveform. The second open current waveform has a waveform shape that is
different than a waveform shape of the first open current waveform. Additionally, the second
open current waveform is applied to at least the first coil to displace the spool from the

closed position to the open position.

[0006] Another aspect of an illustrated embodiment is a method for controlling the
displacement of a spool of a spool valve in a fuel injector having a first coil and a second
coil. The method includes selecting, by the control unit, from a plurality of different current

waveform shapes, a first current waveform for a first engine operating condition. The first



WO 2014/189527 PCT/US2013/042749

3

current waveform is applied to the first coil to displace the spool from a first position to a
second position. The method also includes returning the displaced spool from the second
position to the first position. The control unit also selects from the plurality of different
current waveform shapes a second current waveform for a second engine operating
condition. The second current waveform has a waveform shape that is different than a
waveform shape of the first current waveform. Additionally, the second current waveform is

applied to the first coil to displace the spool from a first position to a second position.

[0007] A further aspect of an illustrated embodiment is a method for controlling the
displacement of a spool of a spool valve in a fuel injector. The method includes assigning a
current waveform to each of a plurality of groups of engine operating conditions. At least a
plurality of the assigned current waveforms each have a waveform shape that is different than
the waveform shape of other assigned current waveforms. The method also includes
detecting a first engine operating condition that is part of a first group of the plurality of
groups of engine operating conditions. The current waveform assigned to the first group of
engine operating conditions is applied to at least one coil. Additionally, the magnetic field
generated by applying the current waveform to the at least one coil is used to displace the

spool of the spool valve.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS
[0008] Figure 1A illustrates an exemplary block diagram of an actuating fluid system.

[0009] Figure 1B illustrates a cross-sectional view of a representative hydraulically

actuated, electronically controlled fuel injector.

[0010] Figure 2 illustrates an exemplary annotated engine operation map indicating
implementation of different current waveforms across the coils of a fuel injector control

valve during different engine operating conditions.

[0011] Figure 3 illustrates an anti-rebound waveform that may be applied to the coils of

the fuel injector control valve during particular engine operating conditions.

[0012] Figure 4 illustrates a baseline waveform that may be applied to the coils of the

fuel injector control valve during particular engine operating conditions.
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[0013] Figure 5 illustrates a power waveform that may be applied to the coils of the fuel

injector control valve during particular engine operating conditions.

[0014] Figure 6 illustrates a maintain waveform that may be applied to the coils of the

fuel injector control valve during particular engine operating conditions.

[0015] Figures 7A and 7B illustrate sharp-Edge waveforms that may be applied to the

coils of the fuel injector control valve during particular engine operating conditions.

DETAILED DESCRIPTION

[0016] Referencing Figures 1A and 1B, a fuel injector 100 may be used with an
electronically controlled fuel injection system. In the fuel system, an actuating fluid system
50 may supply an actuating fluid, such as oil, at high pressure through a hose, tube, or
common rail to each of a series of unit fuel injectors 100 within an engine cylinder head 60.
Prior to delivery, the pressure of the actuating fluid may be increased by a high-pressure fluid
pump and/or a hydraulic amplification system 70. This high-pressure fluid pump 70 may be
driven by a variety of sources, such as, for example being an engine power-take off
component or driven electrically. According to certain embodiments, the high-pressure fluid
pump 70 may be used to clevate the pressure of the actuating fluid to approximately 3000 psi
and higher. However, the pressures obtained by the actuating fluid system 50 may be
dependent on the type and/or size of the pump 70 used by the system 50. Actuating fluid
may be received in the fuel injector 100 through a fluid inlet 101.

[0017] The fuel injector 100 includes an electronically controlled control valve 108 that
is used to control the delivery of the high pressure actuating fluid in the fuel injector 100 to
an intensifier piston 106. A volume of actuating fluid, such as a control volume, may be
delivered to a location in the fuel injector 100 that is adjacent to an upper surface of the
intensifier piston 106. The control volume of actuating fluid may exert a force on the
intensifier piston 106 to displace the intensifier piston 106 and associated plunger 102 into an
arca of the fuel injector 100 that was previously occupied by fuel while increasing the

pressure of fuel in the fuel injector 100.

[0018] The supply of actuating fluid for the control volume may be controlled by the

control valve 108. The control valve 108 may be a spool valve 111 that includes at least one
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spool 109 and at least one coil 115. In the illustrated embodiments, a pair of coils 115a, 115b
may be used to control the position of the spool 109 within a chamber 114 in the fuel injector
100. The chamber 114 may be in fluid communication with the fluid inlet 101 and be
configured for reciprocal movement of the spool 109 within the chamber 114. Additionally,
the chamber 114 may be in communication with an inlet passageway 116 that is configured
for the delivery of actuating fluid to the area adjacent to the intensifier piston 106 so as to be
used as the control volume of actuating fluid. Additionally, according to certain
embodiments, the chamber 114 may also be fluid communication with an outlet passageway
118 that is used to evacuate actuating fluid that had been used as a control volume of
actuating fluid back into the chamber 114 and subsequently out of the fuel injector 100.
Additionally, depending on the injector 100 design, rather than being separate pathways, the
inlet and outlet pathways 116, 118 may be the same pathway. At least a portion of the
actuating fluid evacuated from the fuel injectors 100 may be subsequently collected in a

sump 80 and re-circulated in the system 50.

[0019] The position of the spool 109 within the chamber 114 may determine whether
actuating fluid may flow into the inlet passageway 116 and/or out of the outlet passageway
118. Moreover, when in the closed position, the spool 109 may cover or otherwise prevent
the flow of actuating fluid into the inlet passageway 116. Further, when in an open position,
the spool 109 may be positioned to allow actuating fluid to enter into the inlet passageway
116 so that a sufficient quantity and/or pressure of actuating fluid may provide a force to

displace the intensifier piston 106.

[0020] The position of the spool 109 may be controlled by the supply, or lack thereof, or
clectrical current to one or more of the coils 115a, 115b. The flow of clectrical current
through the metallic coils 115a, 115b may create a magnetic field that is used to attract
and/or repel the spool toward or from a coil 115a, 115b. For example, for purposes of
illustration, referencing Figure 1B, an electrical current through a first coil 115a, and not a
second coil 115b, may attract and/or displace the spool 109 toward the first coil 115a. The
spool 109 may then be displaced toward the second coil 115b when an electrical current
flows through the second coil 115b, and not the first coil 115a. Such displacement may be

used to control the position of the spool 109 within the chamber 109. Moreover, such
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displacement may be used to control whether the spool 109 is in an open or closed position
so as to control the flow of actuating fluid for purposes of displacing the intensifier piston

106 and amplifying injection fuel pressure.

[0021] According to certain embodiments, a control unit 90, such as an electronic control
unit or an injector drive module, may control the application of the electric current being
delivered across the coils 115a, 115b. The size and/or duration of the current applied to the
coils 115a, 115b that is used in displacing the spool 109 between open and closed positions
may depend on the operating conditions of the engine. Moreover, the characteristics of the
electrical current waveform applied to the coils 115a, 115b used to change the position of the
spool 109 may be driven by different, real-time characteristics of the engine’s operation,
including, for example, rail pressure, fuel pressure, operation modes, measurements during
engine operation, and/or associated data provided by an operational map. For example,
Figure 2 illustrates an annotated engine operation map that indicates the fuel mass
(mg/stroke) of the fuel needed, or will be, to injected by the fuel injector 100 into the
combustion chamber when the engine is operating at a particular torque (vertical axis) and
revolutions per minute (RPMs) (horizontal axis). For example, the operational map shown in
Figure 2 indicates that for 700 RPMs and 140 ft-1b, the fuel injector will be injecting 14 mg
of fuel into the combustion chamber per engine stroke (mg/stk). The operational map may

however contain a variety of other, different types of operational data.

[0022] The data provided on the operational map of Figure 2, or through the use of other
engine operational data, may be used to implement, in real time, electronic driver and control
strategies that provide different electronic waveforms for use with the coils 115a, 115b that
address prior issues with using larger sized spools 109. For example, as previously
discussed, as the size and/or shape of the spool 109 is increased to accommodate the higher
pressure of the actuating fluid, the response time of the spool 109 may decrease. However,
testing may indicate that the use of a particular type of waveform for the current applied to
the coils 115a, 115 during particular engine operating conditions may lead to improve spool
109 movement and/or response times that achieve different engine emission and/or fuel
injection goals. For example, movement of the spool 109 using a particular electronic

waveform across a coil 115a, 115b during particular engine operating conditions may assist
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in obtain hydrocarbon and soot generation limitations that are not achieved using that same

waveform during other, different, engine operating conditions.

[0023] The type of waveform current applied to one or more of the coils 115a, 115b
employed during particular engine operating conditions may be determined through the use
of testing.  Variations of the engine waveform may include abrupt switching between
waveforms. Alternatively switching between waveforms may be implemented smoothly,
such as by interpolation between two different waveforms using different waveform
parameters such as, for example, peak time and current, hold time and current, and reverse

time and current, among others.

[0024] The operational map shown in Figure 2 illustrates an example of using five
different types of current waveforms that may be applied to the coils 115a, 115b during
different engine operating conditions. For example, the operational map indicates that a first
waveform may be employed when the engine torque is between 0 and 200 ft-Ib and the
engine RPMs extend from approximately 900 to approximately 1100 RPMs. According to
this illustrated embodiment, when the engine operating conditions are within the prescribed
region of the first waveform, the control unit 90 may provide instructions or otherwise
control the application of electrical current to the coils 115a, 115b such that shape of the

current waveform resembles an anti-rebound waveform.

[0025] An example of an anti-rebound waveform 300 is provided in Figure 3. The lateral
axis illustrates time, while the horizontal axis depicts electrical current. Further, the left
portion of Figure 3 illustrates the application of current to the coils 115a, 115b of the spool
109 from a closed position (where the spool 109 is in relative close proximity to the second
coil 115b) to an open position (where the spool 109 is in relative close proximity to the first
coil 115a), while the right portion of Figure 3 illustrates the spool returning from the open
position to the closed position. As shown, when in the closed position, the control unit 90
may control the application of a first counter current 302 to the second coil 115b while the
control unit 90 also controls the application of a first displacement current 304 to the first coil
115a. According to certain embodiments, the first counter current 302 may be used to hold
the position of the spool 109 until the first displacement current 304 is predicated to have

been provided with a sufficient current to magnetically saturate the first coil 115a.
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Application of the first counter current 302 may then be terminated, around which time the
spool 109 may be displaced toward the open position. Further, the size of the first
displacement current 304 may be reduced as the spool 109 approaches the open position.
Further, before the spool 109 reaches the open position, in an attempt to prevent the spool
109 from hitting a sidewall of the chamber 114, a brake current 306 may be applied to the
second coil 115b which is used to slow the movement of the spool 109, and thereby reduce or
prevent the impact of the spool 109 with the sidewall of the chamber 114 that may otherwise
cause the spool 109 to rebound in a direction generally back towards the closed position.
Once the brake current 306 is terminated by the control unit 90, the control unit 90 may
instruct that the first coil 115a receive a maintain current 308, which may be used to maintain
the spool 109 in the open position. As show, after obtaining a peak in current, the maintain

current 308 may be decreased over time.

[0026] When the spool 109 subjected to the anti-rebound waveform 300 is to be returned
to a closed position, the control unit 90 may control the application of a second counter
current 310 to the first coil 115a, while the control unit 90 also controls the application of a
second displacement current 312 to the second coil 115b. The second counter current 310
may be used to hold the position of the spool 109 in the open position until the second
displacement current 312 is predicated to have been provided with a sufficient current to
magnetically saturate the second coil 115b. Application of the second counter current 310
may then be terminated, around which time the spool 109 may be displaced toward the
closed position. Further, the size of the second displacement current 312 may be reduced
from the peak current 314 that was used to at least initially displace the spool 109 to a hold
current 316 that is sufficient to continue the movement of the spool 109 at the desired speed

to the closed position.

[0027] The second waveform identified in the exemplary operational map in Figure 2 is
the baseline waveform. As indicated, the baseline waveform may be applied as a standard or
default waveform.  Morecover, the baseline waveform may be employed when engine
operating conditions necessary for the application of other current waveforms are not

satisfied.
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[0028] Figure 4 provides an example of a baseline waveform 400. As shown, according
to certain embodiments, the control unit 90 may control the application of a 25 amp first peak
current 402 that may be applied to the first coil 115a for 220 usec to at least initiate the
displacement of the spool 109 from the closed to the open position. After the spool 109
begins being displaced, the control unit 90 may control the application of a first hold current
404 of 12 amps to the first coil 115a so as to continue the movement of the spool 109
towards the open position. The first peak and hold currents 402, 404 may be applied for a
total open current time of 1 millisecond. When the spool 109 is to be returned to the closed
position, a 25 amp second peak current 406 may be applied to the second coil 115b for 220
usec to at least initiate the displacement of the spool 109 from the open position to the closed
position. After the spool 109 begins being displaced toward the closed position, a second
hold current 408 of 12 amps may be applied to the second coil 115b so as to continue the
movement of the spool 109 towards the closed position. The second peak and hold currents
406, 408 may be applied for a total close current time of 1.5 milliseconds. Differences in the
close and open current times may be attributed, among other things, (1) extending the close
current time to ensure that the spool 109 reaches and is in the closed position when the spool
109 is displaced from the open position, and/or (2) terminating the open current in sufficient
time when the spool 109 is being moved to an open position so as to prevent, or minimize the

impact of, the spool 109 hitting a sidewall of the chamber 114.

[0029] A third waveform that may be implemented by the control unit 90 based on
engine operating conditions is a power waveform. The power waveform may be employed
by the control unit 90 when it is predicted that lower combustion temperatures are being
obtained, which may result in an undesirable increase in soot generation. The power
waveform may also be employed when shorter periods of fuel injection into the combustion

chamber is/are being experienced due to relatively high fuel injection pressures.

[0030] Figure 5 illustrates an example power waveform 500 that may be employed by the
control unit 90. The illustrated power waveform 500 is similar to the baseline waveform 400
with the exception that the power waveform 500 has larger first and second peak currents
502, 506 (approximately 40 amps) than the first and second peak currents 402, 406

(approximately 25 amps) of the baseline waveform. Such larger first and second peak
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currents 502, 506 initially provide more energy to the associated coils 115a, 115b so that the
coils 115a, 115b become magnetically saturated faster, and which may increase the speed at
which the spool 109 is at least initially launched toward the open or closed positions,
respectively. As shown, according to certain embodiments, the first and second hold currents
504, 508 used to continue the displacement toward the open and closed positions,
respectively, may be the same as the first and second hold currents 404, 408 of the baseline
waveform, such as, in the illustrated embodiments, 12 amps. And similar to baseline
waveform, in the illustrated embodiment, the time current is applied to displace the spool 109
to the open position (1 millisecond) and the time current is applied to displace the spool 109
to the closed position (1.5 millisecond) may be the same as that used by the baseline

waveform.

[0031] The fourth waveform identified in the exemplary operational map in Figure 2 and
shown in Figure 6 is the maintain waveform. In the illustrated embodiment, application of
the third current waveform to the coils 115a, 115b by the control unit 90 may occur when
engine operating conditions allows for the fuel mass (mg/stk) to fall in operating parameters
associated with the circled region shown in Figure 2. Moreover, according to certain
embodiments, the maintain waveform may be employed when the engine is predicted to be

operating at conditions that allow for lower NOy conditions.

[0032] Referencing Figure 6, the maintain waveform 600 is similar to the power
waveform 500 with the exception that the first hold current 604 is higher than the first hold
current 504 of the power waveform 500 so that the spool 109 has a higher velocity when
moving to the open position when the first hold current 604 is applied to the first coil 115a.
This increased velocity may increase the potential for and/or the distance that the spool
rebounds off of a sidewall of the chamber 114 as the spool reaches the open position.
However, the higher current of the first hold current 604 may assist in pulling back, and

maintaining, the rebounded spool 109 in the open position.

[0033] The fifth waveform identified by the operational map in Figure 2 is the sharp-
edge waveform 700. The sharp-edge waveform 700 may be used where engine conditions
are predicted to currently involve low air-to-fuel ratios that may cause an increase in soot

formation from the combustion process. Thus, the control unit 90 may employ a sharp-edge
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waveform 700 to the coils 115a, 115b that controls the movement of the spool 109 in a
manner that may assist in minimizing the formation of such undesirable soot. Figures 7A
and 7B illustrate two examples of sharp-edge waveforms. As shown, the sharp-edge
waveform 700 may have waveforms that are similar to the power waveform 500 illustrated in
Figure 5. However, the sharp-edge waveform 700 may also apply current to one coil, such as
the second coil 115b, that is used to hold the position of the spool 109 while the magnetic
field of the other coil, such as the first coil 115a, is being saturated. Such holding of the
position of the spool 109 until the magnetic field of a coil 115a becomes magnetically
saturated may allow for the spool 109, when the opposing current to the other coil 115b is
terminated, to at least initially move faster from the rest position then the spool 109 may have

otherwise moved.

[0034] For example, referencing Figure 7A, when the spool 109 is to be moved from the
closed position to the open position, a first counter current 702 may be applied to the second
coil 115b while the magnetic field of the first coil 115a becomes saturated. When the spool
109 is to be displaced, the application of the first counter current 702 to the second coil 115b
may be terminated. With the magnetic field of the first coil being saturated, the spool 109
may therefore at least initially have a greater velocity than a spool 109 being displaced by the
baseline waveform. Similarly, when the spool is to be return from the open position to the
closed position, a second counter current 704 may be applied to the first coil 115a while the
magnetic field of the second coil 115b becomes saturated. When the spool 109 is to be
displaced, the application of the second counter current 704 to the first coil 115a may be
terminated, thereby allowing the spool to be displaced toward the closed position. In Figure
7A, the first and second counter currents 702, 704 may have a polarity that is opposite of that
first and second peak and hold currents 502, 504, 506, 508. However, as illustrated in Figure
7B, according to other embodiments, the first and second counter currents 702", 704" of the
sharp-edge waveform 700" may have a polarity that is the same as that first and second peak

and hold currents 502, 504, 506, 508.

[0035] While the foregoing embodiments have illustrated particular, different waveforms
for the displacement of the spool 109 between open and closed positions, and vice versa, a

variety of other waveforms may be employed in addition to, or in lieu of those previously
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identified. Further, the number of different waveforms that may be employed by the control

unit 90 may also vary.
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CLAIMS

1. A method for controlling the movement of a spool of a spool valve comprising:
determining a first engine operating condition;

selecting, by a control unit, based on the first engine operating condition, a first open

current waveform,

applying the first open current waveform to at least a first coil to displace the spool from

a closed position to an open position;

applying a first closed current waveform to at least a second coil to displace the spool

from the open position to the closed position;
determining a second engine operating condition;

selecting, by a control unit, based on the second engine operating condition, a second
open current waveform, the second open current waveform having a waveform shape

different than a waveform shape of the first open current waveform; and

applying the second open current waveform to at least the first coil to displace the spool

from the closed position to the open position.

2. The method of claim 1, wherein the first open waveform and the second open
waveform are selected by the control unit from a group of waveforms comprising more than

two different waveform shapes.

3. The method of claim 1, further including the step of assigning a current waveform to a
plurality of engine operating conditions, the current waveform for each of the plurality of

engine operating conditions having a different current waveform shape.

4. The method of claim 1, wherein the step of applying the first open current waveform

includes applying a peak current to the first coil and a first counter current to the second coil.
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5. The method of claim 4, wherein the step of applying the first closed current includes

applying a peak current to the second coil and a counter current to the first coil.

6. The method of claim 1, wherein the waveform shape of the first open current

waveform is similar to a waveform of the first closed current waveform.

7. The method of claim 1, wherein the waveform shape of the second open current

waveform is similar to a waveform of the second closed current waveform.

8. A method for controlling the displacement of a spool of a spool valve in a fuel

injector having a first coil and a second coil, the method comprising:

selecting, by the control unit, from a plurality of different current waveform shapes, a

first current waveform for a first engine operating condition;

applying the first current waveform to the first coil to displace the spool from a first

position to a second position;
returning the displaced spool from the second position to the first position;

selecting, by the control unit, from the plurality of different current waveform shapes a
second current waveform for a second engine operating condition, the second current
waveform having a waveform shape that is different than a waveform shape of the first

current waveform; and

applying the second current waveform to the first coil to displace the spool from a first

position to a second position.

9. The method of claim 8, further including the step of assigning a current waveform to
a plurality of engine operating conditions, the current waveform for each of the plurality of

engine operating conditions having a different current waveform shape.

10.  The method of claim 9, wherein the step of applying the first current waveform

includes applying a peak current to the first coil and a first counter current to the second coil.
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11. The method of claim 9, wherein the step of returning the displaced spool to the first
position includes applying a current to the second coil, the current applied to the second coil

having a waveform shape similar to the waveform shape of the first current waveform.

12. A method for controlling the displacement of a spool of a spool valve in a fuel

injector, the method comprising;:

assigning a current waveform to each of a plurality of groups of engine operating
conditions, at least a plurality of the assigned current waveforms each having a waveform

shape that is different than the waveform shape of other assigned current waveforms;

detecting a first engine operating condition, the first engine operating condition being

part of a first group of the plurality of groups of engine operating conditions; and

applying to at least one coil the current waveform assigned to the first group of

engine operating conditions; and

displacing, by a magnetic field generated by applying the current waveform to the at

least one coil, the spool of the spool valve.
13. The method of claim 12 further including the steps of:

detecting a second engine operating condition, the second engine operating condition

being part of a second group of the plurality of groups of engine operating conditions; and

applying to at least one coil the current waveform assigned to the second group of
engine operating conditions, the current waveform of the second group of engine operating
conditions having a waveform shape that is different than a waveform shape of the current

waveform assigned to the first group of engine operating conditions.

14.  The method of claim 13, wherein the step of applying the current waveform includes

applying a peak current to a first coil and a counter current to a second coil.

15.  The method of claim 14 further including the step of terminating the counter current

before displacing the spool.
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AMENDED CLAIMS
received by the International Bureau on 23 October 2013 (23.10.2013)

CLAIMS

1. A method for controlling the movement of a spool of a spool valve comprising:
determining a first engine operating condition;

selecting, by a control unit, based on the first engine operating condition, a first open current

waveform;

applying the first open current waveform to at least a first coil to displace the spool from a

closed position to an open position;

applying a first closed current waveform to at least a second coil to displace the spool from

the open position to the closed position;
determining a second engine operating condition;

selecting, by a control unit, based on the second engine operating condition, a second open
current waveform, the second open current waveform having a waveform shape different

than a waveform shape of the first open current waveform; and

applying the second open current waveform to at least the first coil to displace the spool from

the closed position to the open position.

2. The method of claim 1, wherein the first open waveform and the second open waveform
are selected by the control unit from a group of waveforms comprising more than two different

waveform shapes.

3. The method of claim 1, further including the step of assigning a current waveform to a
plurality of engine operating conditions, the current waveform for each of the plurality of engine

operating conditions having a different current waveform shape.

AMENDED SHEET (ARTICLE 19)
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4. The method of claim 1, wherein the step of applying the first open current waveform

includes applying a peak current to the first coil and a first counter current to the second coil.

5. The method of claim 4, wherein the step of applying the first closed current includes

applying a peak current to the second coil and a counter current to the first coil.

6. The method of claim 1, wherein the waveform shape of the first open current waveform

1s similar to a waveform of the first closed current waveform.

7. The method of claim 1, wherein the waveform shape of the second open current

waveform is similar to a waveform of the second closed current waveform.

8. A method for controlling the displacement of a spool of a spool valve in a fuel injector

having a first coil and a second coil, the method comprising:

selecting, by the control unit, from a plurality of different current waveform shapes, a first

current waveform for a first engine operating condition;

applying the first current waveform to the first coil to displace the spool from a first position

to a second position;

returning the displaced spool from the second position to the first position;

selecting, by the control unit, from the plurality of different current waveform shapes a
second current waveform for a second engine operating condition, the second current waveform
having a waveform shape that is different than a waveform shape of the first current waveform;

and

applying the second current waveform to the first coil to displace the spool from a first

position to a second position.

9. The method of claim 8, further including the step of assigning a current waveform to a
plurality of engine operating conditions, the current waveform for each of the plurality of engine

operating conditions having a different current waveform shape.

AMENDED SHEET (ARTICLE 19)
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10. The method of claim 9, wherein the step of applying the first current waveform includes

applying a peak current to the first coil and a first counter current to the second coil.

11. The method of claim 9, wherein the step of returning the displaced spool to the first
position includes applying a current to the second coil, the current applied to the second coil

having a waveform shape similar to the waveform shape of the first current waveform.

AMENDED SHEET (ARTICLE 19)



WO 2014/189527 PCT/US2013/042749

1/9

RS

70—

A A 4 A
so_f— A 4 A 4 A 4 A 4

\ 4

SOJ’-

FIG. 1A



WO 2014/189527 PCT/US2013/042749

219

101

100
114/‘

| —115a

115 ———
/ — 108
109 ]

1 116
118 ~J 106
104

102
N
\
110

FIG.1B

112



PCT/US2013/042749
3/9

WO 2014/189527

WYOJ3IAVM ¥IMOd<==

34NSS3Yd 13n4 HOIH OL WYO43AVM 3903 dHVHS <== .
3INA SNOILYYNA NOILOIrNI LYOHS (3NsSI LOOS) 3¥NSSIYd 13N N w_ u_
(3NSSI L00S) STUNLYHIdWIL LSNVHXI ¥IMO MO1 01 3nad A3LIWIN ¥4V
SVYINILINO WHO4IAVM (€ SVINILINO WHO4IAVM (S
zoz | ooz | 961 | e8L | g8 099}
6l | 98 | w8 | o8r | su | oz | s9l 0z5}
€8l 8/l cll 9/l 0Ll 991 091 1G1 124" 124’ 00vl
v | zzr | ver | eor | ossh | osk | ost | b | svL | 00g}
9oL | oor | es | zs1 | 6wl mﬁ\_ ovk | 81 N\¥E = ot | oer | zer | ezl 00z}
121’ 8yl yadh 545 mﬂ\\wmr 8zl el g 0cl 02l 02l 44" 0oLl
wi | 2 | v | 62l 20 | ew | 2w | oew | u N\ sor | sor | sor | sol 000}
gzl | gz | oz wh | 8ok | sor | eor | zor |\es 86 86 66 006
6oL | cob | ooz \\ 96 26 68 88 g8 ¥8 Wv/ 28 28 £8 06,
18 L LA"TT ¢l 0L 89 99 59 / ¥9 £9 £9 009
69 19 Q 96 €5 28 J,/ 8y I W | st W w | e 0S¥
124 VW \ w | or | ee 8¢ Ge / Ge ¥e ge 1 1g 1 1 00€
9¢ 9¢ ¥e ge 0¢ 1z 6z \ 6z ¥z ¥z ¥4 ¥4 0z 02 002
9z 6z £z £z 42 \m 0z 8l L w\ Gl ¥l ¥l orl
A/
0 0 0 07T 0 0 0 0 0 0 g G ¥ 0

\ SSYWN
05¢¢ | 00L¢ | oO06L | 008 \ar 0091 | 00SL | OOvL | OOEL | 00OCL | OOLL ¥ 0OOL | 006 008 004 007 | 1an4

WYO43AVM NIVLNIVIN <== WNOJIAVM INITISVE <== WHOJ3IAVM ANNOY3Y LLNV <==
SVINALINO WHOIIAYM (v SVINILIYNO WHO43AVM (1




WO 2014/189527 PCT/US2013/042749

304

CURRENT

4/9

312 300
314 k/S—

.............................................................................................

316

..........................................................................

..........................................................................

}> T) 310
302 306

FIG. 3



PCT/US2013/042749

WO 2014/189527

5/9

¥ Old

‘00 SWS'L ‘00 SWi ‘a10H vel .v_<m_n_.m30NN .<m.N

...........................................

.................................................

oov

pov




WO 2014/189527 PCT/US2013/042749

6/9

500

............................................................................................................

110V@40A, 220US PEAK, 12A HOLD, 1MS OC, 1.5MS CC

FIG. 5



WO 2014/189527 PCT/US2013/042749

719

600

............................................................................................................

110V@40A, 220US PEAK, 20A HOLD, 1MS OC, 1.5MS CC

FIG. 6



WO 2014/189527 PCT/US2013/042749

8/9

702

1.5MS CC WITH REVERSE KICK PHASED WITH OC AT -8A

FIG. 7A



WO 2014/189527 PCT/US2013/042749

9/9

700'

.............................................................................................................

...............

110V@40A, 220US PEAK, 12A HOLD, 1MS OC,
1.5MS CC WITH REVERSE KICK PHASED WITH OC AT -8A

FIG. 7B



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2013/042749

A, CLASSIFICATION OF SUBJECT MATTER
IPC(8) - FO2D 41/40.(2013.01)
USPC - 123/472

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8) - FO2D 41/20, 41/38, 41/40; FO2M 51/00, 57/00 (2013.01)
USPC - 123/446, 472; 251/129.09; 361/160

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
CPC - FO2D 41/20, 41/38, 41/3836, 41/40, 2041/202, 2041/2079; FO2M 57/025, 63/0015; HO1F 2007/1669 (2013.01)

PatBase, Google

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Relevant to claim No.

/

US 6,981,489 B2 (PETRONE et al) 03 January 2006 (03.01.20086) entire document

Category* Citation of document, with indication, where appropriate, of the relevant passages

Y GB 2,181,310 A (RASZEWSKI) 15 April 1987 (15.04.1987) entire document 12-15
Y US 6,082,331 A (BARNES et al) 04 July 2000 (04.07.2000) entire document 12-15
Y US 7,984,706 B2 (STEWART JR et al) 26 July 2011 (26.07.2011) entire document 14-15
A 1-15

EI Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

later document published after the international filing date or priority
date and not in conflict with the apﬁhqanon but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

wp

D'

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination

being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

07 October 2013

Date of mailing of the international search report

160CT 2013

Name and mailing address of the ISA/US

Mai! Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - amend-body
	Page 19 - amend-body
	Page 20 - amend-body
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - wo-search-report

