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(57)  Theinvention describes a method and appara-
tus for a fuel injection system with a piezoelectric ele-
ment (10, 20, 30, 40, 50 or 60) for controlling the amount
of injected fuel by applying a voltage to the piezoelectric

FIG. 8

Method and apparatus for determining a frequency compensated capacitance of

element (10, 20, 30, 40, 50 or 60), characterized in that
the fuel injection system comprises a control unit (D) for
adjusting the applied voltage based upon a nonlinear
relationship between the applied voltage and the charg-
ing time.
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Description

[0001] The presentinvention concerns a fuel injection
system as defined in the preambles of claims 1 and 3,
and a method for operating a fuel injection system as
defined in the preambles of claim 6 and 8.

[0002] Fuel injection systems may use piezoelectric
actuators or elements, in which the piezoelectric actua-
tors or elements exhibit a proportional relationship be-
tween an applied voltage and a linear expansion. Thus,
it is believed that using piezoelectric elements as actu-
ators may be advantageous, for example, in fuel injec-
tion nozzles for internal combustion engines. The Euro-
pean Patent Specifications EP 0 371 469 B1 and EP 0
379 182 B1 concern the use of piezoelectric elements
in fuel injection nozzles.

[0003] When piezoelectric elements are used as ac-
tuators in fuel injection nozzles (which may be "common
rail" injectors) of an internal combustion engine, fuel in-
jection may be controlled by applying voltages to the pi-
ezoelectric actuators or elements, which expand or con-
tract as a function of the applied voltage. As a result, an
injector needle that may be connected to the piezoelec-
tric actuators or elements by a transfer arrangement or
system is moved up and down so as to open and close
an injection nozzle. The application of the voltage may
be controlled by a feedback system, which may involve
comparing an obtained voltage to a target voltage and
ending a corresponding charging procedure when the
obtained voltage equals the target voltage.

[0004] Control systems for controlling the piezoelec-
tric actuator may include a control arrangement or unit
(which may include a central processing unit (CPU)), at
least one controlled piezoelectric element and a utiliza-
tion arrangement, which transforms the control signals
as necessary and applies them to the controlled piezo-
electric element. For this purpose, the control arrange-
ment and the utilization arrangement may be connected
to each other by a communication arrangement, such
as a bus system. Moreover, external data may need to
be communicated to the control arrangement and/or the
utilization arrangement in a corresponding way.

[0005] In the example of a fuel injection nozzle, the
expansion and contraction of piezoelectric elements
may be used to control valves that manipulate the linear
strokes of injection needles. The use of piezoelectric el-
ements, for example, with double-acting, double-seat
valves to control corresponding injection needles in a
fuel injection system is shown in German Patent Appli-
cations DE 197 42 073 A1 and DE 197 29 844 A1, which
are incorporated herein in their entirety.

[0006] In a fuel injection system, one goal may be to
achieve a desired fuel injection volume with sufficient
accuracy, especially for small injection volumes, such
as, for example, during pilot injection. Using, for exam-
ple, a double-acting, double-seat control valve, the pie-
zoelectric element may be expanded or contracted by
applying an activation voltage so that a corresponding
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controlled valve plug is positioned midway between the
two seats of the double-seat valve to position the corre-
sponding injection needle for maximum fuel flow during
a set time period. It is, however, difficult to determine
and apply a sufficiently precise activation voltage so
that, for example, a corresponding valve plug is accu-
rately or precisely positioned for maximum fuel flow.
[0007] Thus, for example, because the "travel" of a
piezoelectric element depends on its temperature, the
maximum travel may be reduced considerably at very
low temperatures (such as, for example, temperatures
less than 0°C). Conversely, at high temperatures, the
maximum travel may increase. Therefore, in designing
a fuel injection system, the temperature dependence
should be considered so that any associated deviation
may be minimized or at least reduced. If, however, the
piezoelectric element temperature is not directly meas-
ured, the temperature must be derived indirectly. Since
the piezoelectric element capacitance also exhibits tem-
perature response, the capacitance may be used to es-
timate the piezoelectric element temperature and there-
fore the desired maximum travel of the piezoelectric ac-
tuator or element.

[0008] As discussed, piezoelectric actuators or ele-
ments may be driven using voltage control. One object
of driving piezoelectric actuators or elements is to
charge or discharge the actuator within a specified time.
In this regard, voltage gradients arise when charging
and discharging the piezoelectric actuators or elements,
and depend on or are a function of the average charging
or discharging currents. Depending on the application,
the current gradient may be, for example, on the order
of about 10A/usec. Since the switches that may be used
for the current regulation and driver logic may, for ex-
ample, have switching times of about 1 usec, for exam-
ple, the desired current may be exceeded, for example,
by up to about 10 Amps. Therefore, the actual voltage
gradient may systematically differ from the desired volt-
age gradient during the charging and discharging oper-
ations so that there is a deviation in the start and the
duration of the drive for the fuel injectors.

[0009] It is therefore believed that there is a need to
correct, eliminate or at least reduce these systematic er-
rors to increase the drive accuracy of the fuel injection
components.

[0010] Itisalsobelieved thatthereis a need to provide
a relatively cost effective or inexpensive and simple
method and system to compensate for the systematic
errors to increase the accuracy of the fuel injection sys-
tem, especially during the startup and/or pilot injections.
[0011] Itisalsobelievedthatthereis aneedto provide
a method and system to correct any errors caused by
the current cycling hardware during the discharging and
charging of the piezoelectric actuators or elements to
increase the drive accuracy of the fuel injection compo-
nents.

[0012] Itis alsobelievedthatthereis aneedto provide
a method and system to "freeze" or hold the last output
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of a drive controller, whether a voltage controller or a
voltage gradient controller, during certain conditions so
that the drive controller does not "run up" against a sys-
tem "stop" and provide incorrect values when the drive
controller is enabled again.

[0013] Additionally, as discussed above, temperature
may affect piezoelectric elements. Piezoelectric ele-
ments are, however, capacitive elements that, as dis-
cussed above, contract and expand according to a par-
ticular charge state or an applied voltage. The capaci-
tance depends, however, on frequency. In this regard,
the frequency corresponds to a charge rate (that is, a
charge amount per a unit of time) that is delivered to the
piezoelectric element. Therefore, in the context of the
present application, a time between the beginning and
the end of a charging procedure corresponds to the fre-
quency. The capacitance of the piezoelectric should be
adjusted to compensate, eliminate or at least reduce its
frequency dependence to determine relatively accurate
or precise piezoelectric travel based on its capacitance.
Otherwise, the determined piezoelectric actuator tem-
perature, and associated maximum travel may be incor-
rect, which may result in a less precise amount of fuel
being injected.

[0014] It is therefore believed that there is a need to
provide a method and system that compensates for de-
viations that are caused by any frequency dependence
of the capacitance of the piezoelectric elements so that
the maximum actuator travel may be estimated with suf-
ficient accuracy so that the drive voltage may be accu-
rately or precisely adjusted.

[0015] To facilitate the above, it is believed that there
is a need for an apparatus and method for measuring
the charge quantity of piezoelectric elements in a timely
and accurate way using a measurement and calibration
features, which may facilitate diagnosing the piezoelec-
tric actuator or element, and compensating for the tem-
perature and aging characteristics and regulating the
reference voltage.

[0016] It is also believed that there is a need for an
apparatus and method for a timed measurement of the
charge quantity across a piezoelectric element, in which
the charge quantity across the piezoelectric element is
determined or sensed and is provided at a predefined
time in synchronization with an injection operation of the
piezoelectric element.

[0017] An object of an exemplary embodiment of the
present invention is directed to providing a fuel injection
system with a piezoelectric element for controlling the
amount of injected fuel by charging and/or discharging
the piezoelectric element, characterized in that the fuel
injection system comprises a current flow controller for
charging and/or discharging the piezoelectric element
based upon the gradient of a voltage across the piezo-
electric element due to a charge the piezoelectric ele-
ment is carrying.

[0018] Another object of an exemplary embodiment
of the present invention is directed to providing the
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above fuel injection system, characterized in that the
current flow controller has a desired charging current for
charging and/or discharging the piezoelectric element
as an output.

[0019] Still another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, characterized in that the
current flow controller comprises an integrator.

[0020] Yet another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, characterized in that the
current flow controller comprises a proportional-inte-
grating ("PI") controller.

[0021] Still another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, characterized in that the
current flow controller comprises at least one charge
subcontroller for charging the piezoelectric element
based upon the gradient of the voltage across the pie-
zoelectric element and at least one discharge subcon-
troller for discharging the piezoelectric element based
upon the gradient of the voltage across the piezoelectric
element.

[0022] Yet another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, further comprising a double
acting valve being driven by the piezoelectric element,
the double acting valve having a first closed position, a
second closed position, and an open position, charac-
terized in that the current flow controller comprises a first
charge subcontroller for charging the piezoelectric ele-
ment based upon the gradient of the voltage across the
piezoelectric element for moving the double acting valve
from the first closed position to the open position and a
second charge subcontroller for charging the piezoelec-
tric element based upon the gradient of the voltage
across the piezoelectric element for moving the double
acting valve from the open position to the second closed
position.

[0023] Still another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, characterized in that the
current flow controller further comprises a first discharge
subcontroller for discharging the piezoelectric element
based upon the gradient of the voltage across the pie-
zoelectric element for moving the double acting valve
from the second closed position to the open position and
a second discharge subcontroller for discharging the pi-
ezoelectric element based upon the gradient of the volt-
age across the piezoelectric element for moving the
double acting valve from the open position to the first
closed position.

[0024] Yet another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, characterized in that the
current flow controller comprises a hold element capa-
ble of keeping the output of the current flow controller
at a constant value.
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[0025] Still another object of an exemplary embodi-
ment of the presentinvention is directed to providing the
above fuel injection system, characterized in that the
charge subcontroller and/or the discharge subcontroller
comprises a hold element capable of keeping its output
at a constant value.

[0026] Yet another object of an exemplary embodi-
ment of the presentinvention is directed to providing the
above fuel injection system, with a piezoelectric element
for controlling the amount of injected fuel by charging
and/or discharging the piezoelectric element to a volt-
age, characterized in that the fuel injection system com-
prises a voltage controller for controlling the voltage
based upon a desired and a measured value of the volt-
age.

[0027] Still another object of an exemplary embodi-
ment of the presentinvention is directed to providing the
above fuel injection system, characterized in that the
voltage controller controls the voltage based upon a de-
sired value of the voltage and a measured value of the
voltage associated with a former injection.

[0028] Yet another object of an exemplary embodi-
ment of the presentinvention is directed to providing the
above fuel injection system, characterized in that the
voltage controller controls the voltage based upon a de-
sired value of the voltage and a measured value of the
voltage associated with a previous injection of fuel.
[0029] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing a method for operating a fuel injection system
with a piezoelectric element for controlling the amount
of injected fuel, in particular for operating a fuel injection
system according to one of the above fuel injection sys-
tems, wherein the amount of injected fuel is controlled
by charging and/or discharging the piezoelectric ele-
ment, characterized in that the piezoelectric element is
charged and/or discharged based upon the gradient of
a voltage across the piezoelectric element due to a
charge it is carrying.

[0030] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing a method for operating a fuel injection system
with a piezoelectric element for controlling the amount
of injected fuel, in particular for operating a fuel injection
system according to one of the above fuel injection sys-
tems, wherein the amount of injected fuel is controlled
by charging and/or discharging the piezoelectric ele-
ment to a voltage, characterized in that the voltage is
controlled based upon a desired and a measured value
of the voltage.

[0031] An object of an exemplary embodiment of the
present invention is directed to providing a fuel injection
system with a piezoelectric element for controlling the
amount of injected fuel by applying a voltage to the pi-
ezoelectric element, characterized in that the fuel injec-
tion system comprises a control unit for adjusting the
applied voltage based upon a nonlinear relationship be-
tween the applied voltage and the charging time.
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[0032] Another object of an exemplary embodiment
of the present invention is directed to providing the
above fuel injection system, characterized in that the
nonlinear relationship between the applied voltage and
the charging time is based upon a dependency of a ca-
pacitance of the piezoelectric element on the charging
time.

[0033] Still another object of an exemplary embodi-
ment of the present invention is directed to providing a
fuel injection system with a piezoelectric element for
controlling the amount of injected fuel by applying a volt-
age to the piezoelectric element, characterized in that
the fuel injection system comprises a control unit for ad-
justing the applied voltage based upon a dependency
of a capacitance of the piezoelectric element on the
charging time.

[0034] Yet another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, characterized in that the fu-
el injection system comprising a current measuring unit
for measuring a current for charging the piezoelectric
element.

[0035] Still another object of an exemplary embodi-
ment of the present invention is directed to providing the
above fuel injection system, characterized in that the
control unit further adjusts the applied voltage based up-
on a current for charging the piezoelectric element.
[0036] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing a method for operating a fuel injection system
with a piezoelectric element for controlling an amount of
injected fuel by applying a voltage to the piezoelectric
element, characterized in that the applied voltage is ad-
justed based upon a nonlinear relationship between the
applied voltage and the charging time.

[0037] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
nonlinear relationship between the applied voltage and
the charging time is based upon a dependency of a ca-
pacitance of the piezoelectric element on the charging
time.

[0038] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing a method for operating a fuel injection system
with a piezoelectric element for controlling an amount of
injected fuel by applying a voltage to the piezoelectric
element characterized in that the applied voltage is ad-
justed based upon a dependency of a capacitance of
the piezoelectric element on the charging time.

[0039] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that a cur-
rent for charging the piezoelectric element is measured.
[0040] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
applied voltage is further adjusted based upon a current
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for charging the piezoelectric element.

[0041] An object of an exemplary embodiment of a
method of the present invention is directed to providing
a method for operating a fuel injection system having a
piezoelectric element for controlling the amount of fuel
injected into a combustion engine, characterized in that
the piezoelectric element is controlled based upon the
charge it is carrying.

[0042] Another object of an exemplary embodiment
of a method of the present invention is directed to pro-
viding the above method, characterized in that a meas-
ured value of a current flowing into the piezoelectric el-
ement is obtained and used for determining the charge
the piezoelectric element is carrying.

[0043] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that a
measured value of a current flowing into the piezoelec-
tric element via a current sensor is obtained.

[0044] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
current sensor comprises a bridge circuit.

[0045] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
current sensor is calibrated.

[0046] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
measured value of the current flowing into the piezoe-
lectric element via an integrator is integrated.

[0047] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
integrator is calibrated.

[0048] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
integrator is calibrated using at least one of a first cali-
bration, a second calibration and a third calibration.
[0049] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
first calibration calibrates a reference voltage.

[0050] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
second calibration calibrates a bridge circuit arrange-
ment.

[0051] Still another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing the above method, characterized in that the
third calibration calibrates a time constant of the inte-
grator.

[0052] Yet another object of an exemplary embodi-
ment of a method of the present invention is directed to
providing a fuel injection system having a piezoelectric
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element for controlling the amount of fuel injected into
a combustion engine, characterized in that the piezoe-
lectric element is controlled based upon the charge it is
carrying.

[0053] Further advantages of the exemplary embodi-
ments of the present inventions are also evidenced by
the claims, including the dependent claims, and the
present description, including the referenced figures.
[0054] The presentinvention(s) are described and ex-
plained in detail with reference to the exemplary embod-
iments and to the referenced figures.

Fig. 1 shows an exemplary embodiment of a fuel
injector which may be used with the exem-
plary embodiments of the present inven-
tions.

Fig. 2 shows a graph of the relationship between
an activation voltage and an injected fuel
volume during a preselected time period.
Fig. 3 shows a double graph representing a sche-
matic profile of an exemplary control valve
stroke, in which valve lift and nozzle needle
lift are shown with respect to time.

Fig. 4 shows a block schematic diagram concern-
ing an exemplary embodiment of a fuel in-
jection control system, which may include
exemplary embodiments of the apparatus-
es, arrangements and/or methods of the
present inventions.

Fig. 5a shows the conditions occurring during a
first charging phase in the control system
of Fig. 4.

Fig. 5b shows the conditions occurring during a
second charging phase in the control sys-
tem of Fig. 4.

Fig. 5¢ shows the conditions occurring during a
first discharging phase in the control sys-
tem of Fig. 4.

Fig. 5d shows the conditions occurring during a
second discharging phase in the control
system of Fig. 4.

Fig. 6 shows a block diagram of an activation or
driver arrangement, which may be an inte-
grated circuit and which may be used in the
control system of Fig. 4.

Fig. 7a shows a block diagram of the relationship
among a circuit arrangement "A", a control
arrangement "D", an activation arrange-
ment "E" and an engine, and further shows
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various task blocks of the control arrange-
ment D of Fig. 4.

shows an exemplary embodiment of a volt-
age gradient controller that may be used in
the control arrangement D of Fig. 4 and Fig.
7a.

shows a block diagram of a capacitance
determining arrangement that may be used
in the control arrangement D of Fig. 4 and
Fig. 7a.

shows a relationship between a charging
time of a piezoelectric element and a ratio
of a capacitance for various charging times
of the piezoelectric element to its capaci-
tance for sufficiently large or "infinite"
charging times.

shows an exemplary embodiment of a volt-
age controller that may be used in the con-
trol arrangement D of Fig. 4 and Fig. 7a.

shows a relationship between currents,
voltages and voltage gradients in a charg-
ing and discharging cycle.

shows a voltage profile associated with the
operation of a two-position fuel injector,
which may include a single-acting, single-
seat control valve.

shows a voltage profile associated with the
operation of a three-position fuel injector,
which may include a double-acting, double-
seat control valve.

shows a graph depicting an injection cycle
for a piezoelectric actuator or element.

shows a graph representing injection con-
trol valve position corresponding to the in-
jection cycle of Fig.lOa.

shows a graph depicting strobe pulses cor-
responding to the injection cycle of Fig.
10a.

shows a graph depicting charge quantity
measurement timing pulses corresponding
to the injection cycle of Fig.10a.

shows a block diagram of an exemplary
embodiment of an arrangement for deter-
mining a charge quantity of a piezoelectric
actuator or element.
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[0055] In Fig. 1 is shown a schematic representation
of an exemplary embodiment of a fuel injector 2000 hav-
ing a piezoelectric actuator or element 2010. As shown,
the piezoelectric element 2010 may be electrically en-
ergized to expand and contract in response to an acti-
vation voltage. The piezoelectric element 2010 is cou-
pled to a piston 2015. In the expanded state, the piezo-
electric element 2010 causes the piston 2015 to pro-
trude into a hydraulic adapter 2020 which contains a hy-
draulic fluid, for example fuel. As a result of the piezoe-
lectric element's expansion, a double acting control
valve 2025 is hydraulically pushed away from hydraulic
adapter 2020 and the valve plug 2035 is extended away
from a first closed position 2040. The combination of
double acting control valve 2025 and hollow bore 2050
is often referred to as double acting, double seat valve
for the reason that when piezoelectric element 2010 is
in an unexcited state, the double acting control valve
2025 rests in its first closed position 2040. On the other
hand, when the piezoelectric element 2010 is fully ex-
tended, it rests in its second closed position 2030. The
later position of valve plug 2035 is schematically repre-
sented with ghost lines in Fig. 1.

[0056] The fuel injection system comprises an injec-
tion needle 2070 allowing for injection of fuel from a
pressurized fuel supply line 2060 into the cylinder (not
shown). When the piezoelectric element 2010 is unex-
cited or when it is fully extended, the double acting con-
trol valve 2025 rests respectively in its first closed posi-
tion 2040 or in its second closed position 2030. In either
case, the hydraulic rail pressure maintains injection nee-
dle 2070 at a closed position. Thus, the fuel mixture
does not enter into the cylinder (not shown). Conversely,
when the piezoelectric element 2010 is excited such that
double acting control valve 2025 is in the so-called mid-
position with respect to the hollow bore 2050, then there
is a pressure drop in the pressurized fuel supply line
2060. This pressure drop results in a pressure differen-
tial in the pressurized fuel supply line 2060 between the
top and the bottom of the injection needle 2070 so that
the injection needle 2070 is lifted allowing for fuel injec-
tion into the cylinder (not shown)..

[0057] InFig. 2 is shown a graph of a relationship be-
tween an activation voltage U, and an injected fuel vol-
ume mg during a preselected time period for a fuel in-
jection system, which may, for example, use piezoelec-
tric actuators or elements that control double-acting,
double-seat control valves. The y-axis represents a vol-
ume mg of fuel that is injected into a cylinder chamber
during the preselected period of time, which may be
fixed. The x-axis represents the activation voltage U,,
which is applied to or stored in the corresponding pie-
zoelectric actuator or element, which may be used to
displace a valve plug of a control valve, such as a dou-
ble-acting, double seat control valve.

[0058] When the activation voltage is zero, the valve
plug of the control valve is in a first closed position and
is therefore seated in a first one of the double-valve
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seats to prevent the flow of fuel during the preselected
period of time. Activation voltages U, that are greater
than zero and less than an optimal voltage U, cause
the displacement of the valve plug away from the first
seat or the first closed position and toward the second
seat or the second closed position. This results in a
greater volume of injected fuel for the time period, and
as the activation voltage U, approaches U, the vol-
ume approaches a maximum volume, which is indicated
as Mg max ON the y-axis. The point mg 4, corresponds
to a maximum volume of the injected fuel during the
preselected period of time and also, corresponds to the
optimal activation voltage, which is applied to or used to
charge the piezoelectric actuator or element. This re-
sults in an optimal displacement of the valve plug be-
tween the first and second valve seats.

[0059] As the activation voltage U, increases above
Uopt the volume of fuel injected during the preselected
fixed period of time decreases until it reaches zero. That
is, the valve plug moves away from its optimal point or
position and toward the second closed position or seat
of the double-acting, double-seat control valve until the
valve plug is seated against the second valve seat.
Thus, Fig. 2 shows that a maximum volume of injected
fuel occurs when the activation voltage causes the pie-
zoelectric actuator or element to displace the valve plug
to its optimal point or position.

[0060] The optimal activation voltage Uopt at any giv-
en time for a particular piezoelectric actuator or element,
however, may be influenced by its manufacturing char-
acteristics and by any of its aging effects. That is, the
displacement caused by the piezoelectric actuator or el-
ement for a certain activation voltage may vary based
on or as a function of the various operating characteris-
tics (such as the manufacturing and aging characteris-
tics) of the particular piezoelectric actuator or element.
Accordingly, to maximize the volume of injected fuel dur-
ing a particular period of time, the activation voltage ap-
plied to or occurring in the piezoelectric actuator or ele-
ment should be set to a value that reflects the current
operating characteristics of the particular piezoelectric
actuator or element and that reflects the optimal activa-
tion voltage.

[0061] In Fig. 3 is shown a double graph of a sche-
matic profile representing an exemplary control valve
stroke for the operation of the double-acting, the double-
seat control valve discussed above. In the upper graph,
the x-axis represents time and the y-axis represents a
displacement of the valve plug, which is "valve lift". In
the lower graph, the x-axis also represents time and the
y-axis represents "nozzle needle lift" for providing fuel
flow that results from the corresponding valve lift of the
upper graph. As shown, the x-axis of the upper graph
and x-axis of the lower graph are aligned to coincide in
time.

[0062] Duringfuelinjection cycle, the piezoelectric ac-
tuator or element is charged so that the piezoelectric ac-
tuator or element expands and therefore causes the cor-
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responding valve plug to move from the first seat to the
second seat for a pre-injection stroke, as shown in the
upper graph of Fig. 3. The lower graph of Fig. 3 shows
a small injection or pre-injection of fuel that occurs as
the valve plug moves between the two seats, which
opens and closes the control valve. The piezoelectric
element may be charged in two steps by charging it to
a certain voltage to cause the valve to open and then
charging it further to cause the valve to close again at
the second seat. Between these steps, there may be a
certain time delay.

[0063] After a preselected period of time, the piezoe-
lectric actuator or element is discharged to reduce the
charge within the piezoelectric actuator or element so
that it contracts and causes the valve plug to move away
from the second seat and toward a mid-point or position
between the two seats, at which it holds. As in Fig. 2,
the activation voltage within the piezoelectric actuator
or element reaches a value U, which corresponds to
an optimal point of the valve lift, and thereby maximizes
the fuel flow during a period of time for a main fuel in-
jection operation. The upper and lower graphs of Fig. 3
show the holding of the valve lift at a midway point (that
is, the medium lift point) to provide the main fuel injection
operation.

[0064] Atthe end of the main fuel injection operation,
the piezoelectric actuator or element is discharged to an
activation voltage of zero and it further contracts so that
the valve plug moves away from the optimal point or po-
sition and toward the first seat, which closes the control
valve and stops fuel flow, and which is shown in the up-
per and lower graphs of Fig. 3. At this time, the valve
plug is again in a position to repeat another pre-injection
and main injection cycle, as is described above. Of
course, any suitably appropriate injection cycle may be
used.

[0065] In Fig. 4 is shown a schematic diagram of an
exemplary embodiment of a fuel injection control system
100, which may include the exemplary embodiments of
the apparatuses, methods and systems of the present
inventions.

[0066] More particularly, and as it is shown, the fuel
injection control system 100 includes a circuit arrange-
ment "A" and an activation, control and measuring ar-
rangement "B", which includes the control arrangement
or unit "D", the activation arrangement "E" and a meas-
uring arrangement "F". The separation of the A and B
arrangements is indicated by a dashed line "c". The cir-
cuit arrangement A may be used to charge and dis-
charge six piezoelectric elements 10, 20, 30, 40, 50, 60.
The piezoelectric elements 10, 20, 30, 40, 50, 60 are
used as actuators in fuel injection nozzles (which may
be, for example, "common rail" injectors) of an internal
combustion engine. Piezoelectric actuators or elements
may be used because, as discussed above, they con-
tract or expand as a function of a voltage applied to or
occurring in them. As shown, the six piezoelectric actu-
ators or elements 10, 20, 30, 40, 50, 60 are used in the
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exemplary embodiment to independently control six cyl-
inders in a combustion engine. Any suitably appropriate
number of piezoelectric elements may be used, of
course, depending on the particular application.

[0067] As discussed, the activation, control and
measuring arrangement B includes the control arrange-
ment or unit "D" and the activation arrangement or unit
"E", which are used to control the various components
or elements in the circuit arrangement A, circuit), and
the measuring arrangement or system "F", which may
be used to measure various system operating charac-
teristics (such as, for example, fuel pressure and rota-
tional speed (rpm) of the internal combustion engine for
input to and use by the control arrangement D, as will
be further described below). The control arrangement
or unit D and the activation arrangement or unit E may
be programmed to control activation voltages for the pi-
ezoelectric actuators or elements as a function of the
operating characteristics of each of the particular piezo-
electric actuators or elements. Such "programming"
may be done, for example, in software using a micro-
controller or a microprocessor arrangement in the con-
trol arrangement D, and may also be done using any
suitably appropriate "processor" arrangement, such as,
for example, an ASIC in the activation arrangement E.
[0068] The following description first describes the
components or elements in the circuit arrangement A,
and then describes the methods or procedures for
charging and discharging the piezoelectric elements 10,
20, 30, 40, 50, 60. Finally, it describes how both proce-
dures are controlled by the control arrangement D and
the activation arrangement E.

[0069] As discussed, the circuit arrangement A may
include six piezoelectric elements 10, 20, 30, 40, 50, 60.
The piezoelectric elements 10, 20, 30, 40, 50, 60 may
be arranged or distributed into a first group "G1" and a
second group "G2", each of which may include three pi-
ezoelectric elements (that is, the piezoelectric elements
10, 20 and 30 may be arranged in the first group G1 and
the piezoelectric elements 40, 50, 60 may be arranged
in the second group G2). The groups G1 and G2 are
constituents of circuit sub-systems that are connected
in parallel with each other.

[0070] Group selector switches 310, 320 may be used
to select which of the groups G1 and G2, which include
respectively the piezoelectric elements 10, 20, 30 and
the piezoelectric elements 40, 50, 60, will be discharged
by a common charging and discharging arrangement or
apparatus in the circuit arrangement A. As shown, the
group selector switches 310, 320 may be arranged be-
tween a coil 240 and the coil-side terminals of their re-
spective groups G1 and G2, and may be implemented
as transistors in the exemplary embodiment of Fig. 4.
Side drivers 311, 321 may be used to transform control
signals, which are received from the activation arrange-
ment E, into suitably appropriate voltages for closing
and opening the group selector switches 310, 320.
[0071] Group selector diodes 315, 325 are provided
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in parallel with the group selector switches 310, 320, re-
spectively. If, for example, the group selector switches
310, 320 are implemented as MOSFETSs or IGBTSs, the
group selector diodes 315, 325 may be the parasitic di-
odes of the MOSFETS or IGBTs. The group selector di-
odes 315, 325 bypass the group selector switches 310,
320 during charging procedures. Thus, the group selec-
tor switches 310, 320 only select a group G1, G2, which
include respectively the piezoelectric elements 10, 20,
30 and the piezoelectric elements 40, 50, 60, for the dis-
charging procedure.

[0072] Within each group G1, G2 the piezoelectric el-
ements 10, 20, 30 and the piezoelectric elements 40,
50, 60 are arranged as constituents of piezoelectric
branches 110, 120, 130 (corresponding to group G1)
and 140, 150, 160 (corresponding to group G2) that are
connected in parallel. Each of the piezoelectric branch
includes a series circuit having a first parallel circuit,
which includes a corresponding one of the piezoelectric
elements 10, 20, 30, 40, 50, 60 and a corresponding
one of branch resistors 13, 23, 33, 43, 53, 63, and a
second parallel circuit having a selector switch, which
may be implemented as a corresponding one of branch
selector switches 11, 21, 31, 41, 51, 61 (which may be
transistors), and a corresponding one of branch selector
diodes 12, 22, 32, 42, 52, 62.

[0073] The branch resistors 13, 23, 33, 43, 53, 63
cause each corresponding piezoelectric element 10, 20,
30, 40, 50, 60 to continuously discharge during and after
a charging procedure, since the branch resistors con-
nect both terminals of their corresponding and capaci-
tive piezoelectric element 10, 20, 30, 40, 50, 60. The
branch resistors 13, 23, 33, 43, 53, 63 are sufficiently
large to make this procedure relatively slow as com-
pared to the controlled charging and discharging proce-
dures, which are further described below. It is therefore
reasonable to consider that the charge of any piezoe-
lectric element 10, 20, 30, 40, 50, 60 is relatively stable
or unchanging in a relevant time period occurring after
a charging procedure. The branch resistors 13, 23, 33,
43, 53, 63 are used to remove remaining charges on the
piezoelectric elements 10, 20, 30, 40, 50, 60 if, for ex-
ample, the system fails or other critical or exceptional
situations occur. The branch resistors 13, 23, 33, 43, 53,
63 are therefore not further discussed in the following
description.

[0074] The branch selector switch and the branch di-
ode pairs in the piezoelectric branches 110, 120, 130,
140, 150, 160 (that is, selector switch 11 and diode 12
in piezoelectric branch 110, selector switch 21 and diode
22 in piezoelectric branch 120, and so on) may be im-
plemented using electronic switches (such as, for ex-
ample, transistors) having parasitic diodes, which may
include, for example, MOSFETs or IGBTs (which, as re-
ferred to above, may also be used for the group selector
switch and the diode pairs 310, 315 and 320, 325).
[0075] The branch selector switches 11, 21, 31, 41,
51, 61 may be used to select which of the piezoelectric
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elements 10, 20, 30, 40, 50, 60 is charged in each case
by the common charging and discharging apparatus.
The piezoelectric elements 10, 20, 30, 40, 50, 60 that
are charged are all those whose branch selector switch-
es 11, 21, 31, 41, 51, 61 are closed during the charging
procedure. In the exemplary embodiment, only one of
the branch selector switches is closed at a time.
[0076] The branch diodes 12, 22, 32, 42, 52, 62 by-
pass the branch selector switches 11, 21, 31, 41, 51, 61
during discharging procedures. Thus for charging pro-
cedures, any individual piezoelectric element may be
selected, but for discharging procedures, either (or both)
of the first group G1 or the second group G2 of the pie-
zoelectric elements 10, 20, 30 and the piezoelectric el-
ements 40, 50, 60 may be selected.

[0077] As further regards the piezoelectric elements
10, 20, 30, 40, 50, 60, branch selector piezoelectric ter-
minals 15, 25, 35, 45, 55, 65 may be coupled to ground
either through the branch selector switches 11, 21, 31,
41, 51, 61 or through the corresponding one of the
branch diodes 12, 22, 32,42, 52, 62, and, in both cases,
through resistor 300.

[0078] The resistor 300 measures the currents (or
charges) that flow, during the charging and discharging
of the piezoelectric elements 10, 20, 30, 40, 50, 60, be-
tween the branch selector piezoelectric terminals 15,
25, 35, 45, 55, 65 and the ground. By measuring these
currents (or charges), the charging and discharging of
the piezoelectric elements 10, 20, 30, 40, 50, 60 may
be controlled. In particular, by closing and opening a
charging switch 220 and a discharging switch 230 in a
way that depends on the magnitude of the measured
currents, the charging current and the discharging cur-
rent may be controlled or set to predefined average val-
ues, and/or these currents may be kept from exceeding
or falling below predefined maximum and/or minimum
values, as is further explained below.

[0079] In the exemplary embodiment, the currents
may be measured by using a voltage source 621 (which
may, for example, supply a voltage of 5 V DC) and a
voltage divider, which may be implemented using two
resistors 622 and 623. This should protect the activation
arrangement E (which measures the currents or voltag-
es) from negative voltages, which might otherwise occur
at measuring point 620 and which cannot be handled by
the activation arrangement E. In particular, negative
voltages may be changed into positive voltages by add-
ing a positive voltage, which may be supplied by the volt-
age source 621 and the voltage divider resistors 622
and 623.

[0080] The other terminal of each piezoelectric ele-
ment 10, 20, 30, 40, 50, 60 (that is, group selector pie-
zoelectric terminal 14, 24, 34, 44, 54, 64) may be con-
nected to the positive pole or terminal of a voltage
source via the group selector switch 310, 320 or via the
group selector diode 315, 325, as well as via the coil
240 and a parallel circuit arrangement having the charg-
ing switch 220 and a charging diode 221, and alterna-
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tively or additionally may be coupled to ground via the
group selector switch 310, 320 or via diode 315, 325, as
well as via the coil 240 and a parallel circuit arrangement
having the discharging switch 230 and a discharging di-
ode 231. The charging switch 220 and the discharging
switch 230 may be implemented as transistors, for ex-
ample, which are controlled respectively via side drivers
222 and 232.

[0081] The voltage source may include a capacitive
element which, in the exemplary embodiment, may be
the (buffer) capacitor 210. The capacitor 210 is charged
by a battery 200 (such as, for example, a motor vehicle
battery) and a DC voltage converter 201, that is located
downstream from the voltage source 200. The DC volt-
age converter 201 converts the battery voltage (such as,
for example, 12 V) into any other suitably appropriate
DC voltage (such as, for example, 250 V), and charges
the capacitor 210 to the converted voltage. The DC volt-
age converter 201 may be controlled by a transistor
switch 202 and a resistor 203, which may be used to
measure current at a measuring point 630.

[0082] To cross-check the current measurements, an-
other current measurement at a measuring point 650
may be provided by the activation arrangement E, as
well as by resistors 651, 652 and 653 and a voltage
source 654, which may be, for example, a 5 V DC volt-
age source. Also, a voltage measurement at a measur-
ing point 640 may be provided by the activation arrange-
ment E, as well as by voltage dividing resistors 641 and
642.

[0083] Finally, a "total" discharging resistor 330, a
"stop" switch 331 (which may be implemented as a tran-
sistor) and a "total" discharging diode 332 may be used
to discharge "completely" or sufficiently the piezoelec-
tric elements 10, 20, 30, 40, 50, 60 when these elements
are not adequately discharged by the "normal” discharg-
ing operation described further below. The stop switch
331 may preferably be closed after the "normal” dis-
charging procedures (that is, the cycled discharging via
the discharge switch 230), which couples the piezoelec-
tricelements 10, 20, 30, 40, 50, 60 to the ground through
the resistors 330 and 300. This should remove any re-
sidual charges that may remain in the piezoelectric ele-
ments 10, 20, 30, 40, 50, 60. The total discharging diode
332 is intended to prevent negative voltages from oc-
curring at the piezoelectric elements 10, 20, 30, 40, 50,
60, which might otherwise be damaged by such nega-
tive voltages.

[0084] The charging and discharging of all or any one
of the piezoelectric elements 10, 20, 30, 40, 50, 60 may
be done by using a charging and discharging apparatus
that may be common to each of the groups and their
corresponding piezoelectric elements. In the exemplary
embodiment, the common charging and discharging ap-
paratus of the circuit arrangement A may include the
battery 200, the DC voltage converter 201, the capacitor
210, the charging switch 220, the discharging switch
230, the charging diode 221, the discharging diode 231
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and the coil 240.

[0085] The charging and discharging of each piezoe-
lectric element is the same and is therefore explained
as follows with respect to only the first piezoelectric el-
ement 10. The conditions occurring during the charging
and discharging procedures are explained with refer-
ence to Figs. 5a through 5d. In particular, Figs. 5a and
5b show the charging of the piezoelectric element 10
and Figs. 5¢ and 5d show the discharging of the piezo-
electric element 10.

[0086] The selection of one or more particular piezo-
electric elements 10, 20, 30, 40, 50, 60 to be charged
or discharged and the charging and discharging proce-
dures may be controlled or driven by the activation ar-
rangement E and/or the control arrangement D by open-
ing or closing one or more of the branch selector switch-
es 11, 21, 31, 41, 51, 61, the group selector switches
310, 320, the charging and discharging switches 220,
230 and the stop switch 331. The interactions of the el-
ements of the circuit arrangement A with respect to the
activation arrangement E and the control arrangement
D are described further below.

[0087] Concerning the charging procedure, the sys-
tem first selects a particular piezoelectric element 10,
20, 30, 40, 50, 60 that is to be charged. To exclusively
charge the first piezoelectric element 10, the branch se-
lector switch 11 of the first branch 110 is closed and all
other branch selector switches 21, 31, 41, 51, 61 remain
open. To exclusively charge any other piezoelectric el-
ement 20, 30, 40, 50, 60 or to charge several ones at
the same time, the appropriate piezoelectric element or
elements may be selected by closing the corresponding
one or ones of the branch selector switches 21, 31, 41,
51, 61.

[0088] In the exemplary embodiment, the charging
procedure requires a positive potential difference be-
tween the capacitor 210 and the group selector piezoe-
lectric terminal 14 of the first piezoelectric element 10.
When the charging switch 220 and the discharging
switch 230 are open, however, there is no charging or
discharging of the piezoelectric element 10. In this state,
the system of Fig. 4 is in a steady-state condition so that
the piezoelectric element 10 at least substantially re-
tains its charge state so that no substantial current flows.
[0089] To charge the first piezoelectric element 10,
the charging switch 220 is closed. While the first piezo-
electric element 10 may be charged by just closing the
switch, this may produce sufficiently large currents that
could damage the components or elements involved.
Therefore, the currents are measured at measuring
point 620, and switch 220 is opened when the measured
currents exceed a certain limit or threshold. To achieve
desired charge on the piezoelectric element 10, the
charging switch 220 is repeatedly closed and opened
and the discharging switch 230 is kept open.

[0090] When the charging switch 220 is closed, the
conditions of Fig. 5a occur. That is, a closed series cir-
cuitforms that includes the piezoelectric element 10, the
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capacitor 210 and the coil 240, in which a current i g(t)
flows as indicated by arrows in Fig. 5a. As a result of
this current flow, positive charges flow to the group se-
lector piezoelectric terminal 14 of the piezoelectric ele-
ment 10 and energy is stored in the coil 240.

[0091] When the charging switch 220 opens relatively
shortly (such as, for example, a few us) after it has
closed, the conditions shown in Fig. 5b occur. That is, a
closed series circuit forms thatincludes the piezoelectric
element 10, the charging diode 221 and the coil 240, in
which a current i 5(t) flows as indicated by arrows in Fig.
5b. As a result of this current flow, the energy stored in
the coil 240 flows into the piezoelectric element 10. Cor-
responding to the charge or energy delivery to the pie-
zoelectric element 10, the voltage and the external di-
mensions of the piezoelectric element 10 correspond-
ingly increase. When energy has been transferred from
coil 240 to the piezoelectric element 10, a steady-state
condition of the system the Fig. 4 is again attained.
[0092] At that time (or earlier or later depending on
the desired time profile of the charging operation), the
charging switch 220 is again closed and opened so that
the processes described above are repeated. As a re-
sult of the re-closing and re-opening of the charging
switch 220, the energy stored in the piezoelectric ele-
ment 10 increases (that is, the newly delivered energy
is added to the energy already stored in the piezoelectric
element 10), and the voltage and the external dimen-
sions of the piezoelectric element correspondingly in-
crease.

[0093] By repeatedly closing and opening the charg-
ing switch 220, the voltage occurring at the piezoelectric
element 10 and the expansion of the piezoelectric ele-
ment 10 rise in a stepwise manner. When the charging
switch 220 has closed and opened a predefined number
of times and/or when the piezoelectric element 10
reaches the desired charge state, the charging of the
piezoelectric element 10 is terminated by leaving the
charging switch 220 open.

[0094] Concerning the discharging procedure, in the
exemplary embodiment of Fig. 4, the piezoelectric ele-
ments 10, 20, 30, 40, 50, 60 may be discharged in
groups (G1 and/or G2) as follows:

[0095] First, the group selector switch(es) 310 and/or
320 of the group(s) G1 and/or G2 (the piezoelectric el-
ements of which are to be discharged) are closed. The
branch selector switches 11, 21, 31, 41, 51, 61 do not
affect the selection of the piezoelectric elements 10, 20,
30, 40, 50, 60 for the discharging procedure since they
are bypassed by the branch diodes 12, 22, 32, 42, 52
and 62. Thus, to discharge the piezoelectric element 10
of the first group G1, the first group selector switch 310
is closed.

[0096] When the discharging switch 230 is closed, the
conditions shown in Fig. 5c occur. That is, a closed se-
ries circuit forms that includes the piezoelectric element
10 and the coil 240, in which a current igg(t) flows as
indicated by arrows in Fig 5c. As a result of this current
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flow, the energy (or at least a portion thereof) stored in
the piezoelectric element 10 is transferred into the coil
240. Corresponding to the energy transfer from the pi-
ezoelectric element 10 to the coil 240, the voltage oc-
curring at the piezoelectric element 10 and its external
dimensions decrease.

[0097] When the discharging switch 230 opens rela-
tively shortly (such as, for example, a few us) after it has
closed, the conditions shown in Fig. 5d occur. That s, a
closed series circuit forms thatincludes the piezoelectric
element 10, the capacitor 210, the discharging diode
231 and the coil 240, in which a current ig(t) flows as
indicated by arrows in Fig. 5d. As a result of this current
flow, energy stored in the coil 240 is fed back into the
capacitor 210. When the energy is transferred from the
coil 240 to the capacitor 210, the steady-state condition
of the system of Fig. 4 is again attained.

[0098] At that time (or earlier or later depending on
the desired time profile of the discharging operation),
the discharging switch 230 is again closed and opened
so that the processes described above are repeated. As
aresult of the re-closing and re-opening of the discharg-
ing switch 230, the energy stored in the piezoelectric el-
ement 10 decreases further, and the voltage occurring
at the piezoelectric element and its external dimensions
decrease correspondingly.

[0099] By repeatedly closing and opening of the dis-
charging switch 230, the voltage occurring at the piezo-
electric element 10 and the expansion of the piezoelec-
tric element 10 decrease in a step-wise manner. When
the discharging switch 230 has closed and opened a
predefined number of times and/or when the piezoelec-
tric element 10 has reached the desired discharge state,
the discharging of the piezoelectric element 10 is termi-
nated by leaving open the discharging switch 230.
[0100] The interaction of the activation arrangement
or unit E and the control arrangement or unit D with re-
spect to the circuit arrangement A is controlled by con-
trol signals, which the activation arrangement E pro-
vides to the components or elements of the circuit ar-
rangement A via branch selector control lines 410, 420,
430, 440, 450, 460, group selector control lines 510,
520, stop switch control line 530, charging switch control
line 540, discharging switch control line 550 and control
line 560. The measured currents or sensor signals ob-
tained at the measuring points 600, 610, 620, 630, 640,
650 of the circuit arrangement A are provided to the ac-
tivation arrangement E via sensor lines 700, 710, 720,
730, 740, 750.

[0101] Each of the control lines may be used to apply
(or not apply) voltages to the base of a corresponding
transistor switch to select a corresponding one of the
piezoelectric elements 10, 20, 30, 40, 50, 60 and to
charge or discharge one or more of the piezoelectric el-
ements 10, 20, 30, 40, 50, 60 by opening and closing
their corresponding switches, as described above. The
sensor signals may be used to determine the resulting
voltage of the piezoelectric elements 10, 20, 30 of group
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G1 or of the piezoelectric elements 40, 50, 60 of group
G2 the measuring points 600, 610 and the charging and
discharging currents from the measuring point 620. The
control arrangement D and the activation arrangement
E operate using the control and sensor signals, as is
now described.

[0102] Asis shown in Fig. 4, the control arrangement
D and the activation arrangement E are coupled togeth-
er by a parallel bus 840 and also by a serial bus 850.
The parallel bus 840 may be used for relatively fast
transmission of the control signals from the control ar-
rangement D to the activation arrangement E, and the
serial bus 850 may be used for relatively slower data
transfers.

[0103] Asshownin Fig. 6, the activation arrangement
E (which may be an integrated circuit, such as, for ex-
ample, an application specific integrated circuit or ASIC)
may include a logic circuit 800, a memory 810 (which
may be, for example, a RAM type memory), a digital-to-
analog converter arrangement or system 820 and a
comparator arrangement or system 830. The faster par-
allel bus 840 (which may be used for the control signals)
may be coupled to the logic circuit 800 and the slower
serial bus 850 may be coupled to the memory 810. The
logic circuit 800 may be coupled to the memory 810, to
the comparator system 830 and to following the signal
lines: 410, 420, 430, 440, 450 and 460; 510 and 520;
530; 540, 550 and 560. The memory 810 may be cou-
pled to the logic circuit 800 and to the digital-to-analog
converter system 820. The digital-to-analog converter
system 820 may also be coupled to the comparator sys-
tem 830, which may be coupled to the sensor lines 700,
710, 720, 730, 740 and 750, and to the logic circuit 800.
[0104] The activation arrangement E of Fig. 6 may be
used in the charging procedure, for example, as follows:
[0105] The control arrangement D and the activation
arrangement E operate as follows to determine or select
a particular piezoelectric element 10, 20, 30, 40, 50, 60
that is to be charged to a certain desired or target volt-
age. First, the value of the target voltage (expressed by
a digital number) is transmitted to the memory 810 via
the serial bus 850. The target voltage may be, for ex-
ample, the optimal activation voltage Uopt that may be
used in a main injection operation, as described above
with respect to Fig. 2. Later or simultaneously, a code
corresponding to the particular piezoelectric element
10, 20, 30, 40, 50, 60 that is to be selected and the ad-
dress or source of the desired or target voltage within
the memory 810 may be transmitted to the logic circuit
800. A start signal, which may be a strobe signal, may
then be sent to the logic circuit 800 via the parallel bus
840 to start the charging procedure.

[0106] Based on the start signal, the logic circuit 800
causes the digital value of the desired or target voltage
from the memory 810 to be transmitted to the digital-to-
analog converter system 820, which outputs an analog
signal of the desired voltage to the comparator system
830. The logic circuit 800 may also select either sensor
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signal line 700 for the measuring point 600 (for any of
the piezoelectric elements 10, 20, 30 of the first group
G1) or the sensor signal line 710 for the measuring point
610 (for any of the piezoelectric elements 40, 50, 60 of
the second group G2) to provide the measured voltage
(or current) to the comparator system 830. The desired
or target voltage and the measured voltage at the se-
lected piezoelectric element 10, 20, 30, 40, 50, 60 may
then be compared by the comparator system 830, which
may then transmit the results of the comparison result
(that is, the difference between the target voltage and
the measured voltage) to the logic circuit 800. The logic
circuit 800 may stop the charging procedure when the
desired or target voltage and the voltage (or current) are
equal or sufficiently the same.

[0107] Next, the logic circuit 800 applies a control sig-
nal using the sensing line 720 to one (or more) of the
branch selector switches 11, 21, 31, 41, 51, 61, which
corresponds to one of the selected piezoelectric ele-
ments 10, 20, 30, 40, 50, 60 to close the switch. All
branch selector switches 11, 21, 31, 41, 51, 61 are con-
sidered to be in an open state before the start of the
charging procedure in the exemplary embodiment. The
logic circuit 800 then applies a control signal on the con-
trol line 540 to the charging switch 220 to close the
switch. The logic circuit 800 also starts (or continues)
measuring any currents at the measuring point 620 us-
ing sensing line 720. The measured voltages (or cur-
rents) are then compared to a suitably appropriate pre-
defined maximum value by the comparator system 830.
When the predefined maximum value is reached by the
measured voltages (or currents), the logic circuit 800
causes the charging switch 220 to open again.

[0108] The system then measures any remaining cur-
rents at the measuring point 620 using the sensing sig-
nal line 720 and compares to a suitably appropriate pre-
defined minimum value. When the predefined minimum
value is reached, the logic circuit 800 causes the charg-
ing switch 220 to close again and the charging proce-
dure may start again.

[0109] Using control line 540, the repeated closing
and opening of the charging switch 220 is done if the
measured voltage at the measuring point 600 or 610 is
below the desired or target voltage. When the desired
or target voltage is reached, the logic circuit 800 may
stop the charging procedure.

[0110] The discharging procedure is performed in a
similar manner. The logic circuit 800 selects the piezo-
electric elements 10, 20, 30, 40, 50, 60 using the control
lines 510, 520 to switch the group selector switches 310,
320. Using control line 550, the discharging switch 230
(instead of the charging switch 220) is opened and
closed until a suitably appropriate predefined minimum
target voltage is reached.

[0111] In the system, the timing of the charging and
discharging operations and the holding of the midpoint
voltage levels for the piezoelectric elements 10, 20, 30,
40, 50, 60, such as, for example, during the time of a
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main injection operation, may be done according to the
exemplary valve stroke shown in Fig. 3.

[0112] When the piezoelectric elements are used as
actuators in a fuel injection control system, the injected
fuel volume is based on oris a function of the determined
time period that the control valve is open (which, as dis-
cussed, is determined by the fuel injection metering
block 2509) and the activation voltage applied to the pi-
ezoelectric element during the determined time period.
Also, by obtaining the optimal activation voltage Uopt
during the time period of the main injection operation,
the associated or corresponding voltage gradient may
also be optimized since the relationship between a volt-
age gradient and fuel volume is analogous to the rela-
tionship between the activation voltage and fuel volume,
as shown, for example, in Fig. 2.

[0113] Since the above description of the charging
and/or discharging procedures is exemplary, any other
suitably appropriate procedure using the above de-
scribed exemplary arrangements (or other) may be
used.

[0114] In Fig. 7ais shown a block diagram of the fuel
injection control system 100 of Fig. 4, including the re-
lationship among the circuit arrangement A, an operat-
ing or task block layout of operations that may be imple-
mented in the control arrangement D (the blocks may
correspond to software modules that are executed by
the processor(s) of Fig. 6a) and the activation arrange-
ment E. Also shown is the relationship of the operating
or task blocks of the control arrangement D with respect
to the activation arrangement E and an internal combus-
tion engine 2505.

[0115] In particular, the control arrangement D may
include a base voltage determination block 2500, a mul-
tiplier block 2501, a temperature compensation block
2501a, a multiplier block 2502, a piezoelectric operating
characteristics compensation block 2502a, an adder
block 2503 and a voltage and voltage gradient controller
block 2504 (which is further shown in Fig. 7b), an "on-
line" optimization unit 2510 and a fuel injection adjust-
ment block 2511. The fuel injection adjustment block
2511 may include a fuel injection adjustment or correc-
tion block 2506, a desired fuel injection volume block
2507, an adder block 2508 and a fuel injection metering
block 2509.

[0116] The control arrangement D first obtains meas-
ured information or signals corresponding to the fuel rail
pressure. This may be done, for example, by having the
control arrangement D obtain a sensed fuel rail pressure
signal, which may be provided by a fuel rail pressure
sensor that is configured to sense the fuel rail pressure,
through an analog-to-digital converter. The base voltage
determination block 2500 may then convert the digital
fuel rail pressure information to a corresponding base
voltage. To better ensure a more accurate target volt-
age, the base voltage may be adjusted based on the
temperature and other characteristics of the piezoelec-
tric element. As discussed, the other characteristics
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may include, for example, the particular operating char-
acteristics when it is manufactured and the operating
characteristics of the piezoelectric element as it ages.
Accordingly, in the temperature compensation block
2501a, the control arrangement D may determine a
compensation factor K that may be applied to the base
voltage using the multiplier block 2501. Analogously, in
the operating characteristics compensation block
2502a, the control arrangement D may determine a
characteristics compensation factor K, that may be ap-
plied to the base voltage using the multiplier block 2502.
[0117] As regards the temperature compensation
block 2501a, the control arrangement D may perform
the temperature compensation task, for example, in any
one or more of the following ways. In one approach, an
operating temperature of some vehicle system or com-
ponent (such as, for example, a vehicle system coolant)
that corresponds to an operating temperature of the pi-
ezoelectric element may be used as a "surrogate" or es-
timate of an actual operating temperature of the piezo-
electric element. Thus, the control arrangement D may
obtain the "surrogate" operating temperature and use it
to obtain a temperature related voltage of the piezoe-
lectric element from a stored characteristic curve, which
may reflect, for example, a relationship between such a
surrogate operating temperature and a corresponding
voltage of the piezoelectric element that reflects the ef-
fect of the operating temperature. Using this informa-
tion, the control arrangement D may determine a com-
pensation factor based on a difference between the
base voltage and the characteristic curve voltage that
reflects the operating temperature effect. In another ap-
proach, the control arrangement D may first determine
a capacitance of the piezoelectric element (as is further
described herein), and then obtain an estimated tem-
perature based on another characteristic curve of a re-
lationship between the operating temperature and the
capacitance of the piezoelectric element. The control ar-
rangement D may then use the estimated temperature
information to determine a temperature compensation
factor based on a difference between the base voltage
and a characteristic curve voltage that reflects the op-
erating temperature effect.

[0118] As regards the operating characteristics com-
pensation block 2502a, the control arrangement D may
perform the operating characteristics compensation
task, for example, in any one or more of the following
ways. To compensate for aging effects, for example, an
operating temperature of some vehicle system or com-
ponent (such as, for example, a vehicle system coolant)
that corresponds to an operating temperature of the pi-
ezoelectric element may be used as a "surrogate" or es-
timate of an actual operating temperature of the piezo-
electric element. Thus, the control arrangement D may
obtain the "surrogate" operating temperature and use it
to obtain a temperature related capacitance of the pie-
zoelectric element from a stored characteristic curve,
which may reflect, for example, a relationship between
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such a surrogate operating temperature and a corre-
sponding capacitance of the piezoelectric element that
reflects the effect of the operating temperature. Using
this information, the control arrangement D may deter-
mine an operating characteristic compensation factor
based on a difference between a measured capacitance
of the piezoelectric element (as is further described
herein) and the characteristic curve capacitance that
may reflect an aging effect. To compensate for the par-
ticular operating characteristics of a piezoelectric ele-
ment when it is manufactured, such characteristics may
first be measured and then input into the control ar-
rangement D, which may then determine an operating
characteristics compensation factor based on any dif-
ferences between the operating characteristics of a par-
ticular piezoelectric element and the average, mean or
"normal" operating characteristics of such a device.
[0119] The control arrangement D may include the fu-
el volume determination system 2511, which may in-
clude a fuel volume determination block 2507, which
first determines an optimum fuel volume mg to inject into
a cylinder and then outputs this value to the adder block
2508. As shown, the fuel volume adjustment or correc-
tion block 2506 "receives" information from the internal
combustion engine 2505. In particular, the control ar-
rangement D obtains a signal corresponding to a
sensed parameter (such as a rotational speed (rpm) of
the engine 2505), and the fuel injection correction block
2506 then determines a fuel injection adjustment or cor-
rection volume Amg; based on the sensed parameter. In
particular, the fuel injection correction block 2506 may
include a frequency analyzer to evaluate the frequency
of the rotational speed. The fuel volume correction block
2506 may then determine a fuel injection correction vol-
ume Amg; and provide it to the adder block 2508. More
particularly, the fuel volume correction block 2506 may
use the sensed parameter to determine a fuel injection
correction value Amg; for each cylinder of the internal
combustion engine (where "i" corresponds to a particu-
lar cylinder). In the control arrangement D, the adder
block 2508 adds the fuel injection correction value Amg;
to the fuel injection volume mg. The fuel injection cor-
rection value Amg; corresponds to a fuel quantity devi-
ation in a particular cylinder "i" with respect to a mean
fuel volume of the other cylinders.

[0120] Next, the adder block 2508 outputs the sum
mg* (mg and Amg;) to the fuel injection metering block
2509. The fuel injection metering block 2509 determines
time periods for the pre-injection, main injection and
post-injection operations based on the corrected vol-
ume value mg* for a particular cylinder. Finally, the ac-
tivation arrangement E uses the determined time peri-
ods to control the piezoelectric elements 10, 20, 30, 40,
50, 60, as discussed herein.

[0121] A fuel injection volume determination system,
which implements the fuel volume injection determina-
tion block 2507, the fuel injection volume correction
block 2506 and the fuel injection metering block 2509,
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is available from Robert Bosch GMBH, Stuttgart, Fed-
eral Republic of Germany.

[0122] In the control arrangement D, the optimization
block 2510 may determine a further adjustment or in-
cremental voltage K, based on the fuel correction value
Amg; for each cylinder that is received from the fuel in-
jection volume correction block 2506, since a cylinder
may be influenced by the various operating character-
istics of the particular piezoelectric actuator or element
corresponding to the cylinder. The optimization block
2510 may provide the incremental voltage K, to the
adder block 2503, which then adds the incremental volt-
age K, to the base voltage (which may be adjusted, as
discussed above, to reflect the estimated effects of tem-
perature and other operating characteristics on a piezo-
electric element) to determine the target activation volt-
age that may be provided to the voltage and voltage gra-
dient regulation block 2504. Thereafter, the optimization
block 2510 again monitors the value of Amg; based on
the newly adjusted target voltage, and the control ar-
rangement D continues this procedure until the optimal
activation voltage U is reached so that the maximum
fuel volume is injected during the appropriate time peri-
od, as is shown in Fig. 2.

[0123] In particular, this optimization procedure may
be repeated for each cylinder to achieve an optimal ac-
tivation voltage U ; for each cylinder, and, as dis-
cussed, the optimization block 2510 monitors the fuel
injection correction Amg; after an adjusted target voltage
is provided to the activation arrangement E. If the fuel
injection correction Amg; decreases due to the change,
then the target voltage adjustment resulted in a greater
volume of injected fuel and the adjustment direction was
correct. The optimization block 2510 may then deter-
mine another incremental voltage K,, which the adder
block 2503 adds to the desired or target voltage, and if
the fuel injection correction value of Amg; continues de-
creasing, then the control arrangement D may continue
this procedure until the fuel injection correction value
Amg; falls below a threshold value. If, however, the fuel
injection correction value Amg; increases after a target
voltage adjustment, then the adjustment direction was
incorrect and the optimization block 2510 may deter-
mine another adjustment voltage K. Thus, for example,
the optimization block 2510 may determine a negative
incremental voltage K, that reduces the desired or tar-
get voltage when the adder block 2503 adds it to the
base or adjusted base voltage.

[0124] Thus, the optimization block 2510 optimally
adjusts the activation voltage U, for a particular piezo-
electric element 10, 20, 30, 40, 50, 60 and may also
compensate for any temperature effects and/or for any
differences in the operating characteristics among the
piezoelectric elements 10, 20, 30, 40, 50, 60, including
changes in the operating characteristics, such as aging
effects, for any particular piezoelectric element. Also, for
example, an optimal activation voltage may be affected
by a switching time of the piezoelectric element driver
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and to the extent that this may cause, for example, the
actual voltage gradient to differ from the desired voltage
gradient, system operation may be improved by com-
pensating for this effect.

[0125] Finally, the desired or target voltage may be
provided to the voltage and voltage gradient regulation
block 2504 to determine an appropriate driving current
(whether charging or discharging) and appropriate volt-
age. In particular, the voltage and voltage gradient reg-
ulation block 2504 determines the desired or target volt-
age and a corresponding desired voltage gradient. The
voltage and voltage gradient regulation block 2504 then
provides the desired or target voltage to the activation
arrangement E that applies it to the piezoelectric ele-
ment. As discussed, the activation arrangement E com-
pares the resulting measured voltages of the piezoelec-
tric elements to the desired or target voltages using the
comparator arrangement or system 830. The operation
of the voltage and voltage gradient regulation block
2504 is described further with respect to Fig. 7b.
[0126] In Fig. 8 is shown a relationship between the
activation voltage (and the voltage gradient) 1010 and
the current 1020 in a charging and discharging cycle.
During the charging of the piezoelectric element, the
current 1020 supplied to the piezoelectric element may
be maintained within a charging current band 1030.
Thus, when the charging current reaches a maximum
charging current limit or threshold 1032, the charging
current is "cutoff" until it decreases to a minimum charg-
ing current limit or threshold 1034. Thereafter, the pie-
zoelectric element is charged until the current again in-
creases to the maximum charging current limit 1032 of
the charging current band 1030. This process may be
repeated a number of times during the charging of the
piezoelectric element until the piezoelectric element
reaches the desired extension length.

[0127] The same procedure may be repeated during
the discharging process. That s, the discharging current
may be maintained within a discharging current band
1040 having minimum and maximum discharging cur-
rent limits or thresholds 1044 and 1042. The charging
current band 1030 and the discharging current band
1040 are intended to prevent damage to the piezoelec-
tric element. Also, during the charging and discharging
processes, the current limits may be adjusted based on
the measured or determined currents, voltages and/or
associated voltage gradients so that appropriate driving
currents, voltages and associated voltage gradients
may be maintained. Finally, the current limits may be
determined for each cylinder.

[0128] The above process may be implemented by
the voltage and voltage gradient regulation block 2504
to drive the piezoelectric actuator or element using the
activation arrangement E. In Fig. 7b is shown a task
block diagram of a voltage gradient regulation sub-sys-
tem 3000 that may be implemented in the voltage and
voltage gradient regulation block 2504. The voltage gra-
dient regulation sub-system 3000 of Fig. 7b may be im-
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plemented separately for the various charging and dis-
charging operations since various cycle parameters
may differ with respect to the charging and discharging
operations, but the task methodology is the same. In Fig.
7e is shown an exemplary embodiment of a voltage con-
troller arrangement 3500 that may be used in the control
arrangement D of Fig. 4 and Fig. 7a, and is discussed
below.

[0129] In this regard, Fig. 9a shows, for example, the
activation voltage and voltage gradients for a single-act-
ing, single-seat control valve, in which a desired voltage
difference AUS for a charging operation may be like a
desired voltage difference AUG6 for a discharging oper-
ation. In particular, before the voltage difference AU5 is
applied, the control valve is first closed. After the voltage
difference AU5 is applied, the control valve is opened.
When the voltage difference AU6 is applied, the control
valve is again closed. Finally, the voltage gradient con-
troller sub-system 3000 of Fig. 7b may be implemented
for each of the charging and discharging operations.
[0130] Likewise, Fig. 9b shows, for example, the ac-
tivation voltage and voltage gradients for a double-act-
ing, double-seat control valve, in which a first desired
voltage difference AU1 for a first charging operation is
different from a second desired voltage difference AU2
for a second charging operation, and in which a third
desired voltage difference AU3 for a first discharging op-
eration is different from a fourth desired voltage differ-
ence AU4 for a second discharging operation. In partic-
ular, before the voltage difference AU1 is applied, the
control valve is closed in its first closed position. After
the voltage difference AU1 is applied, the control valve
is first opened. When the voltage difference AU2 is ap-
plied, the control valve is closed in its second closed
position. After the voltage difference AU3 is applied, the
control valve is again opened. Finally, when the voltage
difference AU4 is applied, the control valve is again
closed in its first closed position.

[0131] Additionally, for a multi-position control valve,
such as, for example, a double-acting, double-seat con-
trol valve, the voltage gradient controller sub-system
3000 of Fig. 7b may be implemented for each of the two
charging operations and for each of the two discharging
operations. This is because the operating parameters
may differ for the first and second charging operations
and the first and second discharging operations.
[0132] In Fig. 7b is shown, for example, a proportion-
al-integral ("PI") controller-based voltage gradient con-
troller apparatus or sub-system 3000 for use in the volt-
age and voltage gradient regulation block 2504, as re-
ferred to above, and which may be implemented for
each of the charging and discharging processes, as dis-
cussed above.

[0133] For the charging process, the control arrange-
ment D determines an actual measured voltage gradient
du/dt, a desired voltage change and a capacitance of
the piezoelectric element. In particular, the control ar-
rangement D may determine the actual measured volt-
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age gradient du/dt based on the measured voltages and
the determined charging times that are provided by the
activation arrangement E. The control arrangement D
may determine the desired voltage change by determin-
ing a difference between the desired or target voltage
and the measured voltage. The desired voltage chang-
es may correspond, for example, to the voltage changes
AU1, AU2 or AU4 of Fig. 9b and Fig. 9a, respectively.
The control arrangement D may determine the capaci-
tance of the piezoelectric element in a suitably appro-
priate way, and may use, for example, the apparatuses,
arrangements and methods described below with re-
spect to Fig. 7c.

[0134] As shown, the voltage and voltage gradient
regulation block 2504 may first determine a desired or
setpoint voltage gradient (du/dt)* by using a character-
istic curve that defines a relationship between voltage
changes and voltage gradients. The characteristic curve
may be stored in a memory of the control arrangement
D, and may reflect, for example, empirical data of the
voltage changes and corresponding voltage gradients.
[0135] Next, the voltage and voltage gradient regula-
tion block 2504 may determine a system deviation by
having a differencer or subtractor arrangement 3020 de-
termine a difference between the desired voltage gradi-
ent (du/dt)* and the determined actual voltage gradient
du/dt. Also, the voltage and voltage gradient regulation
block 2504 may include an averaging and/or filter block
3030. In particular, the block 3030 may be used to av-
erage the system deviations for all piezoelectric ele-
ments or actuators to minimize or atleast reduce device-
specific errors. The block 3030 may also include, for ex-
ample, a suitably appropriate digital filter to digitally filter
the system deviation so that "insufficient" changes may
be ignored. The resulting system deviation (which may
be averaged and/or digitally filtered) is then provided to
a suitably appropriate deviation controller block 3040.
In the exemplary embodiment, the controller block 3040
is a Pl controller block, but may also be, for example, a
proportional-integral-differential ("PID") controller or
any other suitably appropriate controller. The voltage
gradient controller apparatus or sub-system 3000 may
also include a change limiter block 3050.

[0136] The voltage gradient controller apparatus or
sub-system 3000 may also include a hold block 3060,
which may be arranged to receive the output of the PI
controller block 3040 (which may be limited by the
change limiter block 3050). The hold block 3060 may be
used to hold or "freeze" an output of the Pl controller
block 3040, which may be limited by the limiter block
3050, when necessary during charging or discharging
the piezoelectric elements. It is believed that the holding
feature may be useful when, for example, "top" voltage
levels may not be measurable for a double-acting, dou-
ble-seat control valve that is driven as a single-acting
valve, or when, for example, the charging current may
not be regulatable.

[0137] Next, the voltage gradient controller apparatus
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or sub-system 3000 adds or combines the output of the
PI1 controller block 3040, which may be limited by the
change limit block 3050, or the "hold" controller value to
the cylinder-specific desired or setpoint voltage gradient
(du/dt)* (which may be provided by the desired voltage
gradient characteristic curve block 3010) in the adder
block 3070. The resulting adjusted voltage gradient may
then be provided to a multiplier block 3080, which mul-
tiplies the adjusted voltage gradient by a capacitance of
the piezoelectric element to determine a corresponding
charging driving current for the piezoelectric element.
As discussed, the capacitance may be determined by a
suitably appropriate apparatus, arrangement and/or
method, including the arrangements and methods dis-
cussed with respect to Fig. 7c.

[0138] Although not shown, the control arrangement
D, including the voltage gradient controller apparatus or
sub-system 3000, may also adjust the determined av-
erage charging current to compensate for specific de-
vice errors that may be associated with the piezoelectric
element. This may be done by using the determined av-
erage charging current for the piezoelectric actuator to
determine a compensated or corrected average charg-
ing current from a characteristic curve (or other suitably
appropriate information source) reflecting such error in-
formation that may be associated with the average dis-
charging current for the piezoelectric actuator or ele-
ment.

[0139] The controller apparatus or sub-system 3000
may also include another change limiter block 3090 so
that the determined driving current does not exceed the
appropriate charging current limits. The controller appa-
ratus or sub-system 3000 may then output an average
charging current that the activation arrangement E ap-
plies to the piezoelectric actuator or element.

[0140] A similar apparatus, arrangement and/or
method may be used for regulating the driving discharg-
ing currents, as well as the activation voltages and as-
sociated voltage gradients, of a piezoelectric actuator
or element.

[0141] Thus, for the discharging process, the control
arrangement D may again determine an actual meas-
ured voltage gradient du/dt, a desired voltage change
and a capacitance of the piezoelectric element. In par-
ticular, the control arrangement D may determine the ac-
tual measured voltage gradient du/dt based on the
measured voltages and the determined charging times
that are provided by the activation arrangement E. The
control arrangement D may determine the desired volt-
age change by determining a difference between the de-
sired or target voltage and the measured voltage. The
desired voltage changes may correspond, for example,
to the voltage changes AU3, AU4 or AUG6 of Fig. 9b and
Fig. 9a, respectively. The control arrangement D may
determine the capacitance of the piezoelectric element
in a suitably appropriate way, using, for example, the
apparatuses, arrangement and methods described be-
low with respect to Fig. 7c.
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[0142] As shown, the voltage and voltage gradient
regulation block 2504 may first determine a desired or
setpoint voltage gradient (du/dt)* by using a character-
istic curve that defines a relationship between voltage
changes and voltage gradients. Next, the voltage and
voltage gradient regulation block 2504 may determine
a system deviation by having the differencer or subtrac-
tor arrangement 3020 determine a difference between
the desired voltage gradient (du/dt)* and the determined
actual voltage gradient du/dt. Also, the voltage and volt-
age gradient regulation block 2504 may include the av-
eraging and/or filter block 3030. The resulting system
deviation (which may be averaged and/or digitally fil-
tered) is then provided to the suitably appropriate con-
troller block 3040. In the exemplary embodiment, the
controller block 3040 may be a PI controller block, but
may also be, for example, a proportional-integral-differ-
ential ("PID") controller or any other suitably appropriate
controller.

[0143] The controller apparatus or sub-system 3000
may also include a change limiter block 3050 to limit the
output of the PI controller block 3040. The controller ap-
paratus or sub-system 3000 may also include the hold
block 3060, which may be arranged to receive the output
of the PI controller block 3040 (which may be limited by
the change limiter block 3050). The hold block 3060 may
be used to hold or "freeze" an output of the PI controller
block 3040, which may be limited by the limiter block
3050, when necessary during charging or discharging
the piezoelectric elements.

[0144] Next, the controller apparatus or sub-system
3000 adds or combines the output of the PI controller
block 3040, which may be limited by the change limit
block 3050, or the "hold" controller value to the cylinder-
specific desired or setpoint voltage gradient (du/dt)*
(which may be provided by the desired voltage gradient
characteristic curve block 3010) in the adder block 3070.
The resulting adjusted voltage gradient may then be
provided to a multiplier block 3080, which multiplies the
adjusted voltage gradient by a capacitance of the pie-
zoelectric element to determine a corresponding dis-
charging driving current for the piezoelectric element.
As discussed, the capacitance may be determined by a
suitably appropriate apparatus, arrangement and/or
method, including the apparatuses, arrangements and
methods discussed with respect to Fig. 7c.

[0145] Although not shown, the control arrangement
D, including the controller apparatus or sub-system
3000, may also adjust the determined average charging
current to compensate for specific device errors that
may be associated with the piezoelectric element. This
may be done by using the determined average charging
current for the piezoelectric actuator to determine a
compensated or corrected average charging current
from a characteristic curve (or other suitably appropriate
information source) reflecting such error information
that may be associated with the average discharging
current for the piezoelectric actuator or element.
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[0146] The controller apparatus or sub-system 3000
may also include another change limiter block 3090 so
that the determined discharging driving current does not
exceed the appropriate discharging current limits. The
controller apparatus or sub-system 3000 then outputs
an average discharging current that the activation ar-
rangement E applies to the piezoelectric actuator or el-
ement.

[0147] The voltage controller 3500 of Fig. 7e is now
discussed with respect to Fig. 9a and Fig. 9b as follows:
[0148] In this regard, Fig. 9a further shows, for exam-
ple, an operating voltage U10 for a single-acting, single-
seat control valve. In such a case, one voltage controller
sub-system 3500 may be implemented in the voltage
and voltage gradient regulation block 2504 for the volt-
age level operating point U10. Also shown, for example,
are times t5 and t6, which may correspond to those
times when the voltages are measured so that they may
be considered in the operation of the voltage and volt-
age gradient block 2504. In short, for example, when the
voltage is at U10 at an appropriate time t6, the voltages
may be controlled by comparing the measured voltages
with the desired or target voltages by using, for example,
the voltage controller sub-system 3500 of Fig. 7e to con-
trol the deviations between the actual and desired volt-
ages at these times.

[0149] Likewise, Fig. 9b further shows, for example,
activation voltages U7, U8 and U9 for a double-acting,
double-seat control valve. In such a case, three voltage
controller sub-systems 3500 may be implemented in the
voltage and voltage gradient regulation block 2504 for
each of the voltage level operating points U7, U8 and
U9. Also shown, for example, are times t1, t2, t3 and 4,
which may correspond to those times when the voltages
are measured so that they may be considered in the op-
eration of the voltage and voltage gradient block 2504.
In short, for example, when the voltages are at U7, U8
or U9 at the appropriate times t2, t3 or t4, the voltages
at these levels may be controlled by comparing the
measured voltages with the desired or target voltages
by using, for example, the voltage controller sub-system
3500 for each of the three voltage levels to control the
deviations between the actual and desired voltages at
these times.

[0150] In Fig. 7e is shown, for example, a proportion-
al-integral ("PI") controller-based voltage controller ap-
paratus or sub-system 3500 for use in the voltage and
voltage gradient regulation block 2504, as referred to
above, and which may be implemented for the voltage
regulation processes discussed above.

[0151] As shown, the voltage and voltage gradient
regulation block 2504 may first obtain the desired or set-
point voltage from the block 2503, as discussed above.
[0152] Next, the voltage regulation block sub-system
3500 may determine a system deviation by having a dif-
ferencer or subtractor arrangement 3520 determine a
difference between the desired voltage and a deter-
mined or measured actual voltage. Also, the voltage
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regulation sub-system 3500 may include an averaging
and/or filter block 3530. In particular, the block 3530 may
be used to average the system voltage deviations for all
piezoelectric elements or actuators to minimize or at
least reduce device-specific errors. The block 3530 may
also include, for example, a suitably appropriate digital
filter to digitally filter the system deviations so that "in-
sufficient" voltage changes may be ignored. The result-
ing system deviation (which may be averaged and/or
digitally filtered) may then be provided to a suitably ap-
propriate deviation controller block 3540. In the exem-
plary embodiment, the deviation controller block 3540
may be a PI controller block, but may also be, for exam-
ple, a proportional-integral-differential ("PID") controller
or any other suitably appropriate controller. The voltage
controller apparatus or sub-system 3500 may also in-
clude a voltage change limiter block 3550 to limit voltage
output changes.

[0153] The voltage controller apparatus or sub-sys-
tem 3500 may also include a hold block 3560, which
may be arranged to receive the output of the deviation
controller block 3540 (which may be limited by the volt-
age change limiter block 3550). The hold block 3560
may be used to hold or "freeze" a voltage output of the
deviation controller block 3540 (which may be limited by
the voltage change limiter block 3550) when necessary
during operations. As discussed, it is believed that the
holding feature may be useful.

[0154] Next, the voltage controller apparatus or sub-
system 3500 adds or combines the output of the Devi-
ation controller block 3540, which may be limited by the
change limiter block 3550, or the "hold" controller value
to the cylinder-specific desired or setpoint voltage in the
adder block 3570. The voltage controller apparatus or
sub-system 3500 may also include another voltage
change limiter block 3590 so that the new target voltage
does not exceed the appropriate voltage limits. The volt-
age controller apparatus or sub-system 3500 may then
output the new target voltage, which the activation ar-
rangement E may then apply to the piezoelectric actu-
ator or element.

[0155] In Fig. 7c is shown a task block diagram of a
capacitance determining apparatus, arrangement and/
or method 8000 that the control arrangement D may in-
clude to determining a capacitance of a piezoelectric el-
ement. The capacitance determining sub-system 8000
may include a base capacitance determining block 8001
that may provide a base capacitance, and may also in-
clude a normalized capacitance block 8050 that may
provide a normalized or frequency-adjusted capaci-
tance C;.

[0156] As shown, the control arrangement D may de-
termine the capacitance in the capacitance determining
block 8001 based on various ones of the following input
parameters: a determined charge quantity Q associated
with a piezoelectric element; an actual voltage U asso-
ciated with a piezoelectric element; a determined aver-
age driving current |, (such as the charging current)
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and/or an associated driving time t, (such as the charg-
ing time). The determined charge quantity Q, the actual
voltage U and/or the associated driving time ty may be
provided, for example, by the activation arrangement E,
as discussed herein. In particular, the control arrange-
ment D may use a suitably appropriate arrangement
(such as, for example, a time counter) and/or method to
determine the driving time. The control arrangement D,
through the voltage and voltage gradient regulation
block 2504, may be used to provide the average driving
current.

[0157] In one approach, the base capacitance deter-
mining block 8001 may use a divider block 8009 to di-
vide or ratio the input parameters Q and U to provide a
capacitance C1, which is one measure of the capaci-
tance associated with a piezoelectric element. In anoth-
er approach, another divider block 8006 may be used
to divide or ratio a determined charge quantity Q1 and
the input parameter U to provide a capacitance C2,
which is another measure of the capacitance associated
with the piezoelectric element. As shown, the base ca-
pacitance determining block 8001 may determine the
determined charge quantity Q1 by using a multiplier
block 8005 to multiply the average driving current |,
(which may be obtained from the voltage and voltage
regulation block 2504) and the driving time t,. Addition-
ally, a selecting or switching block 8010 may be used to
select one of the base capacitances C1 or C2 to provide
a selected base capacitance C3. Although shown as a
switch, the selecting block 8010 may also average or
otherwise combine the alternative capacitances C1 and
C2 to determine the selected base capacitance C3.
Thus, any one or more of the foregoing approaches (or
any other suitably appropriate method) may be used to
determine a base capacitance for a piezoelectric ele-
ment.

[0158] The normalizing capacitance block 8050 may
also be implemented to determine the normalized or fre-
quency adjusted capacitance that may better reflect any
frequency dependency of the actual capacitance of the
piezoelectric element. In one approach, the normalizing
capacitance block 8050 may obtain an adjustment or
correction factor K1* by using, for example, a charac-
teristic curve 8030 of the inverse relationship between
the "frequency" time t, and the capacitance. In another
approach, the normalizing capacitance block 8050 may
obtain another adjustment factor K2* by using, for ex-
ample, another characteristic curve 8040 of the relation-
ship among the voltage gradient du/dt, the "frequency"”
time t; and capacitance. Additionally, a selecting or
switching block 8020 may be used to select one of the
adjustment factors K1* or K2* to provide a selected ad-
justment factor K3*. Although shown as a switch, the
selecting block 8020 may also average or otherwise
combine the alternative adjustment factors K1* and K2*
to determine the selected adjustment factor K3*. Thus,
any one or more of the foregoing approaches (or any
other suitably appropriate method) may be used to de-
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termine a frequency adjustment or compensation factor
that may be applied to a base capacitance of a piezoe-
lectric element. In the exemplary embodiment, a divider
block 8025 may then be used to adjust the base capac-
itance C3 based on the selected adjustment factor K3*
to provide the normalized or frequency compensated
capacitance C; of the piezoelectric element.

[0159] In Fig. 7d is shown a relationship between a
charging time of a piezoelectric element and a ratio of
a capacitance for various charging times of the piezoe-
lectric element to its capacitance for sufficiently large or
"infinite" charging times. Referring to Fig. 7d, it may be
seen that as the charging time t, for the piezoelectric
element increases, the capacitance C of the piezoelec-
tric element decreases and approaches the capacitance
C.. of the piezoelectric element.

[0160] As discussed, the capacitance of the piezoe-
lectric element may be used, for example, to determine
a temperature and/or a temperature compensation fac-
tor K associated with the piezoelectric element.
[0161] Although not shown, the control arrangement
D may include a microcontroller. In particular, the control
arrangement D may include, for example, a main
processing arrangement or central processing unit, an
input-output processing arrangement or timing process-
ing unit and an analog-to-digital converter arrangement.
Although the main processing arrangement and the in-
put-output processing arrangement may be separate,
the control arrangement D may also include a single
processing arrangement for performing the tasks and
operations of the main processing arrangement and the
input-output processing arrangement. The analog-to-
digital converter arrangement may be associated with a
buffer memory arrangement for storing the measured
parameters, which the activation arrangement E may
provide via the sensing lines 700 and 710 (which are
associated with voltage measuring points 600 and 610,
respectively) or which may be provided via the sensing
lines 700 and 710. The buffer memory arrangement may
also be used to store a determined or measured charge
quantity Q, which the activation arrangement E may pro-
vide to the control arrangement D via the charge quan-
tity line 890.

[0162] The control arrangement D may use "strobing"
pulses or timing signals. In this regard, Fig. 10a shows
an exemplary fuel injection cycle profile over time for a
double-acting, double-seat control valve, in which a pos-
itive displacement on the vertical axis corresponds re-
spectively to one of the following: a first pre-injection
event VE1; a second pre-injection event VE2; a main
injection event HE; and a post-injection event NE. In Fig.
10b is shown a control valve position profile of the con-
trol valve over time for the control valve having the in-
jection profile of Fig. 10a. As shown, the control valve
has a lower seat (or first) closed position LC, a middle
open position MO and an upper seat (or second) closed
position UC so that fuel injection occurs for the MO po-
sition and no fuel injection occurs for the LC and UC
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positions. In Fig. 10c is shown strobe pulses or signals
2 that correspond to the injection profile of Fig. 10a, and
which are used as control or timing signals to control or
time the start of the charging or discharging cycles. In
particular, the strobe pulses 2 correspond to the begin-
ning and ending of the fuel injection events VE1, VE2,
HE and NE.

[0163] InFig. 10d is shown another set of timing puls-
es 4 that are associated with the charge quantity Q and
the voltage. The control arrangement D may use the
measurement timing pulses 4 to cause the system to
measure charges and voltages in synchronization with
the fuel injection operations. The quantity measurement
timing pulses 4 may preferably occur a constant time
offset At before or after charging or discharging the pi-
ezoelectric actuator or element. That is, the time offset
At may occur before the beginning or after the trailing
edge of a strobe pulse 2. As shown, the charge quantity
measurement timing pulses 4 are set to occur at a time
offset At after the trailing edge of a corresponding strobe
pulse 2. In other embodiments, the time offset At may
be of variable magnitude and/or may occur before the
beginning of certain strobe pulses and after the end of
other strobe pulses. The measurement timing pulses 4,
which may be generated by the control arrangement D,
are further discussed below.

[0164] The control arrangement D may also deter-
mine the piezoelectric actuator or element that is to be
charged or discharged (that is, which cylinder injection
valve is to be affected), and therefore the piezoelectric
actuator or element voltage that is to be measured. The
control arrangement D outputs the strobe pulse or signal
2 (as well as an identification of the specific piezoelectric
actuator or element, or ,alternatively, the bank G1 or G2
of the specific piezoelectric actuator or element) to an
input-output processing arrangement. The control ar-
rangement D may preferably increment the piezoelec-
tric actuator or element to be measured every two crank-
shaft revolutions and in synchronization with a four-
stroke engine working cycle, but may also use any other
suitably appropriate approach or method.

[0165] The charge quantity or voltage may be ob-
tained by first converting the instantaneous analog
charge quantity or voltages (received via sensor line 890
or from the activation arrangement E via lines 700 and
710) corresponding to the charge quantity or voltage
across a particular piezoelectric element group G1 and
G2, respectively, into digital values. The resulting digital
values may then be stored. Because the analog-to-dig-
ital converter arrangement may have no information
concerning whether G1 or G2 is the active injection
group, the voltages for both G1 and G2 may be obtained
simultaneously and the results then stored. The control
arrangement D may then obtain the stored values after
the injection event is completed.

[0166] Alternatively, the charge quantity or voltage of
only one injection event of a particular injection cycle for
a particular piezoelectric actuator or element may be
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measured. Thus, for example, only a charge quantity or
voltage for an HE event of a cycle, which may include,
for example, the VE1, VE2, HE and NE events of Fig.
10a, may be measured. Such a method may be used to
reduce the load on the control arrangement D. Also, a
subset of two or more injection events for a particular
injection cycle may be measured.

[0167] The control arrangement D then analyzes the
obtained values, and may then use the information to
adjust the voltages and the voltage gradients to reflect
any aging, temperature or other characteristics of the
piezoelectric element.

[0168] InFig. 11is shown a charge quantity determin-
ing or measuring arrangement 800 that may be used to
determine or measure the charge quantity Q, and which
may be used, for example, in the activation arrangement
E of the fuel injection control system 100 of Fig. 4.
[0169] The charge quantity determining arrangement
800 may include a compensating feature that compen-
sates for the integration process to improve the deter-
mination of the charge quantity. In particular, a charge
quantity Q of a piezoelectric element 10 may be meas-
ured as follows. As shown, the arrangement 800 in-
cludes a shunt resistor 900, a first voltage divider that
may include resistors 910 and 920, and a second volt-
age divider that may include resistors 912 and 914. The
first and second voltage divider arrangements (which
form a bridge circuit arrangement) provide first divider
voltage and a second divider voltage (Ue), respectively,
and are intended to ensure that these divider voltages
(which are input to a differential amplifier arrangement
1100) are positive. In particular, the divider voltages are
raised with respect to a reference voltage Vref. The first
and second switch arrangements 924 and 930 (which
may be implemented as transistors or any suitably ap-
propriate switching arrangement) are actuated at the
beginning of the charging or discharging processes.
[0170] An integrating arrangement 805 is formed by
a resistor 940, a capacitor 980 and an operational am-
plifier 950. In particular, the integrating arrangement 805
may, of course, be any suitably appropriate integrating
arrangement. As shown, the differential amplifier ar-
rangement 1100 outputs an amplified voltage to the in-
verting terminal of the operational amplifier 950. A volt-
age source or operating point Vp (which may be 2.5
volts, for example) may be input to the non-inverting in-
put of the operational amplifier 950. In particular, for ex-
ample, the first switch 930 (or hold switch 930) may be
opened at the end of the charging or discharging proc-
ess. The signal output on line 890 corresponds to the
charge quantity Q that is supplied to the piezoelectric
element during charging or that is released from the pi-
ezoelectric element during discharging. The charge
quantity Q may be provided from the activation arrange-
ment E to the analog-to-digital converter arrangement
of the control arrangement D via the line 890, as de-
scribed above. A third switch (or reset switch) 960
(which may also be a transistor or any suitably appro-
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priate switching arrangement) may be used to discharge
the capacitor 980 between measurements to reset the
initial value of the integrating arrangement 805 to zero.
That is, since the charge quantity determination or
measurement includes the charge increments each
time, the integrating arrangement 805 is reset before
whenever the charging or discharging operation begins
for a piezoelectric element.

[0171] In particular, one terminal of the reset switch
960 may be coupled to an output of the operational am-
plifier arrangement 950 and another terminal may be
coupled by a first line 870 to a coupling point between
the resistor 940 and the capacitor 980. Additionally, one
terminal of the capacitor 980 may be coupled to the first
line 870 and the other terminal may be commonly cou-
pled to the charge quantity output line 890 and to a sec-
ond line 880 that may be coupled to the output terminal
of the operational amplifier arrangement 950.

[0172] In short, the current signal obtained from the
shunt resistor 900 is, of course, proportional to the pie-
zoelectric current. The integrating arrangement 805
then integrates the analog current signal, and this done
using the operational amplifier arrangement 950, the ca-
pacitor 980 (which may be located externally with re-
spect to the activation arrangement E) and the resistor
940. The reset switch 960 ensures that the capacitor
980 is completely discharged before every new meas-
urement. Thus, the integrated current signal corre-
sponds to the charge quantity Q supplied to or removed
from the piezoelectric device, and may be output on the
line 890 to the analog-to-digital converter of the control
arrangement D.

[0173] As discussed, the control arrangement D may
use the charge quantity to determine a capacitance of
the piezoelectric device. In particular, this may be done
as follows. The voltage of the piezoelectric element may
be measured at about the same time (such as, for ex-
ample, within 5 microseconds of the charge measure-
ment) using the analog-to-digital converter. As dis-
cussed, the control arrangement D may then ratio the
charge quantity to the voltage of the piezoelectric ele-
ment to determine a corresponding capacitance. The
preciseness of the charge quantity measurement is be-
lieved to be important because, as discussed, the ca-
pacitance changes with temperature, as well as other
factors, and the maximum travel of the piezoelectric ac-
tuator or element, which may be used to obtain the max-
imum travel associated driving voltages, also changes
with temperature of the piezoelectric element.

[0174] Thus, the control arrangement D of Fig. 4 may
be used to determine an appropriate capacitance of a
piezoelectric element based on a ratio of the determined
or measured charge quantity Q and the voltage U of a
piezoelectric element. Also, as discussed, this capaci-
tance information may be used to adjust the voltages,
for example, based on or corresponding to the aging,
temperature and other characteristics of a particular pi-
ezoelectric element. Thus, the charge quantity informa-
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tion should be accurate to better ensure an accurate or
more precise capacitance, which should provide a more
accurate driving current and/or voltage.

[0175] In this regard, the charge quantity determining
arrangement 800 of Fig. 11 may be used to implement
a compensating method that may be used to adjust or
compensate the integration process and improve a
measurement of the charge quantity. In particular, the
compensating arrangement and/or method is intended
to compensate for or at least reduce the effect of errors
that may result from relatively large variations in the ca-
pacitor 980, for example. The compensating arrange-
ment and method use the differential amplifier arrange-
ment 1100.

[0176] In particular, the compensation methodology
involves compensating an integrator arrangement that
may be used to integrate a current or voltage of the pi-
ezoelectric element at certain times. The compensation
may be applied to every measured value that is obtained
while determining the capacitance. This should provide
more accurate and/or precise measurements of the
charge quantity Q. The compensation process may
preferably be done when the engine 2505 is started. Al-
ternatively, the compensation process may be repeated
at later times to compensate for any charge quantity
measurements that may be affected by the operating
temperatures associated with the piezoelectric ele-
ments.

[0177] More particularly, first, second and/or third cal-
ibration commands may be used to increase the accu-
racy of the charge quantity Q. With respect to the first
or reset calibration command, which may be referred to
as CALIBRATE 1, the hold switch 930 is opened and
the reset switch 960 is closed to reset the integrating
arrangement 805 so that the operating point V,p may
be measured and calibrated. Since the hold switch 930
is open, the status of the switch 924 does not matter.
Also, the reference voltage or operating point V,p may
be shifted by a suitably appropriate voltage offset with
respect to the reference voltage Vref. Thus, following
calibration, the calibrated operating point value Vp ap-
pears at the output line 890. When the integration ar-
rangement has been reset, it is available for the next
integration.

[0178] With respect to the second calibration com-
mand, which may be referred to as CALIBRATE 2, the
hold switch 930 is closed and the switch 924 is also
closed when the shunt current via the piezoelectric ele-
ment is sufficiently small or zero so that the bridge circuit
arrangement, which is formed by the two voltage divider
arrangements (which include the resistors 910, 912,914
and 920), may be calibrated.

[0179] With respect to the third calibration command,
which may be referred to as CALIBRATE 3, a calibration
voltage Vooup (such as, for example, the voltage of
(Vap *0.7) volts) may be compensated over a particular
time. In this state, the switch 924 is open so that the
integrating arrangement 805 is coupled to the calibra-
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tion voltage Vopmp, the hold switch 930 is closed. In this
way, the time constant of the integrating arrangement
805 (which is the product of the resistor 940 and the ca-
pacitor 980) may be calibrated. In particular, a voltage
U, of the capacitor 890, an RC time constant T of the
external circuit, an offset voltage U,z (which corre-
sponds to an offset voltage associated with the activa-
tion arrangement E) and an integration time T;; may be
arranged to provide the following: U, = Vpp + T * Uoe/
T1/T, JU, dt. The reference voltage U, or Vap may
be determined using the first calibration command. The
second and third calibration commands may be used to
provide two measurement results, namely U, and U,
which may be used to determine the RC time constant
T, of the integrating arrangement 805, U4, and U3,
where the difference bewteen U,, and U, is equal to
the following: Tegjiprate! T * (Uofro - Uofrs + Ucomp)- Since
the difference between the two offset voltages should
be sufficiently less than the calibration voltage Veoup,
the time constant may be determined as follows: 1/T, =
(Ua2 - Ua3) / (Ucalibrate* Tcalibrate)- Also, Uoff2 may be de-
termined as follows: Uygo = (Ugo - Veomp) To/Tcalibrate-
Accordingly, any deviations in the measurement result
may be compensated using these values.

Claims

1. Fuel injection system with a piezoelectric element
(10, 20, 30, 40, 50 or 60) for controlling the amount
of injected fuel by applying a voltage to the piezoe-
lectric element (10, 20, 30, 40, 50 or 60),
characterized in that
the fuel injection system comprises a control unit
(D) for adjusting the applied voltage based upon a
nonlinear relationship between the applied voltage
and the charging time.

2. Fuel injection system according to claim 1,
characterized in that
the nonlinear relationship between the applied volt-
age and the charging time is based upon a depend-
ency of a capacitance of the piezoelectric element
(10, 20, 30, 40, 50 or 60) on the charging time.

3. Fuel injection system with a piezoelectric element
(10, 20, 30, 40, 50 or 60) for controlling the amount
of injected fuel by applying a voltage to the piezoe-
lectric element (10, 20, 30, 40, 50 or 60),
characterized in that
the fuel injection system comprises a control unit
(D) for adjusting the applied voltage based upon a
dependency of a capacitance of the piezoelectric
element (10, 20, 30, 40, 50 or 60) on the charging
time.

4. Fuel injection system according to claim 1, 2 or 3,
characterized in that
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10.

40

the fuel injection system comprising a current
measuring unit for measuring a current for charging
the piezoelectric element (10, 20, 30, 40, 50 or 60).

Fuel injection system according to claim 1, 2, 3 or 4,
characterized in that

the control unit (D) further adjusts the applied volt-
age based upon a current for charging the piezoe-
lectric element (10, 20, 30, 40, 50 or 60).

Method for operating a fuel injection system with a
piezoelectric element (10, 20, 30, 40, 50 or 60) for
controlling an amount of injected fuel by applying a
voltage to the piezoelectric element (10, 20, 30, 40,
50 or 60),

characterized in that

the applied voltage is adjusted based upon a non-
linear relationship between the applied voltage and
the charging time.

Method according to claim 6,

characterized in that

the nonlinear relationship between the applied volt-
age and the charging time is based upon a depend-
ency of a capacitance of the piezoelectric element
(10, 20, 30, 40, 50 or 60) on the charging time.

Method for operating a fuel injection system with a
piezoelectric element (10, 20, 30, 40, 50 or 60) for
controlling an amount of injected fuel by applying a
voltage to the piezoelectric element (10, 20, 30, 40,
50 or 60) for a charging time,

characterized in that

the applied voltage is adjusted based upon a de-
pendency of a capacitance of the piezoelectric ele-
ment (10, 20, 30, 40, 50 or 60) on the charging time.

Method according to claim 6, 7, or 8,
characterized in that

a current for charging the piezoelectric element (10,
20, 30, 40, 50 or 60) is measured.

Method according to claim 6, 7, 8 or 9,
characterized in that

the applied voltage is further adjusted based upon
a current for charging the piezoelectric element (10,
20, 30, 40, 50 or 60).
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