EP 1138 935 A1

(19) g)

Europdisches Patentamt
European Patent Office

Office européen des brevets

(12)

(43) Date of publication:
04.10.2001 Bulletin 2001/40

(21) Application number: 00106985.5

(22) Date of filing: 01.04.2000

(11) EP 1138 935 A1

EUROPEAN PATENT APPLICATION

(51) Intcl.”. FO2M 59/46, FO2M 47/02,
FO02D 41/20, HO1L 41/04

(84) Designated Contracting States:
ATBECHCYDEDKESFIFRGBGRIEITLILU
MC NL PT SE
Designated Extension States:
AL LT LV MK RO SI

(71) Applicant: Robert Bosch GmbH
70469 Stuttgart (DE)

(72) Inventors:
* Rueger,Johannes-Joerg
71665 Vaihingen/Enz (DE)

¢ Schulz,Udo
71665 Vaihingen/Enz (DE)

(74) Representative:
Dreiss, Fuhlendorf, Steimle & Becker
Patentanwilte
Postfach 10 37 62
70032 Stuttgart (DE)

(54)
drive voltage

(57)  The invention describes a method and an ap-
paratus for charging a piezoelectric element, for exam-
ple, used as an actuator in a fuel injection system of an
internal combustion engine. The method and apparatus

Determination of the piezoelectric element temperature and its utilization for correcting the

are characterized in that the piezoelectric element is ac-
tivated by an activation voltage, which is corrected for
the piezoelectric element's temperature. The piezoelec-
tric element's temperature is determined by loss effi-
ciency.
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Description

[0001] The present invention relates to an apparatus
as defined in the preamble of claim 1, and a method as
defined in the preamble of claim 4, i.e. a method and an
apparatus for charging a piezoelectric element.

[0002] The present piezoelectric elements being con-
sidered in more detail are, in particular but not exclu-
sively, piezoelectric elements used as actuators. Piezo-
electric elements can be used for such purposes be-
cause, as is known, they possess the property of con-
tracting or expanding as a function of a voltage applied
thereto or occurring therein.

[0003] The practical implementation of actuators us-
ing piezoelectric elements proves to be advantageous
in particular if the actuator in question must perform rap-
id and/or frequent movements.

[0004] Fuel injection systems using piezoelectric ele-
ments as actuators are characterized by the fact that, to
a first approximation, piezoelectric actuators exhibit a
proportional relationship between applied voltage and
the linear expansion. The use of piezoelectric elements
as actuators proves to be advantageous, inter alia, in
fuel injection nozzles for internal combustion engines.
Reference is made, for example, to EP 0 371 469 B1
and to EP 0 379 182 B1 regarding the usability of pie-
zoelectric elements in fuel injection nozzles.

[0005] Piezoelectric elements are capacitative ele-
ments which, as already partially alluded to above, con-
tract and expand in accordance with the particular
charge state or the voltage occurring therein or applied
thereto. In the example of a fuel injection nozzle, expan-
sion and contraction of piezoelectric elements is used
to control valves that manipulate the linear strokes of
injection needles. German applications DE 197 42 073
A1and DE 197 29 844 A1, which are incorporated here-
in by reference in their entirety, disclose piezoelectric
elements with double acting, double seat valves for con-
trolling injection needles in a fuel injection system.
[0006] In a fuel injection nozzle, for example, imple-
mented as a double acting, double seat valve to control
the linear stroke of a needle for fuel injection into a cyl-
inder of an internal combustion engine, the amount of
fuel injected into a corresponding cylinder is a function
of the time the valve is open, and in the case of the use
of a piezoelectric element, the activation voltage applied
to the piezoelectric element. If the valve plug of the valve
is located in one of the two seats of the double acting
control valve, the valve remains or becomes closed. If
the valve plug is in an intermediate position between the
seats, then the valve remains or becomes open. The
goal is to achieve a desired fuel injection volume with
high accuracy, especially at small injection volumes, for
example during pre-injection.

[0007] Inthe example of a double acting control valve,
the piezoelectric element is to be expanded or contract-
ed by the effect of an activation voltage applied to the
piezoelectric elements, so that a corresponding control-
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led valve plug is positioned midway between the two
seats of the double acting control valve to position the
corresponding injection needle for maximum fuel flow
during a set time period. It has proven to be difficult to
determine and apply an activation voltage with sufficient
precision such that, for example, a corresponding valve
plug is accurately positioned for maximum fuel flow.
[0008] More specifically, it has been found that a tem-
perature-dependent hysteresis effect has to be taken in-
to account to accurately position the valve plug. For ex-
ample, at different temperatures, the piezoelectric ele-
ment possess different travel at different voltages de-
pending upon whether the activation voltage is ap-
proached from a lower voltage or a higher voltage. If this
effect is not taken into account, the control valve's posi-
tion and the fuel injection operation would perform with
reduced accuracy. In addition, as the temperature of the
piezoelectric element reaches extreme highs or lows,
certain ways of measuring the temperature of the pie-
zoelectric element and compensating for its corre-
sponding temperature dependency become less effec-
tive. An example is discussed in detail in a patent appli-
cation entitled "Fuel Injection System," (attorney docket
number 10744/57, filed by the assignee of the present
invention on even date herewith), which is incorporated
herein by reference in its entirety.

[0009] However, the temperature of a piezoelectric el-
ement is often difficult to measure directly when used
as a fuel injector actuator. Therefore, as an alternative,
the loss efficiency of the piezoelectric element can be
used to determine the piezoelectric element's tempera-
ture without the necessity of directly measuring it. This
allows the piezoelectric element temperature to be es-
timated with great accuracy, which corresponds into in-
creased positioning accuracy of the control valve.
[0010] Itistherefore an object of the present invention
to develop the apparatus as defined in the preamble of
claim 1 and the method as defined in the preamble of
claim 4 in such a way that an activation voltage level for
a piezoelectric element is set with sufficient precision to,
for example, accurately position a valve plug for maxi-
mum fuel flow. The particular piezoelectric element can
be one of several piezoelectric elements used as actu-
ators in a system such as, for example, a fuel injection
system.

[0011] This object is achieved, according to the
present invention, by way of the features claimed in the
characterizing portion of claim 1 (apparatus) and in the
characterizing portion of claim 4 (method). These pro-
vide for:

- an activation voltage for charging the piezoelectric
element is set as a function of the temperature of
the particular piezoelectric element (characterizing
portion of claim 1); and for

- prior to charging, an activation voltage is deter-
mined for charging the piezoelectric element, the
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activation voltage being a function of the tempera-
ture of the particular piezoelectric element (charac-
terizing portion of claim 4).

[0012] As such, this invention provides for compen-
sating for the temperature hysteresis effects of the pie-
zoelectric elements. A resulting advantage is by consid-
ering these effects, the maximum piezoelectric element
travel can be estimated with a considerably greater ac-
curacy such that the drive voltage could be adjusted ac-
cordingly.

[0013] Other advantage of the present invention are
evident from the dependent claims, the description be-
low, and the exemplary embodiments represented in the
figures where:

Fig. 1 shows a graph depicting the relationship be-
tween activation voltage and injected fuel
volume in a fixed time period for the example
of a double acting control valve;

Fig. 2 shows a schematic profile of an exemplary
control valve stroke and a corresponding
nozzle needle lift for the example of a double
acting control valve;

Fig. 3 shows a block diagram of an exemplary em-
bodiment of an arrangement in which the
present invention may be implemented;
Fig. 4a shows a depiction to explain the conditions
occurring during a first charging phase
(charging switch 220 closed) in the circuit of
Fig. 3;

Fig. 4b shows a depiction to explain the conditions
occurring during a second charging phase
(charging switch 220 open again) in the cir-
cuit of Fig. 3;

Fig. 4c shows a depiction to explain the conditions
occurring during a first discharging phase
(discharging switch 230 closed) in the circuit
of Fig. 3;

Fig. 4d shows a depiction to explain the conditions
occurring during a second discharging
phase (discharging switch 230 open again)
in the circuit of Fig. 3; and

shows a block diagram of components of the
activation IC E which is also shown in Fig. 3.
Fig. 6 shows a block diagram of software modules
implemented in the control unit D and the ac-
tivation IC E which are also shown in Fig. 3,
as well as the coupling between these mod-
ules, a fuel injection system and a corre-
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sponding internal combustion engine.

Fig. 7 shows a graph illustrating the linear expan-
sion of a piezoelectric element as a function
of temperature;

Fig. 8 shows a graph illustrating the corrected loss
factor as a function of temperature.

Fig. 9 shows a schematic of a fuel injection valve
actuated by a piezoelectric element.

[0014] Fig. 9 is a schematic representation of a fuel

injection system using a piezoelectric element 2010 as
an actuator. Referring to Fig. 9, the piezoelectric ele-
ment 2010 is electrically energized to expand and con-
tract in response to a given activation voltage. The pie-
zoelectric element 2010 is coupled to a piston 2015. In
the expanded state, the piezoelectric element 2010
causes the piston 2015 to protrude into a hydraulic
adapter 2020 which contains a hydraulic fluid, for exam-
ple fuel. As a result of the piezoelectric element's ex-
pansion, a double acting control valve 2025 is hydrauli-
cally 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 extended, it rests in
its second closed position 2030. The later position of
valve plug 2035 is schematically represented with ghost
lines in Fig. 9.

[0015] 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) . Converse-
ly, 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 dif-
ferential in the pressurized fuel supply line 2060 be-
tween the top and the bottom of the injection needle
2070 so that the injection needle 2070 is lifted allowing
for fuel injection into the cylinder (not shown).

[0016] Fig. 1 shows a graph depicting the relationship
between activation voltage U and injected fuel volume
m, during a preselected fixed time period, for an exem-
plary fuel injection system using piezoelectric elements
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acting upon double acting control valves. The y-axis rep-
resents volume of fuel injected into a cylinder chamber
during the preselected fixed period of time. The x-axis
represents the activation voltage U applied to or stored
in the corresponding piezoelectric element, used to dis-
place a valve plug of the double acting control valve.
[0017] At x=0, y=0, the activation voltage U is zero,
and the valve plug is seated in a first closed position to
prevent the flow of fuel during the preselected fixed pe-
riod of time. For values of the activation voltage U great-
er than zero, up to the x-axis point indicated as Uopt, the
represented values of the activation voltage U cause the
displacement of the valve plug away from the first closed
position and towards the second closed position, in a
manner that results in a greater volume of injected fuel
for the fixed time period, as the activation voltage ap-
proaches U, up to the value for volume indicted on
the y-axis by mg may- The point mg ., corresponding
to the greatest volume for the injected fuel during the
fixed period of time, represents the value of the activa-
tion voltage for application to or charging of the piezoe-
lectric element, that results in an optimal displacement
of the valve plug between the first and second valve
seats.

[0018] As shown on the graph of Fig. 1, for values of
the activation voltage greater than U, the volume of
fuel injected during the fixed period of time decrease un-
til it reaches zero. This represents displacement of the
valve plug from the optimal point and toward the second
closed position of the double acting control valve until
the valve plug is seated against the second closed po-
sition. Thus, the graph of Fig. 1 illustrates that a maxi-
mum volume of fuel injection occurs when the activation
voltage causes the piezoelectric element to displace the
valve plug to the optimal point.

[0019] The present invention teaches that the value
for Ut at any given time for a particular piezoelectric
elementis influenced by the operating characteristics of
the particular piezoelectric element at that time. That is,
the amount of displacement caused by the piezoelectric
element for a certain activation voltage varies as a func-
tion of the operating characteristics of the particular pi-
ezoelectric element. Accordingly, in order to achieve a
maximum volume of fuel injection, mg, o4, during a giv-
en fixed period of time, the activation voltage applied to
or occurring in the piezoelectric element should be set
to a value relevant to current operating characteristics
of the particular piezoelectric element, to achieve Uopt.
[0020] Fig. 2 shows a double graph representing a
schematic profile of an exemplary control valve stroke,
toillustrate the double acting control valve operation dis-
cussed above. In the upper graph of Fig. 2, the x-axis
represents time, and the y-axis represents displace-
ment of the valve plug (valve lift). In the lower graph of
Fig. 2, the x-axis once again represents time, while the
y-axis represents a nozzle needle lift to provide fuel flow,
resulting from the valve lift of the upper graph. The upper
and lower graphs are aligned with one another to coin-
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cide in time, as represented by the respective x-axises.
[0021] During an injection cycle, the piezoelectric el-
ement is charged resulting in an expansion of the pie-
zoelectric element, as will be described in greater detail,
and causing the corresponding valve plug to move from
the first closed position to the second closed position for
a pre-injection stroke, as shown in the upper graph of
Fig. 2. The lower graph of Fig. 2 shows a small injection
of fuel that occurs as the valve plug moves between the
two seats of the double acting control valve, opening
and closing the valve as the plug moves between the
seats. In general, the charging of the piezoelectric ele-
ment can be done in two steps: the first one is to charge
it to a certain voltage and cause the valve to open, and
the second one is to charge it further and cause the
valve to close again at the second closed position. Be-
tween steps, in general, there can be a certain time de-
lay.

[0022] After a preselected period of time, a discharg-
ing operation is then performed, as will be explained in
greater detail below, to reduce the charge within the pi-
ezoelectric element so that it contracts, as will also be
described in greater detail, causing the valve plug to
move away from the second control position, and hold
at a midway point between the two seats. As indicated
in Fig. 1, the activation voltage within the piezoelectric
element is to reach a value that equals U, to corre-
spond to an optimal point of the valve lift, and thereby
obtain a maximum fuel flow, mg ., during the period
of time allocated to a main injection. The upper and low-
er graphs of Fig. 2 show the holding of the valve lift at a
midway point, resulting in a main fuel injection.

[0023] At the end of the period of time for the main
injection, the piezoelectric element is discharged to an
activation voltage of zero, resulting in further contraction
of the piezoelectric element, to cause the valve plug to
move away from the optimal position, towards the first
closed position, closing the valve and stopping fuel flow,
as shown in the upper and lower graphs of Fig. 2. At this
time, the valve plug will once again be in a position to
repeat another pre-injection, maininjection cycle, as just
described above, for example. Of course, any other in-
jection cycle can be performed.

[0024] Fig. 3 provides a block diagram of an exempla-
ry embodiment of an arrangement in which the present
invention may be implemented.

[0025] In Fig. 3 there is a detailed area A and a non-
detailed area B, the separation of which is indicated by
a dashed line c. The detailed area A comprises a circuit
for charging and discharging piezoelectric elements 10,
20, 30, 40, 50 and 60. In the example being considered
these piezoelectric elements 10, 20, 30, 40, 50 and 60
are actuators in fuel injection nozzles (in particular in so-
called common rail injectors) of an internal combustion
engine. Piezoelectric elements can be used for such
purposes because, as is known, and as discussed
above, they possess the property of contracting or ex-
panding as a function of a voltage applied thereto or oc-



7 EP 1 138 935 A1 8

curring therein. The reason to take six piezoelectric el-
ements 10, 20, 30, 40, 50 and 60 in the embodiment
described is to independently control six cylinders within
a combustion engine; hence, any other number of pie-
zoelectric elements might match any other purpose.
[0026] The non-detailed area B comprises a control
unit D and a activation IC E by both of which the ele-
ments within the detailed area A are controlled, as well
as a measuring system F for measuring system operat-
ing characteristics such as, for example, fuel pressure
and rotational speed (rpm) of the internal combustion
engine for input to and use by the control unit D, accord-
ing to the presentinvention, as will be described in detail
below. According to the present invention, the control
unit D and activation IC E are programmed to control
activation voltages for piezoelectric elements as a func-
tion of operating characteristics of the each particular
piezoelectric element.

[0027] The following description firstly introduces the
individual elements within the detailed area A. Then, the
procedures of charging and discharging piezoelectric el-
ements 10, 20, 30, 40, 50, 60 are described in general.
Finally, the ways both procedures are controlled by
means of control unit D and activation IC E, according
to the present invention, are described in detail.

[0028] The circuit within the detailed area A compris-
es six piezoelectric elements 10, 20, 30, 40, 50 and 60.
[0029] The piezoelectric elements 10, 20, 30, 40, 50
and 60 are distributed into a first group G1 and a second
group G2, each comprising three piezoelectric elements
(i.e. piezoelectric elements 10, 20 and 30 in the first
group G1 resp. 40, 50 and 60 in the second group G2).
Groups G1 and G2 are constituents of circuit parts con-
nected in parallel with one another. Group selector
switches 310, 320 can be used to establish which of the
groups G1, G2 of piezoelectric elements 10, 20 and 30
resp. 40, 50 and 60 will be discharged in each case by
a common charging and discharging apparatus (howev-
er, the group selector switches 310, 320 are meaning-
less for charging procedures, as is explained in further
detail below).

[0030] The group selector switches 310, 320 are ar-
ranged between a coil 240 and the respective groups
G1 and G2 (the coil-side terminals thereof) and are im-
plemented as transistors. Side drivers 311, 321 are im-
plemented which transform control signals received
from the activation IC E into voltages which are eligible
for closing and opening the switches as required.
[0031] Diodes 315 and 325 (referred to as group se-
lector diodes), respectively, are provided in parallel with
the group selector switches 310, 320. If the group se-
lector switches 310, 320 are implemented as MOSFETs
or IGBTSs, for example, these group selector diodes 315
and 325 can be constituted by the parasitic diodes them-
selves. The diodes 315, 325 bypass the group selector
switches 310, 320 during charging procedures. Hence,
the functionality of the group selector switches 310, 320
is reduced to select a group G1, G2 of piezoelectric el-
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ements 10, 20 and 30, resp. 40, 50 and 60 for a dis-
charging procedure only.

[0032] Within each group G1 resp. G2 the piezoelec-
tric elements 10, 20 and 30, resp. 40, 50 and 60 are
arranged as constituents of piezo branches 110, 120
and 130 (group G1) and 140, 150 and 160 (group G2)
that are connected in parallel. Each piezo branch com-
prises a series circuit made up of a first parallel circuit
comprising a piezoelectric element 10, 20, 30, 40, 50
resp. 60 and a resistor 13, 23, 33, 43, 53 resp. 63 (re-
ferred to as branch resistors) and a second parallel cir-
cuit made up of a selector switch implemented as a tran-
sistor 11, 21, 31, 41, 51 resp. 61 (referred to as branch
selector switches) and a diode 12, 22, 32, 42, 52 resp.
62 (referred to as branch diodes).

[0033] The branch resistors 13, 23, 33, 43, 53 resp.
63 cause each corresponding piezoelectric element 10,
20, 30, 40, 50 resp. 60 during and after a charging pro-
cedure to continuously discharge themselves, since
they connect both terminals of each capacitive piezoe-
lectric element 10, 20, 30, 40, 50, resp. 60 one to an-
other. However, the branch resistors 13, 23, 33, 43, 53
resp. 63 are sufficiently large to make this procedure
slow compared to the controlled charging and discharg-
ing procedures as described below. Hence, it is still a
reasonable assumption to consider the charge of any
piezoelectric element 10, 20, 30, 40, 50 or 60 as un-
changing within a relevant time after a charging proce-
dure (the reason to nevertheless implement the branch
resistors 13, 23, 33, 43, 53 and 63 is to avoid remaining
charges on the piezoelectric elements 10, 20, 30, 40,
50 and 60 in case of a breakdown of the system or other
exceptional situations). Hence, the branch resistors 13,
23, 33, 43, 53 and 63 may be neglected in the following
description.

[0034] The branch selector switch/branch diode pairs
in the individual piezo branches 110, 120, 130, 140, 150
resp. 160, i.e. selector switch 11 and diode 12 in piezo
branch 110, selector switch 21 and diode 22 in piezo
branch 120, and so on, can be implemented using elec-
tronic switches (i.e. transistors) with parasitic diodes, for
example MOSFETs or IGBTs (as stated above for the
group selector switch/diode pairs 310 and 315 resp. 320
and 325).

[0035] The branch selector switches 11, 21, 31, 41,
51 resp. 61 can be used to establish which of the pie-
zoelectric elements 10, 20, 30, 40, 50 or 60 will be
charged in each case by a common charging and dis-
charging apparatus: in each case, the piezoelectric el-
ements 10, 20, 30, 40, 50 or 60 that are charged are all
those whose branch selector switches 11, 21, 31, 41, 51
or 61 are closed during the charging procedure which is
described below. Usually, at any time only one of the
branch selector switches is closed.

[0036] The branch diodes 12, 22, 32, 42, 52 and 62
serve for bypassing the branch selector switches 11, 21,
31, 41, 51 resp. 61 during discharging procedures.
Hence, in the example considered for charging proce-
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dures any individual piezoelectric element can be se-
lected, whereas for discharging procedures either the
first group G1 or the second group G2 of piezoelectric
elements 10, 20 and 30 resp. 40, 50 and 60 or both have
to be selected.

[0037] Returning to the piezoelectric elements 10, 20,
30, 40, 50 and 60 themselves, the branch selector piezo
terminals 15, 25, 35, 45, 55 resp. 65 may be connected
to ground either through the branch selector switches
11,21, 31, 41, 51 resp. 61 or through the corresponding
diodes 12, 22, 32, 42, 52 resp. 62 and in both cases
additionally through resistor 300.

[0038] The purpose of resistor 300 is to measure the
currents that flow during charging and discharging of the
piezoelectric elements 10, 20, 30, 40, 50 and 60 be-
tween the branch selector piezo terminals 15, 25, 35,
45, 55 resp. 65 and the ground. A knowledge of these
currents allows a controlled charging and discharging of
the piezoelectric elements 10, 20, 30, 40, 50 and 60. In
particular, by closing and opening charging switch 220
and discharging switch 230 in a manner dependent on
the magnitude of the currents, it is possible to set the
charging current and discharging current to predefined
average values and/or to keep them from exceeding or
falling below predefined maximum and/or minimum val-
ues as is explained in further detail below.

[0039] In the example considered, the measurement
itself further requires a voltage source 621 which sup-
plies a voltage of 5 V DC, for example, and a voltage
divider implemented as two resistors 622 and 623. This
is in order to prevent the activation IC E (by which the
measurements are performed) from negative voltages
which might otherwise occur on measuring point 620
and which cannot be handled be means of activation IC
E: such negative voltages are changed into positive volt-
ages by means of addition with a positive voltage setup
which is supplied by said voltage source 621 and volt-
age divider resistors 622 and 623.

[0040] The other terminal of each piezoelectric ele-
ment 10, 20, 30, 40, 50 and 60, i.e. the group selector
piezo terminal 14, 24, 34, 44, 54 resp. 64, may be con-
nected to the plus pole of a voltage source via the group
selector switch 310 resp. 320 or via the group selector
diode 315 resp. 325 as well as via a coil 240 and a par-
allel circuit made up of a charging switch 220 and a
charging diode 221, and alternatively or additionally
connected to ground via the group selector switch 310
resp. 320 or via diode 315 resp. 325 as well as via the
coil 240 and a parallel circuit made up of a discharging
switch 230 or a discharging diode 231. Charging switch
220 and discharging switch 230 are implemented as
transistors, for example, which are controlled via side
drivers 222 resp. 232.

[0041] The voltage source comprises an element hav-
ing capacitive properties which, in the example being
considered, is the (buffer) capacitor 210. Capacitor 210
is charged by a battery 200 (for example a motor vehicle
battery) and a DC voltage converter 201 downstream
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therefrom. DC voltage converter 201 converts the bat-
tery voltage (for example, 12 V) into substantially any
other DC voltage (for example 250 V), and charges ca-
pacitor 210 to that voltage. DC voltage converter 201 is
controlled by means of transistor switch 202 and resistor
203 which is utilized for current measurements taken
from a measuring point 630.

[0042] For cross check purposes, a further current
measurement at a measuring point 650 is allowed by
activation IC E as well as by resistors 651, 652 and 653
and a 5 V DC voltage, for example, source 654; more-
over, a voltage measurement at a measuring point 640
is allowed by activation IC E as well as by voltage divid-
ing resistors 641 and 642.

[0043] Finally, a resistor 330 (referred to as total dis-
charging resistor), a stop switch implemented as a tran-
sistor 331 (referred to as stop switch), and a diode 332
(referred to as total discharging diode) serve to dis-
charge the piezoelectric elements 10, 20, 30, 40, 50 and
60 (if they happen to be not discharged by the "normal"
discharging operation as described further below). Stop
switch 331 is preferably closed after "normal" discharg-
ing procedures (cycled discharging via discharge switch
230). It thereby connects piezoelectric elements 10, 20,
30, 40, 50 and 60 to ground through resistors 330 and
300, and thus removes any residual charges that might
remain in piezoelectric elements 10, 20, 30, 40, 50 and
60. The total discharging diode 332 prevents negative
voltages from occurring at the piezoelectric elements
10, 20, 30, 40, 50 and 60, which might in some circum-
stances be damaged thereby.

[0044] Charging and discharging of all the piezoelec-
tric elements 10, 20, 30, 40, 50 and 60 or any particular
one is accomplished by way of a single charging and
discharging apparatus (common to all the groups and
their piezoelectric elements). In the example being con-
sidered, the common charging and discharging appara-
tus comprises battery 200, DC voltage converter 201,
capacitor 210, charging switch 220 and discharging
switch 230, charging diode 221 and discharging diode
231 and coil 240.

[0045] The charging and discharging of each piezoe-
lectric element works the same way and is explained in
the following while referring to the first piezoelectric el-
ement 10 only.

[0046] The conditions occurring during the charging
and discharging procedures are explained with refer-
ence to Figs. 4a through 4d, of which Figs. 4a and 4b
illustrate the charging of piezoelectric element 10, and
Figs. 4c and 4d the discharging of piezoelectric element
10.

[0047] The selection of one or more particular piezo-
electric elements 10, 20, 30, 40, 50 or 60 to be charged
or discharged, the charging procedure as described in
the following as well as the discharging procedure are
driven by activation IC E and control unit D by means of
opening or closing one or more of the above introduced
switches 11, 21, 31, 41, 51, 61; 310, 320; 220, 230 and
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331. The interactions between the elements within the
detailed area A on the one hand and activation IC E and
control unit D on the other hand are described in detail
further below.

[0048] Concerning the charging procedure, firstly any
particular piezoelectric element 10, 20, 30, 40, 50 or 60
which is to be charged has to be selected. In order to
exclusively charge the first piezoelectric element 10, the
branch selector switch 11 of the first branch 110 is
closed, whereas all other branch selector switches 21,
31,41, 51 and 61 remain opened. In order to exclusively
charge any other piezoelectric element 20, 30, 40, 50,
60 or in order to charge several ones at the same time
they would be selected by closing the corresponding
branch selector switches 21, 31, 41, 51 and/or 61.

[0049] Then, the charging procedure itself may take
place:
[0050] Generally, within the example considered, the

charging procedure requires a positive potential differ-
ence between capacitor 210 and the group selector pi-
ezo terminal 14 of the first piezoelectric element 10.
However, as long as charging switch 220 and discharg-
ing switch 230 are open no charging or discharging of
piezoelectric element 10 occurs: In this state, the circuit
shown in Fig. 3 is in a steady-state condition, i.e. piezo-
electric element 10 retains its charge state in substan-
tially unchanged fashion, and no currents flow.

[0051] In order to charge the first piezoelectric ele-
ment 10, charging switch 220 is closed. Theoretically,
the first piezoelectric element 10 could become charged
just by doing so. However, this would produce large cur-
rents which might damage the elements involved.
Therefore, the occurring currents are measured at
measuring point 620 and switch 220 is opened again as
soon as the detected currents exceed a certain limit.
Hence, in order to achieve any desired charge on the
first piezoelectric element 10, charging switch 220 is re-
peatedly closed and opened whereas discharging
switch 230 remains open.

[0052] In more detail, when charging switch 220 is
closed, the conditions shown in Fig. 4a occur, i.e. a
closed circuit comprising a series circuit made up of pi-
ezoelectric element 10, capacitor 210, and coil 240 is
formed, in which a current i g(t) flows as indicated by
arrows in Fig. 4a. As a result of this current flow both
positive charges are brought to the group selector piezo
terminal 14 of the first piezoelectric element 10 and en-
ergy is stored in coil 240.

[0053] When charging switch 220 opens shortly (for
example, a few us) after it has closed, the conditions
shown in Fig. 4b occur: a closed circuit comprising a se-
ries circuit made up of piezoelectric element 10, charg-
ing diode 221, and coil 240 is formed, in which a current
i_a(t) flows as indicated by arrows in Fig. 4b. The result
of this current flow is that energy stored in coil 240 flows
into piezoelectric element 10. Corresponding to the en-
ergy delivery to the piezoelectric element 10, the voltage
occurring in the latter, and its external dimensions, in-
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crease. Once energy transport has taken place from coil
240 to piezoelectric element 10, the steady-state condi-
tion of the circuit, as shown in Fig. 3 and already de-
scribed, is once again attained.

[0054] At that time, or earlier, or later (depending on
the desired time profile of the charging operation),
charging switch 220 is once again closed and opened
again, so that the processes described above are re-
peated. As a result of the re-closing and re-opening of
charging switch 220, the energy stored in piezoelectric
element 10 increases (the energy already stored in the
piezoelectric element 10 and the newly delivered energy
are added together), and the voltage occurring at the
piezoelectric element 10, and its external dimensions,
accordingly increase.

[0055] If the aforementioned closing and opening of
charging switch 220 are repeated numerous times, the
voltage occurring at the piezoelectric element 10, and
the expansion of the piezoelectric element 10, rise in
steps.

[0056] Once charging switch 220 has closed and
opened a predefined number of times, and/or once pie-
zoelectric element 10 has reached the desired charge
state, charging of the piezoelectric element is terminat-
ed by leaving charging switch 220 open.

[0057] Concerning the discharging procedure, in the
example considered, the piezoelectric elements 10, 20,
30, 40, 50 and 60 are discharged in groups (G1 and/or
G2) as follows:

[0058] Firstly, the group selector switch(es) 310 and/
or 320 of the group or groups G1 and/or G2 the piezo-
electric elements of which are to be discharged are
closed (the branch selector switches 11, 21, 31, 41, 51,
61 do not affect the selection of piezoelectric elements
10, 20, 30, 40, 50, 60 for the discharging procedure,
since in this case they are bypassed by the branch di-
odes 12, 22, 32, 42, 52 and 62). Hence, in order to dis-
charge piezoelectric element 10 as a part of the first
group G1, the first group selector switch 310 is closed.
[0059] When discharging switch 230 is closed, the
conditions shown in Fig. 4c occur: a closed circuit com-
prising a series circuit made up of piezoelectric element
10 and coil 240 is formed, in which a current igg(t) flows
as indicated by arrows in Figure 4c. The result of this
current flow is that the energy (a portion thereof) stored
in the piezoelectric element is transported into coil 240.
Corresponding to the energy transfer from piezoelectric
element 10 to coil 240, the voltage occurring at the pie-
zoelectric element 10, and its external dimensions, de-
crease.

[0060] When discharging switch 230 opens shortly
(for example, a few us) after it has closed, the conditions
shown in Fig. 4d occur: a closed circuit comprising a se-
ries circuit made up of piezoelectric element 10, capac-
itor 210, discharging diode 231, and coil 240 is formed,
in which a current iga(t) flows as indicated by arrows in
Figure 4d. The result of this current flow is that energy
stored in coil 240 is fed back into capacitor 210. Once
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energy transport has taken place from coil 240 to ca-
pacitor 210, the steady-state condition of the circuit, as
shown in Fig. 3 and already described, is once again
attained.

[0061] At that time, or earlier, or later (depending on
the desired time profile of the discharging operation),
discharging switch 230 is once again closed and opened
again, so that the processes described above are re-
peated. As a result of the re-closing and re-opening of
discharging switch 230, the energy stored in piezoelec-
tric element 10 decreases further, and the voltage oc-
curring at the piezoelectric element, and its external di-
mensions, also accordingly decrease.

[0062] If the aforementioned closing and opening of
discharging switch 230 are repeated numerous times,
the voltage occurring at the piezoelectric element 10,
and the expansion of the piezoelectric element 10, de-
crease in steps.

[0063] Once discharging switch 230 has closed and
opened a predefined number of times, and/or once the
piezoelectric element has reached the desired dis-
charge state, discharging of the piezoelectric element
10 is terminated by leaving discharging switch 230
open.

[0064] The interaction between activation IC E and
control unit D on the one hand and the elements within
the detailed area A on the other hand is performed by
control signals sent from activation IC E to elements
within the detailed area A via branch selector control
lines 410, 420, 430, 440, 450, 460, group selector con-
trol lines 510, 520, stop switch control line 530, charging
switch control line 540 and discharging switch control
line 550 and control line 560. On the other hand, there
are sensor signals obtained on measuring points 600,
610, 620, 630, 640, 650 within the detailed area A which
are transmitted to activation IC E via sensor lines 700,
710, 720, 730, 740, 750.

[0065] The control lines are used to apply or not to
apply voltages to the transistor bases in order to select
piezoelectric elements 10, 20, 30, 40, 50 or 60, to per-
form charging or discharging procedures of single or
several piezoelectric elements 10, 20, 30, 40, 50, 60 by
means of opening and closing the corresponding
switches as described above. The sensor signals are
particularly used to determine the resulting voltage of
the piezoelectric elements 10, 20 and 30, resp. 40, 50
and 60 from measuring points 600 resp. 610 and the
charging and discharging currents from measuring point
620. The control unit D and the activation IC E are used
to combine both kinds of signals in order to perform an
interaction of both as will be described in detail now
while referring to Figs. 3 and 5.

[0066] As is indicated in Fig. 3, the control unit D and
the activation IC E are connected to each other by
means of a parallel bus 840 and additionally by means
of a serial bus 850. The parallel bus 840 is particularly
used for fast transmission of control signals from control
unit D to the activation IC E, whereas the serial bus 850

10

15

20

25

30

35

40

45

50

55

is used for slower data transfer.

[0067] In Fig. 5 some components are indicated,
which the activation IC E comprises: a logic circuit 800,
RAM memory 810, digital to analog converter system
820 and comparator system 830. Furthermore, it is in-
dicated that the fast parallel bus 840 (used for control
signals) is connected to the logic circuit 800 of the acti-
vation IC E, whereas the slower serial bus 850 is con-
nected to the RAM memory 810. The logic circuit 800 is
connected to the RAM memory 810, to the comparator
system 830 and to the signal lines 410, 420, 430, 440,
450 and 460; 510 and 520; 530; 540, 550 and 560. The
RAM memory 810 is connected to the logic circuit 800
as well as to the digital to analog converter system 820.
The digital to analog converter system 820 is further
connected to the comparator system 830. The compa-
rator system 830 is further connected to the sensor lines
700 and 710; 720; 730, 740 and 750 and -as already
mentioned- to the logic circuit 800.

[0068] The above listed components may be used in
a charging procedure for example as follows:

[0069] By means of the control unit D a particular pi-
ezoelectric element 10, 20, 30, 40, 50 or 60 is deter-
mined which is to be charged to a certain target voltage.
Hence, firstly the value of the target voltage (expressed
by a digital number) is transmitted to the RAM memory
810 via the slower serial bus 850. The target voltage can
be, for example, the value for U, used in a main injec-
tion, as described above with respect to Fig. 1. Later or
simultaneously, a code corresponding to the particular
piezoelectric element 10, 20, 30, 40, 50 or 60 which is
to be selected and the address of the desired voltage
within the RAM memory 810 is transmitted to the logic
circuit 800 via the parallel bus 840. Later on, a strobe
signal is sent to the logic circuit 800 via the parallel bus
840 which gives the start signal for the charging proce-
dure.

[0070] The start signal firstly causes the logic circuit
800 to pick up the digital value of the target voltage from
the RAM memory 810 and to put it on the digital to an-
alog converter system 820 whereby at one analog exit
of the converters 820 the desired voltage occurs. More-
over, said analog exit (not shown) is connected to the
comparator system 830. In addition hereto, the logic cir-
cuit 800 selects either measuring point 600 (for any of
the piezoelectric elements 10, 20 or 30 of the first group
G1) or measuring point 610 (for any of the piezoelectric
elements 40, 50 or 60 of the second group G2) to the
comparator system 830. Resulting thereof, the target
voltage and the present voltage at the selected piezoe-
lectric element 10, 20, 30, 40, 50 or 60 are compared
by the comparator system 830. The results of the com-
parison, i.e. the differences between the target voltage
and the present voltage, are transmitted to the logic cir-
cuit 800. Thereby, the logic circuit 800 can stop the pro-
cedure as soon as the target voltage and the present
voltage are equal to one another.

[0071] Secondly, the logic circuit 800 applies a control
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signal to the branch selector switch 11, 21, 31, 41, 51
or 61 which corresponds to any selected piezoelectric
element 10, 20, 30, 40, 50 or 60 so that the switch be-
comes closed (all branch selector switches 11, 21, 31,
41,51 and 61 are considered to be in an open state be-
fore the onset of the charging procedure within the ex-
ample described). Then, the logic circuit 800 applies a
control signal to the charging switch 220 so that the
switch becomes closed. Furthermore, the logic circuit
800 starts (or continues) measuring any currents occur-
ring on measuring point 620. Hereto, the measured cur-
rents are compared to any predefined maximum value
by the comparator system 830. As soon as the prede-
fined maximum value is achieved by the detected cur-
rents, the logic circuit 800 causes the charging switch
220 to open again.

[0072] Again, the remaining currents at measuring
point 620 are detected and compared to any predefined
minimum value. As soon as said predefined minimum
value is achieved, the logic circuit 800 causes the charg-
ing switch 220 to close again and the procedure starts
once again.

[0073] The closing and opening of the charging switch
220 is repeated as long as the detected voltage at meas-
uring point 600 or 610 is below the target voltage. As
soon as the target voltage is achieved, the logic circuit
stops the continuation of the procedure.

[0074] The discharging procedure takes place in a
corresponding way: Now the selection of the piezoelec-
tric element 10, 20, 30, 40, 50 or 60 is obtained by
means of the group selector switches 310 resp. 320, the
discharging switch 230 instead of the charging switch
220 is opened and closed and a predefined minimum
target voltage is to be achieved.

[0075] The timing of the charging and discharging op-
erations and the holding of voltage levels in the piezoe-
lectric elements 10, 20, 30, 40, 50 or 60, as for example,
the time of a main injection, can be according to a valve
stroke, as shown, for example, in Fig. 2.

[0076] Itis to be understood that the above given de-
scription of the way charging or discharging procedures
take place are exemplary only. Hence, any other proce-
dure which utilizes the above described circuits or other
circuits might match any desired purpose and any cor-
responding procedure may be used in place of the
above described example.

[0077] Fig. 6 shows a configuration for controlling a
combustion engine 2505. This configuration comprises
a basic voltage calculation unit 2500 which calculates a
basic voltage to be applied to the piezoelectric elements
10, 20, 30, 40, 50, and 60, of the circuit included in the
detailed area A of Fig. 6; the detailed area A is also
shown in Fig. 4. The basic voltage calculation unit 2500
calculates a basic voltage dependent on the pressure
Prail in the pressurized fuel supply line of the fuel injec-
tion system. In a preferred embodiment, the basic volt-
age is corrected via a first correction block 2501 using
a temperature correction value K. The output from the
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first correction block 2501 is a corrected basic voltage.
This corrected basic voltage is preferably corrected by
a second or subsequent correction block 2502 using an
aging correction value K,. The first and second correc-
tion blocks 2501 and 2502 are preferably multipliers, i.
e., the basic voltage is multiplied by the temperature cor-
rection value Kt and the output enters the second or
subsequent correction block 2502 and is multiplied by
the aging correction value K,. The aging correction val-
ue K, is calculated via a correction value calculation unit
2512. The correction block 2502 and the correction val-
ue calculation unit 2512 are part of a compensation unit
2511. The output of the second or subsequent correc-
tion block 2502 is preferably further corrected via a third
or subsequent correction block 2503 using an online
correction value K,. The third or subsequent correction
block 2503 is preferably implemented as an adder, i.e.,
the online correction value K is preferably added to the
output of the second or subsequent correction block
2502. The output of the third or subsequent correction
block 2503 is preferably fed through a voltage and volt-
age gradient controller 2504.

[0078] The basic voltage calculation unit 2500 and the
correction blocks 2501, 2502, and 2503, as well as the
voltage and voltage gradient controller 2504 are soft-
ware modules implemented in control unit D in Fig. 4.
[0079] Further, in Fig. 6, the voltage and voltage gra-
dient controller 2504 is connected to the activation IC E
shown in Fig. 4 via the serial bus 850. The activation IC
E is connected to the circuit within the detailed area A
via the signal lines 410, 420, 430, 440, 450, 460, 510,
520, 530, 540, 550, 560, 700, 710, 720, 730, 740, and
750. The fuel injection into the combustion engine 2505
is controlled via the piezoelectric elements 10, 20, 30,
40, 50, and 60, of the circuit within the detailed area A
shown in Fig. 4. The rotational speed of the combustion
engine 2505 is measured and fed into a fuel correction
unit 2506. The fuel correction unit 2506 comprises a fre-
quency analyzer which evaluates the frequency of the
rotational speed. The fuel correction unit 2506 calcu-
lates a fuel correction value Amg upon this frequency
analysis for each individual cylinder of the combustion
engine 2505.

[0080] The configuration shown in Fig. 6 also com-
prises a fuel volume calculation unit 2507 calculating a
desired fuel volume m,. The desired fuel volume is add-
ed to the fuel volume correction value Am, via an adder
2508. The sum of the desired fuel volume mg and the
fuel volume correction value Am, is fed into a fuel me-
tering unit 2509. The fuel metering unit calculates the
time a voltage has to be applied to the piezoelectric el-
ements 10, 20, 30, 40, 50 and 60, to inject fuel into the
combustion engine 2505. The fuel correction unit 2506,
the adder 2508, the fuel volume calculation unit 2507,
and the fuel metering unit 2509 are implemented in the
control unit D. Time signals to signaling when a voltage
has to be applied to the piezoelectric elements 10, 20,
30, 40, 50 and 60, to inject fuel into the combustion en-
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gine 2505 are transferred from the fuel metering unit
2509 to the activation IC E via the parallel bus 840.
[0081] The online correction value K is calculated by
an online optimization unit 2510. The online optimization
unit 2510 calculates the online correction value K,
based upon the fuel correction value Am,, calculated by
the fuel correction unit 2506.

[0082] Fig. 7 is a graph showing an example of the
travel of a piezoelectric element versus temperature. As
is shown in Fig. 7, especially below 0°C, the linear ex-
pansion of the piezoelectric element shows a strong
temperature dependence. Therefore, in order to accu-
rately place the nozzle needle in a fuel injection system
using these piezoelectric elements, the temperature de-
pendence must be taken into account.

[0083] As discussed earlier, directly measuring the
temperature of the piezoelectric elementis generally not
done. Therefore, if the temperature dependence is to be
taken into account, another way of determining the tem-
perature of the piezoelectric element must be used. One
such method uses the loss efficiency of the piezoelectric
element to determine the piezoelectric element temper-
ature.

[0084] For example, the loss efficiency is defined as

= 1-W, /W,

Nioss

where W, is the energy required to charge the actuator
and W, is the energy that can be recovered during ac-
tuator discharge.

[0085] As Fig. 8 shows an example of a relationship
between the loss efficiency of a piezoelectric element
and its temperature.

[0086] The temperature is measured by way of the
loss efficiency on an individual piezoelectric element ba-
sis so that the correction can also be performed on an
individual actuator basis.

[0087] In addition, this apparatus and method of de-
termining the piezoelectric element temperature can be
used to verify other temperature measurements thus in-
creasing the accuracy of the temperature determination.

Claims

1. Fuel injection system with a piezoelectric element
(10, 20, 30, 40, 50 or 60) for controlling the amount
of injected fuel by charging and/or discharging the
piezoelectric element (10, 20, 30, 40, 50 or 60),
characterized in that the fuel injection system
comprises a control unit (D) sets an activation volt-
age for charging the piezoelectric element (10, 20,
30, 40, 50 or 60) as a function of the temperature
of the particular piezoelectric element (10, 20, 30,
40, 50 or 60).

2. Thefuelinjection system as recited in claim 1, char-

10

15

20

25

30

35

40

45

50

55

10

acterized in that the control unit (D) determines the
temperature of the piezoelectric element (10, 20,
30, 40, 50 or 60) using a loss efficiency of the pie-
zoelectric element (10, 20, 30, 40, 50 or 60).

The fuel injection system as recited in claim 2, char-
acterized in that the loss efficiency can be ex-
pressed as

1-W, /W,

wherein, W, is an energy required to charge the pi-
ezoelectric element (10, 20, 30, 40, 50 or 60) and
W, is an energy that can be recovered during the
piezoelectric element (10, 20, 30, 40, 50 or 60) dis-
charge.

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 charging
and/or discharging the piezoelectric element (10,
20, 30, 40, 50 or 60), characterized in that, prior
to charging, an activation voltage is determined for
charging the piezoelectric element (10, 20, 30, 40,
50 or 60), the activation voltage being a function of
a temperature of the particular piezoelectric ele-
ment (10, 20, 30, 40, 50 or 60).

The method as recited in claim 4, characterized in
that the temperature of the piezoelectric element
(10, 20, 30, 40, 50 or 60) is determined by loss ef-
ficiency.

The method as recited in claims 4 or 5, character-
ized in that the loss efficiency can be expressed as

1-W, /W,

wherein, W, is an energy required to charge the pi-
ezoelectric element (10, 20, 30, 40, 50 or 60) and
W, is an energy that can be recovered during the
piezoelectric element (10, 20, 30, 40, 50 or 60) dis-
charge.
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