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(57) ABSTRACT 

A control element, in particular a pieZoelectrically operated 
fuel injection valve in an internal combustion engine, is 
charged, in order to compensate for stochastic reactions in 
the internal combustion engine, With a constant nominal 
voltage applied to a series circuit that includes a charge 
capacitor and a charge reversal capacitor, and it is dis 
charged into the charge reversal capacitor to a prescribed 
voltage value. The remaining residual charge of the control 
element is charged into the charge capacitor via a limiter 
path. 
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METHOD AND APPARATUS FOR DRIVING AT 
LEAST ONE CAPACITIVE CONTROL ELEMENT 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation of copending 
International Application No. PCT/DE99/0205 6, ?led Jul. 2, 
1999, Which designated the United States. 

BACKGROUND OF THE INVENTION 

[0002] Field of the Invention 

[0003] The invention relates to a method for driving at 
least one capacitive control element, in particular a pieZo 
electric control element for a fuel injection valve in an 
internal combustion engine. In the process, the capacitive 
control element is driven using a control circuit. The control 
element is charged With a nominal voltage applied to a series 
circuit comprising a charge capacitor and a charge reversal 
capacitor and is discharged into the charge reversal capaci 
tor, Which is charged to a prescribed voltage value in the 
process. The invention also relates to an apparatus for 
carrying out this method. 

[0004] US. Pat. No. 5,691,592 discloses an apparatus for 
driving at least one pieZoelectric control element in Which 
the control element is charged from a series circuit corn 
prising a charge capacitor, Which is charged to a nominal 
voltage using a voltage source, and a charge reversal capaci 
tor and is subsequently discharged into the charge reversal 
capacitor. As soon as the charge reversal capacitor has 
reached a prescribed voltage, the residual charge of the 
control element is nulli?ed by means of a shunt regulator. 

[0005] German published patent application DE 196 32 
837 A1 discloses a method and an apparatus for driving at 
least one pieZoelectric control element for a fuel injection 
valve in an internal combustion engine. There, the control 
element is charged from a series circuit comprising a charge 
capacitor, Which is charged to a nominal voltage using a 
regulatable voltage source, and a charge reversal capacitor 
and is subsequently discharged into the charge reversal 
capacitor. The charge capacitor is subsequently recharged 
such that the voltage on the series circuit comprising the 
charge capacitor and the charge reversal capacitor is equiva 
lent to the nominal voltage. 

[0006] German patent DE 196 32 871 C2 discloses a 
method and an apparatus for driving at least one pieZoelec 
tric control element for a fuel injection valve in an internal 
combustion engine. There, the control element is charged 
from a series circuit comprising a charge capacitor, Which is 
charged to a nominal voltage using a regulatable voltage 
source, and a charge reversal capacitor and is subsequently 
discharged into the parallel circuit comprising the charge 
capacitor and the charge reversal capacitor. The charge 
capacitor is subsequently recharged such that the voltage on 
the series circuit comprising the charge capacitor and the 
charge reversal capacitor is equivalent to the nominal volt 
age. 

[0007] The tWo latest-rnentioned rnethods Work in internal 
combustion engines only in the steady-state, settled condi 
tion for a particular operating point of the circuit, Without 
any stochastic reaction of the control element on the drive 
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circuit, caused by dynamic state changes in the internal 
combustion engine or in a motor vehicle driven by the latter, 
such as: 

[0008] rotational speed ?uctuations upon starting and 
sWitching off and When the internal combustion engine 
changes from and to idling; 

[0009] changing from overrun operation to regular 
operation, and vice versa; 

[0010] When the interval betWeen prelirninary injection 
and main injection is varied; 

[0011] during stochastic post-injections; and 

[0012] When the charge fed back from the control 
element into the charge reversal capacitor is varied. 

[0013] The reactions resulting from such dynarnic state 
changes affect the voltage on the charge reversal capacitor 
(that voltage is also dependent on the control element 
capacitance, the engine speed, the fuel pressure, etc.) during 
charge reversal and causes changes in the charge reversal 
capacitor, in particular increases in the level of the charge 
energy and hence of the voltage across the charge reversal 
capacitor. 
[0014] As a result of this, the voltage across the charge 
capacitor must also change, in particular be reduced, in order 
to be able to folloW these dynamic changes and in order to 
keep the aggregate voltage across the charge capacitor and 
the charge reversal capacitor constant for the next time the 
control element is driven; this is not possible as quickly as 
Would be necessary, hoWever. Reducing the voltage across 
the charge capacitor by limiting the voltage source Would 
take too long. Rapid discharge of the charge capacitor could 
be achieved only With additional outlay on a plurality of 
sWitches (Which Would also result in additional poWer loss) 
and on complex driving softWare. 

SUMMARY OF THE INVENTION 

[0015] The object of the present invention is to provide a 
method and apparatus for driving a capacitive actuator 
which overcomes the above-noted de?ciencies and disad 
vantages of the prior art devices and methods of this general 
kind, such that the prior apparatus a method are improved 
the knoWn apparatus and the method to the eXtent that they 
are able to compensate for the described reactions of the 
control element on the drive circuit during dynamic state 
changes. 
[0016] With the above and other objects in vieW there is 
provided, in accordance With the invention, a method of 
driving at least one capacitive control element With a control 
circuit. In a preferred mode, the control element is a pieZo 
electrically operated fuel injection valve in an internal 
combustion engine. The method comprises: 

[0017] providing a series circuit of a charge capacitor 
and a charge reversal capacitor, the charge capacitor 
having a capacitance substantially greater than a 
capacitance of the charge reversal capacitor; 

[0018] selectively charging a capacitive control ele 
rnent With a nominal voltage applied to the series 
circuit of the charge capacitor and the charge reversal 
capacitor, and discharging the control element into 
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the charge reversal capacitor, and thereby charging 
the charge reversal capacitor to a prescribed voltage 
value; and 

[0019] When the charge reversal capacitor has 
reached the prescribed voltage value, charging a 
remaining residual charge of the control element into 
the charge capacitor. 

[0020] This object is achieved in accordance With the 
features of patent claim 1 by virtue of the fact that the charge 
reversal capacitor (C2) has much smaller dimensions than 
the charge capacitor C1 (C2<<C1) and, When the control 
element is discharged, charging is carried out only up to a 
prescribable voltage value, and that the excess residual 
charge of the control element is discharged into the charge 
capacitor C1, on Which it produces only an insigni?cant, 
negligible voltage sWing on account of the capacitance ratio 
C1>>C2 betWeen the charge capacitor and the charge rever 
sal capacitor. In this manner, reactions of the control element 
on the drive circuit during dynamic state changes are com 
pensated for. In accordance With an added feature of the 
invention, the prescribed voltage value to Which the charge 
reversal capacitor is charged When a control element is 
discharged corresponds to a sum U2=U1+UZ of a voltage U1 
on the charge capacitor and a breakdoWn voltage UZ of a 
Zener diode connected in series With the charge capacitor. 

[0021] In accordance With an additional feature of the 
invention, the control circuit contains a value (either formed 
in the control circuit or fed to it) for the nominal voltage of 
each control element, and the charge reversal capacitor is 
charged, When a previously driven control element is dis 
charged, to a voltage associated With the control element in 
accordance With the formula U2n =Usn-U1, Where n=2 . . 
. X, Usn is the nominal voltage of the respective control 
element, and U1 is the voltage of the charge capacitor. With 
the above and other objects in vieW there is also provided, 
in accordance With the invention, an apparatus for perform 
ing the above-outline method, i.e., for driving at least one 
capacitive control element. The apparatus according to the 
invention comprises: 

[0022] a charge capacitor connected betWeen a posi 
tive pole and a negative pole of a voltage source; 

[0023] a ?rst series circuit connected in parallel With 
the charge capacitor, the ?rst series circuit including 
a charging sWitch and a discharging sWitch con 
nected to the negative pole; 

[0024] a second series circuit connected in parallel 
With the discharging sWitch, the second series circuit 
including a charge reversal capacitor, a charge rever 
sal coil, a ?rst control element, and a ?rst selection 
sWitch; 

[0025] for each further control element, a further 
series circuit connected in parallel With the ?rst 
control element and the ?rst selection sWitch, each 
the further series circuit respectively including a 
control element and a selection sWitch associated 
With the control element; 

[0026] a control circuit connected to and controlling 
all the sWitches; 

[0027] Wherein the charge capacitor is dimensioned 
substantially larger than the charge reversal capaci 
tor; 
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[0028] a limiter path connected from a node betWeen 
the charge reversal capacitor and the charge reversal 
coil to a node betWeen the charge capacitor and the 
charging sWitch, the limiter path comprising a series 
circuit formed of a diode, Which is forWard biased in 
a direction of the charge capacitor, and a limiter 
sWitch. 

[0029] In accordance With another feature of the inven 
tion, the limiter sWitch is turned on as soon as the charge 
reversal capacitor is charged, When a control element is 
discharged, to a voltage associated With a next control 
element to be charged. 

[0030] In accordance With a further feature of the inven 
tion, the limiter path further includes a Zener diode betWeen 
the diode and the limiter sWitch in a reverse direction 
toWards the charge capacitor. 

[0031] In accordance With again a further feature of the 
invention, the limiter sWitch is turned on and off synchro 
nously With the discharging sWitch. 

[0032] In accordance With a concomitant feature of the 
invention, the voltage source is a controlled voltage source 
and an output voltage of the voltage source can be regulated. 

[0033] The expression “substantially greater” Will be 
understood by those of skill in the art Within the techno 
logical boundaries. As described herein, it may be under 
stood, by Way of example, as one order of magnitude and 
preferably even tWo orders of magnitude. 

[0034] Of particular advantage is the fact that the knoWn 
circuit need be expanded only by a feW components in order 
to achieve this object, and that the voltage source may be a 
constant voltage source. 

[0035] Other features Which are considered as character 
istic for the invention are set forth in the appended claims. 

[0036] Although the invention is illustrated and described 
herein as embodied in a method and apparatus for driving at 
least one capacitive control element, it is nevertheless not 
intended to be limited to the details shoWn, since various 
modi?cations and structural changes may be made therein 
Without departing from the spirit of the invention and Within 
the scope and range of equivalents of the claims. 

[0037] The construction and method of operation of the 
invention, hoWever, together With additional objects and 
advantages thereof Will be best understood from the folloW 
ing description of speci?c embodiments When read in con 
nection With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] FIG. 1 is a schematic circuit diagram of a ?rst 
exemplary embodiment of the invention; and 

[0039] FIG. 2 is a schematic circuit diagram of a second 
exemplary embodiment. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0040] Referring noW to the ?gures of the draWing in 
detail and ?rst, particularly, to FIG. 1 thereof, there is 
illustrated a ?rst exemplary embodiment on the basis of the 
invention using an apparatus for driving non-illustrated fuel 
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injection valves in an internal combustion engine by means 
of piezoelectric control elements Pn (n=1, 2 . . . X) using a 
control circuit ST. The control circuit ST forms a part of a 
microprocessor-controlled engine control unit, Which is not 
illustrated for reasons of clarity. 

[0041] BetWeen a positive pole +USNT and a negative pole 
GND of a constant voltage source SNT—preferably a 
sWitched mode poWer supply—there is connected a series 
circuit comprising a ?rst diode D1, Which is forWard biased 
from the positive pole, and a charge capacitor C1. 

[0042] Connected in parallel With the charge capacitor C1 
is a series circuit comprising a charging sWitch Ta, tWo 
diodes D2 and D3 Which are forWard biased aWay from the 
latter, and a discharging sWitch Tb connected to the negative 
pole GND. The diodes D1 . . . D3 are blocking diodes. 

[0043] Connected betWeen the junction point of the tWo 
diodes D2 and D3 and the negative pole GND is a series 
circuit comprising the charge reversal capacitor C2, a charge 
reversal coil L, a ?rst control element P1 and a ?rst selection 
sWitch T1. 

[0044] As already described above, C1>>C2 needs to be 
chosen (for eXample C1~100*C2, With C1=680 MF and 
C2=6.8 pF). 

[0045] For each further fuel injection valve, a series circuit 
comprising, respectively, a control element Pn (n=2 . . . X) 
and a selection sWitch Tn (n=2 . . . X) associated With this 

control element is connected in parallel With the series 
circuit comprising the ?rst control element P1 and the ?rst 
poWer MOSFET sWitch T1. 

[0046] A further sWitch Tc is connected in parallel With the 
parallel series circuits comprising the control elements and 
selection sWitches. 

[0047] The further sWitch Tc is driven by the control 
circuit ST if the control element voltage eXceeds a pre 
scribed limit value or if a fault occurring in the internal 
combustion engine up to the poWer output stages of the 
injection valves is detected. In that case the sWitch Tc 
discharges the capacitive control elements Pn in the manner 
of a short via the inverse diodes of the selection sWitches T1 
to TX. The further sWitch Tc is also required in order to 
charge the discharge capacitor C2 before the control element 
is actuated for the ?rst time or in order to recharge the 
discharge capacitor betWeen tWo instances of the control 
element being actuated Which are a long time apart. 

[0048] Connected betWeen the node K betWeen the charge 
reversal capacitor C2 and the charge reversal coil L and the 
node betWeen the charge capacitor C1 and the charging 
sWitch Ta is a limiter path BP. The limiter path BP comprises 
a series circuit made up of a fourth diode D4, Which is 
forWard biased in the direction of the charge capacitor C1, 
a Zener diode DZ Which blocks in this direction and a limiter 
sWitch Td, Which in this eXemplary embodiment is turned on 
and off synchronously With the discharging sWitch Tb. The 
diode D4 in the limiter path BP prevents the constant voltage 
source SNT from being shorted When the discharging sWitch 
Tb and the limiter sWitch Td are closed, ie are on. The 
limiter sWitch Td prevents a charged control element P1 to 
PX from discharging via the limiter path into the charge 
capacitor C1. The Zener voltage UZ of the Zener diode DZ 
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can be chosen such that, even With minimal energy recovery, 
the voltage U2 is determined by the Zener diode DZ. 

[0049] All the sWitches are controlled by a control circuit 
ST on the basis of control signals st received from a 
non-illustrated engine control unit. 

[0050] In this eXemplary embodiment, the selection 
sWitches Tn (n=1 to X), the discharge sWitch Tb and the 
further sWitch Tc are N-poWer MOSFET sWitches, Which 
usually contain inverse diodes. The charging sWitch Ta and 
the limiter sWitch Td are in the form of P poWer MOSFET 
sWitches in this eXemplary embodiment. 

[0051] The teXt beloW eXplains the method used to operate 
the apparatus illustrated in FIG. 1. With this method, the 
charge reversal capacitor C2 is intended to be charged only 
up to a prescribed, constant value U2 When the control 
element is discharged. 

[0052] Since the voltage drops across sWitches and diodes 
are negligibly small in comparison With the voltages across 
the charge capacitor, across the charge reversal capacitor, 
and the Zener diode, they Will already be present in the 
voltages U1 (across the charge capacitor C1), U2 (across the 
charge reversal capacitor C2), and UZ (breakdown voltage of 
the Zener diode DZ). 

[0053] When the apparatus is sWitched on before the start 
of operation, the charge capacitor C1 is charged to U1 and 
the discharge capacitor C2 is in a discharged state and the 
reversal coil L is in a de-energiZed state. 

[0054] Before a control element is actuated for the ?rst 
time, the full nominal voltage Us needs to be already present 
on the series circuit comprising C1+C2. With assumed 
values U1=60 V, UZ=20 V and U2=U1+UZ=80 V in this 
eXemplary embodiment, the folloWing results: 

[0055] So that the capacitor C2 is also charged before the 
?rst actuation of the control element, the further sWitch Tc 
is ?rst turned on. As a result of this, C1 discharges via C2, 
L and Tc. Tc is then turned off and the discharging sWitch Tb 
is noW turned on. 

[0056] This causes a current to How in the opposite 
direction through L, C2, Tb and the inverse diode in the 
further sWitch Tc, as a result of Which the charge reversal 
capacitor C2 is charged and polariZed such that, after one or 
more charging and discharging cycles, it has a voltage U2 
across it Which increases the voltage U1. 

[0057] In order to actuate a control element (eg P1) using 
a control signal st, the charging sWitch Ta and the selection 
sWitch TX associated With the corresponding control element 
(e.g., T1) are turned on. A current ?oWs from the capacitor 
C1, Which is recharged from the voltage source SNT, via Ta, 
D2, C2, L, P1 and T1 to GND, as a result of Which the 
control element is charged. 

[0058] Ta and T1 are then turned off. The charge state of 
the control element P1 is maintained until the discharging 
sWitch Tb and, synchronously With the latter, the limiter 
sWitch Td are turned on after the control signal st has 
disappeared. When the discharging sWitch Tb is on, all the 
control elements Pn are discharged via the coil L. The 
discharge current ?rst ?oWs into the charge reversal capaci 
tor C2, and the voltage U2 rises. If the voltage U2—Which 
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can be measured at the node point K—eXceeds the value 
U1+UZ=80 V, the excess charge is stored in the charge 
capacitor C1 via the limiter path BP. For the case in Which 
the charge reversal capacitor C2 Were not suf?ciently 
charged When the control elements Were discharged, the 
voltage source SNT Would need to be regulatable in order to 
be able to recharge the charge capacitor C1 such that 
U1+U2=Us. 

[0059] The eXcess charge is also routed to the charge 
capacitor C1 via the limiter path, as described above, When 
the charge reversal capacitor C2 is charged for the ?rst time. 
In this manner, the capacitor C2 is charged to the voltage U2 
(in this eXemplary embodiment=80 V) before the ?rst actua 
tion of a control element. 

[0060] Once the driving operation of a control element has 
ended, the driving operation of the neXt control element can 
take place in the same manner, as just described. 

[0061] If UZ=0V is chosen, the Zener diode DZ can be 
removed from the limiter path, so that it causes no poWer 
loss. The result then is U2=U1. 

[0062] Since the control elements P1 to PX vary among 
one another, ie have different capacitances, but also the 
dynamic state changes in the internal combustion engine 
have different stochastic reactions on the individual cylin 
ders, and accordingly the control elements also eXert differ 
ent stochastic reactions on the drive circuit, a second eXem 
plary embodiment of the invention provides for the nominal 
voltage Usn for each individual control element Pn to be 
able to be prescribed selectively for the cylinders. 

[0063] This is achieved by the charge reversal capacitor 
C2 being charged, When a control element Pn-1, e.g. P1, is 
discharged, to a voltage U2n Which, together With the 
voltage U1, forms the charge voltage (nominal voltage Usn) 
for the neXt control element, eg P2. In this case, during the 
discharging operation for the control element Pn-1, the 
sWitch Tb is ?rst turned on and the control element Pn-1 is 
discharged into the charge reversal capacitor C2 and the 
voltage U2 dropping betWeen the junction point K and the 
negative pole GND is measured. If this voltage eXceeds the 
value U2n, Which is formed in the control circuit ST or is 
transmitted to it by the engine control unit, the limiter sWitch 
Td is turned on and the residual charge of the control 
element Pn-1 is routed to the charge capacitor C1, as a result 
of Which the voltage U2=U2n rises no further. Hence, the 
charge capacitor C1 and the charge reversal capacitor C2 are 
charged to the aggregate voltage Usn=U1+U2n for the neXt 
control element Pn to be driven. 

[0064] Referring noW to FIG. 2, there is shoWn a circuit 
for carrying out that method; the circuit essentially corre 
sponds to the circuit shoWn in FIG. 1. The difference is that 
the limiter path contains no Zener diode DZ (as in the ?rst 
eXemplary embodiment With UZ=0 V) and that, Whenever 
the discharging sWitch Tb is on, the voltage U2 is supplied 
to the control circuit ST, is compared therein With a pre 
scribed value U2n Which is associated With the neXt control 
element Pn, and the sWitch Td is turned on, as described 
above, When U2 reaches or eXceeds the prescribed value 
U2n. 

[0065] With the method described and the tWo apparatuses 
for carrying out this method, the listed reactions of the 
control elements on the drive circuit during dynamic state 
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changes can easily be compensated for or eliminated—either 
for all cylinders together or selectively for the cylinders. 

We claim: 
1. A method of driving at least one capacitive control 

element With a control circuit, Which comprises: 

providing a series circuit of a charge capacitor and a 
charge reversal capacitor, the charge capacitor having a 
capacitance substantially greater than a capacitance of 
the charge reversal capacitor; 

selectively charging a capacitive control element With a 
nominal voltage applied to the series circuit of the 
charge capacitor and the charge reversal capacitor, and 
discharging the control element into the charge reversal 
capacitor, and thereby charging the charge reversal 
capacitor to a prescribed voltage value; and When the 
charge reversal capacitor has reached the prescribed 
voltage value, charging a remaining residual charge of 
the control element into the charge capacitor. 

2. The method according to claim 1, Wherein the pre 
scribed voltage value to Which the charge reversal capacitor 
is charged When a control element is discharged corresponds 
to a sum U2=U1+UZ of a voltage U1 on the charge capacitor 
and a breakdoWn voltage UZ of a Zener diode connected in 
series With the charge capacitor. 

3. The method according to claim 1, Wherein the control 
circuit contains a value for the nominal voltage of each 
control element, and the charge reversal capacitor is 
charged, When a previously driven control element is dis 
charged, to a voltage associated With the control element in 
accordance With the formula U2n=Usn-U1, Where n=2 . . . 

X, Usn is the nominal voltage of the respective control 
element, and U1 is the voltage of the charge capacitor. 

4. The method according to claim 3, Wherein the value for 
the nominal value is formed in or received by the control 
circuit. 

5. The method according to claim 1, Wherein the control 
element is a pieZoelectrically operated fuel injection valve in 
an internal combustion engine. 

6. An apparatus for driving at least one capacitive control 
element, comprising: 

a charge capacitor connected betWeen a positive pole and 
a negative pole of a voltage source; 

a ?rst series circuit connected in parallel With said charge 
capacitor, said ?rst series circuit including a charging 
sWitch and a discharging sWitch connected to the nega 
tive pole; 

a second series circuit connected in parallel With said 
discharging sWitch, said second series circuit including 
a charge reversal capacitor, a charge reversal coil, a ?rst 
control element, and a ?rst selection sWitch; 

for each further control element, a further series circuit 
connected in parallel With said ?rst control element and 
said ?rst selection sWitch, each said further series 
circuit respectively including a control element and a 
selection sWitch associated With said control element; 

a control circuit connected to and controlling all said 
sWitches; 

Wherein said charge capacitor is dimensioned substan 
tially larger than said charge reversal capacitor; 
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a limiter path connected from a node between said charge 
reversal capacitor and said charge reversal coil to a 
node betWeen said charge capacitor and said charging 
sWitch, said lirniter path comprising a series circuit 
formed of a diode, Which is forWard biased in a 
direction of said charge capacitor, and a lirniter sWitch. 

7. The apparatus according to claim 6, Wherein said 
lirniter sWitch is turned on as soon as said charge reversal 
capacitor is charged, When a control element is discharged, 
to a voltage associated With a neXt control element to be 
charged. 
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8. The apparatus according to claim 6, Wherein said 
lirniter path further includes a Zener diode betWeen said 
diode and said lirniter sWitch in a reverse direction toWards 
said charge capacitor. 

9. The apparatus according to claim 8, Wherein said 
lirniter sWitch is turned on and off synchronously With said 
discharging sWitch. 

10. The apparatus according to claim 6, Wherein said 
voltage source is a controlled voltage source and an output 
voltage of said voltage source can be regulated. 

* * * * * 


