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(57)  The present invention discloses a method of
operating an injector comprising a piezoelectric actuator
for displacing an injector needle to open an injector port
of a fuel injector, wherein a voltage in an operating volt-

Method of operating an injector comprising a piezoelectric actuator

age range is applied to said piezoelectric actuator to
cause displacement of said needle, and wherein, at pre-
determined conditions, a recovery voltage equal or su-
perior to the reverse coercive field voltage value of said
piezoelectric actuator is applied to said actuator.
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Description
FIELD OF THE INVENTION

[0001] The present invention generally relates to fuel
injectors actuated with a piezoelectric actuator or piezo-
electric stack.

BACKGROUND OF THE INVENTION

[0002] In the automotive industry, the state of the art
for fast actuating fuel injectors uses piezoelectric actu-
ators as, for example, nowadays Diesel engines have
up to five short injection events during one stroke. Be-
side the main injection event, the other events are most-
ly for noise and emission levels reduction purposes.
[0003] US patent 6,464,149 describes an actuator ar-
rangement comprising a piezoelectric element formed
from a piezoelectric material, a first end of the piezoe-
lectric element cooperating with an input piston member
slidable within a bore surface associated with the input
piston member defining, in part, a control chamber for
fluid pressure within the control chamber acting on a sur-
face associated with an output piston member, the fluid
within the control chamber being substantially incom-
pressible such that, in use, movement of the input piston
member is transmitted to the output piston member, the
piezoelectric element being arranged within a chamber
for fluid such that fluid pressure within the chamber ex-
erts a force on at least a part of the surface of the pie-
zoelectric element which serves to oppose a load exert-
ed on the piezoelectric element due to fluid pressure
within the control chamber, thereby suppressing distor-
tions in the piezoelectric material.

[0004] US patent 5,779,149 shows a fuel injector for
an internal combustion engine using a hydraulic ampli-
fier to increase the stroke of a piezoelectric actuator for
opening a normally closed drain valve associated with
a hydraulic control chamber.

[0005] EP 1 209 351 A1 discloses a fuel injector for
an internal combustion engine comprising a housing
with an actuator chamber, a piezoelectric actuator ar-
ranged in the actuator chamber, an injector control valve
and a hydraulic stroke amplifier module. The hydraulic
stroke amplifier module is located axially in-between the
injector control valve and the piezoelectric actuator.
[0006] The activity of the piezoelectric actuator, and
in particular of the piezoelectric material used in the ac-
tuator, can be defined as the relationship between the
voltage applied to the actuator and the displacement of
the actuator ends.

[0007] Ithas been observed that the actuators are ex-
hibiting a loss of activity with time or the number of cy-
cles as used in the application. This loss of displace-
ment/stroke forces the designer to increase the length
of the piezoelectric material in the actuator in order to
get the required total displacement. This increase in
length brings not only packaging issues and mechanical
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integrity concerns, but also impacts the final cost of the
actuator.

OBJECT OF THE INVENTION

[0008] A technical problem underlying the present in-
vention is to provide a method, which minimizes the loss
of displacement/stroke in a piezoelectric multi layer ac-
tuator.

OBJECT OF THE INVENTION

[0009] The objectofthe presentinventionis to provide
an improved driving method for operating a fuel injector
comprising a piezoelectric actuator that minimizes or
even overcomes the above-cited ageing effect.

[0010] This object is achieved by a method for oper-
ating the fuel injector comprising the piezoelectric actu-
ator as claimed in claim 1.

[0011] Further preferred embodiments are described
in the dependent claims.

SUMMARY OF THE INVENTION

[0012] A method of operating an injector comprising
a piezoelectric actuator for displacing an injector needle
to open an injector port is proposed. A voltage within a
voltage operating range is applied to the piezoelectric
actuator to cause the displacement of the needle. The
voltage operating range can be bipolar i.e. positive or
negative voltage. The piezoelectric stack of the piezoe-
lectric actuator is able to receive several voltage values
within the operating range. The maximum voltage value
within the operating range is determined by the driving
circuit possibility and by the piezoelectric stack itself.
According to an important aspect of the invention, at pre-
determined conditions, a recovery voltage equal or su-
perior to the reverse coercive field voltage value corre-
sponding to the piezoelectric material used in the actu-
ator is applied to the piezoelectric stack. The coercive
field voltage value is the voltage value where the ceram-
ic material of the piezoelectric stack starts to depolarise.
When depolarisation occurs, a majority of the dipoles
are switching back to their original, random orientation
i.e. not in alignment with the electrical field. Thus, the
expansion of the piezoelectric stack is back to almost
its original value, just as if it had never been operated.
The coercive field voltage value designated with the
word "reverse" has the opposite sign of the voltage
range where the piezoelectric actuator is operated. In a
preferred embodiment, the recovery voltage is applied
when the fuel injector is not injecting fuel. The present
method is used at a moment in the fuel injector usage
cycle when no fuel injection is needed. This allows time
for the recovery effect to take place.

[0013] Advantageously, the fuel injector is mounted
on an internal combustion engine and the recovery volt-
age is applied after the internal combustion engine has
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been shut off. Once the engine has been shut off, there
is time to perform the recovery procedure. Consequent-
ly, all the injectors of an internal combustion engine are
prepared for optimum behaviour at the next engine start.
[0014] Advantageously, a multi-cylinder internal com-
bustion engine, which has a plurality of combustion
chambers, can be operated with one combustion cham-
ber producing no pressure raise. This operation, com-
monly known in the automotive industry as cylinder de-
activation, allows running an internal combustion engine
on fewer cylinders than it actually has. The engine is still
producing power and allows in the same time to operate
the non-energised cylinder in a different way. The recov-
ery voltage can thus be applied to the fuel injector of the
deactivated cylinder. This kind of strategy may also be
applied if the actuator has reached its ageing limit and
if the engine has not been shut off recently. Each cylin-
der may be deactivated in turn so as to "reset" the pie-
zoelectric actuators of each fuel injector at predeter-
mined intervals. This situation can also occur with inter-
nal combustion engines used for continuous duty appli-
cations, for example in energy production.

[0015] Advantageously, the fuelinjectoris a Diesel fu-
el injector. Though the piezoelectric actuator can be
used in other types of fuel injectors, the Diesel fuel in-
jector is particularly suited for application of such piezo-
electric actuators. Diesel fuel injectors need fast actua-
tors to allow them the highest driving flexibility because
improved injection timing strategies foresee a consider-
able number of injection events during one engine
stroke.

[0016] Preferably, the internal combustion engine is
mounted in an automotive vehicle. The automotive in-
dustry is the biggest consumer of internal combustion
engines. The market share of cars equipped with Diesel
engine is increasing, as these engines are more value
added for the final consumer as their gasoline counter-
parts.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The present invention will now be described,
by way of example, with reference to the accompanying
drawing, in which:

FIG. 1: shows a piezoelectric stack displacement
versus an applied voltage;

FIG. 2: shows a piezoelectric stack displacement
versus an applied voltage, including the negative x
and negative y three other quarters of the diagram.

[0018] FIG. 1 shows three curves of a piezoelectric
stack displacement versus an applied voltage.

V1 is the minimum voltage,

V2 is the maximum voltage,
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V3 is an intermediate voltage range,
D1 is the stack displacement corresponding to V1,

D2 is the stack displacement corresponding to V2
when the piezoelectric stack is new,

D3 is the stack displacement corresponding to V2
when the piezoelectric stack is aged,

D4 is the stack displacement corresponding to V2
when the piezoelectric stack has undergone a re-
covery procedure.

[0019] A firstlook at the curve called "New" (triangle-
dotted line) reveals that when the applied voltage is
raised from V1 to V2, the piezoelectric stack does not
expand in the same manner as when the voltage is re-
duced from V2 to V1. The piezoelectric stack thus shows
a hysteresis type of behaviour.

[0020] Furthermore, it can be noticed that at a voltage
V3, both parts of the curve called "New" show a change
in their inflexion. V3 is a range where a change in the
physical behaviour of the piezoelectric stack occurs.
The curve called "After 60 hours" (square-dotted line)
shows the response of the same piezoelectric stack af-
ter about 60 hours of operation, e.g. about several mil-
lion cycles of expansion and retraction in a highly pres-
surised environment. When comparing the maximum
stack displacement at the voltage V2, it can be seen that
the stack displacement is about 12.5% less after 60
hours of operation (see Fig. 1 - D3 compared to D2 on
the curve called "after 60 hours").

[0021] A major drawback of the ageing of the piezoe-
lectric stack is cost related because the piezoelectric
stack needs to be aged before being used in an injector.
[0022] Avoiding the ageing of the piezoelectric stack
e.g. the piezoelectric stack has again displacement ver-
sus applied voltage properties, which are very similar to
those it had before it was operated under pressure dur-
ing a certain time, is possible. To achieve this, one must
apply a certain voltage to the piezoelectric stack. This
voltage must reach the reverse coercive field value,
close to the depolarisation of the piezoelectric stack.
[0023] This operation can be incorporated in the fuel
system management device and done when the injector
is not operating. The recovery operation has to be done
on a regular basis. An electronic fuel management sys-
tem device can easily provide a function that would
count the total operating time or the total amount of in-
jections an injector has done since its last recovery op-
eration. Thus the time period when to perform another
recovery operation can be determined easily.

[0024] The piezoelectric stack displacement versus
applied voltage of the same aged piezoelectric stack
was measured again after a recovery procedure was
performed. The curve called "After recovery" (diamond-
dotted line) shows the stack displacement after the re-
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covery procedure. The maximum displacement of the
piezoelectric stack D4 has gained about 15% as com-
pared to the stack displacement before recovery (D3)
and is again comparable to the stack displacement of a
new piezoelectric stack (D2). The curve called "After re-
covery" is indeed very close to the original curve called
"New", showing that after the recovery procedure, the
piezoelectric stack has again displacements which are
very similar to those it had when it was new.

[0025] Fig. 2: shows a piezoelectric stack displace-
ment versus an applied voltage where the voltage ap-
plied is either positive (right side of Fig. 2) or negative
(left side of Fig. 2).

[0026] The curve called "Direct Operating Loop" (dia-
mond-dotted line) is the equivalent of the curve called
"New" of Fig. 1. It shows the piezoelectric stack dis-
placement versus the applied voltage.

V10 is the minimum negative voltage
V20 is the maximum positive voltage
V30 is the maximum negative voltage
V40 is the minimum positive voltage
Vc is the coercive field voltage

Vrc is the reverse coercive field voltage

D10 is the stack displacement corresponding to
V10 or V40

D20 is the stack displacement corresponding to
V20 or V30

D30 is the stack displacement corresponding to Vc
or Vrc

[0027] The hysteresis curve called "Direct Operating
Loop" closes at V10 and D10 and at V20 and D20.
[0028] The curve called "Reverse Operating Loop"
(square-dotted line) is more or less a vertical mirrored
view of the curve called "Direct Operating Loop". It
shows that when a negative voltage is applied to the pi-
ezoelectric stack, the latter has substantially the same
behaviour as with a corresponding positive voltage with
regard to its displacement. This time closing points
reach from V30 and D20 to V40 and D10.

[0029] The curve called "Reverse Operating Loop"
has also a coercive field voltage value. This value cor-
responds substantially to the opposite of the coercive
field voltage value (Vc) of curve called "Direct Operating
Loop" and is called reverse coercive field voltage (Vrc).
[0030] One can go from curve called "Direct Operat-
ing Loop" or curve called "Reverse Operating Loop" to
resp. curve called "Reverse Operating Loop" or curve
called "Direct Operating Loop" by following resp. the
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curves called "Reverse Repolarisation" or "Direct Repo-
larisation" (resp. triangle- or cross-dotted curve).
[0031] Starting at point of minimum piezoelectric
stack displacement of the curve called "Direct Operating
Loop", e.g. point (V10, D10), the applied voltage is fur-
ther reduced, the piezoelectric stack retracts more and
more until the applied voltage reaches the reverse co-
ercive field voltage value (Vrc on Fig. 2). If the applied
voltage is still further reduced, the piezoelectric stack
starts to expand again reaching quickly its original dis-
placement D20 at the applied voltage. From this point
(V30, D20), the piezoelectric stack displacement will go
back to its "normal behaviour" described by curve called
"Reverse Operating Loop" when applying a higher volt-
age, e.g. higher than V30.

[0032] The same reasoning can be applied for reach-
ing the curve called "Direct Operating Loop", starting
with the curve called "Reverse Operating Loop" and us-
ing the curve called "Direct Repolarisation" (cross-dot-
ted line). The curve called "Direct Repolarisation” is sub-
stantially the vertical mirrored view of the curve called
"Reverse Repolarisation".

[0033] The diagram formed hereby is typical for a pi-
ezoelectric stack and is called "Butterfly Curve".
[0034] Avoiding the ageing or realizing the rejuvena-
tion of the piezoelectric stack can be achieved by switch-
ing the displacement versus applied voltage of the pie-
zoelectric stack back and forth between curve called
"Direct Operating Loop" and curve called "Reverse Op-
erating Loop" of the "Butterfly Curve". By switching from
one curve to the other, it is possible to recover the pie-
zoelectric stack very easily. To achieve the rejuvenation
of the piezoelectric stack, one must thus apply a certain
voltage corresponding to the reverse coercive field volt-
age value to force the piezoelectric stack to follow
curves called "Direct Repolarisation" and "Reverse Re-
polarisation". This operation can be incorporated in the
fuel system management device and done when the pi-
ezoelectric stack is pressurised but during non-injection
period ("fuel cut off").

[0035] Positive displacement of the piezoelectric
stack e.g. expansion is achieved by applying a positive
or a negative voltage to the piezoelectric stack. With
both kinds of voltages, the piezoelectric stack and thus
the injector in which is incorporated can be operated ex-
actly with the same displacement resp. the same inject-
ed quantity.

[0036] It has to be noted that the expansion of the pi-
ezoelectric stack is used in a fuel injector to control its
opening and closing. The longer an injector is opened,
the longer it will inject fuel.

Claims
1. A method of operating an injector comprising a pi-

ezoelectric actuator for displacing an injector nee-
dle to open an injector port of a fuel injector, wherein
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a voltage in an operating voltage range is applied

to said piezoelectric actuator to cause displacement

of said needle, and wherein, at predetermined con-
ditions, a recovery voltage equal or superior to the
reverse coercive field voltage value of said piezoe- %
lectric actuator is applied to said actuator.

A method according to claim 1 wherein said recov-
ery voltage is applied when said fuel injector is not
injecting fuel. 10

A method according to any one of the preceding
claims wherein said fuel injector is mounted on an
internal combustion engine and said recovery volt-
age is applied after said combustion machine has 15
been shut off.

A method according to any one of the preceding
claims wherein said internal combustion engine has
a plurality of combustion chambers, said internal 20
combustion engine is operated with at least one
combustion chamber producing no pressure raise,
said recovery voltage is applied to the at least one
said fuel injector feeding said at least one combus-
tion chamber. 25

A method according to any one of the preceding
claims wherein said fuel injector is a Diesel fuel in-
jector.

30
A method according to any one of the preceding
claims wherein said internal combustion engine
mounted in an automotive vehicle.
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