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(54) A method of controlling a piezoelectric actuator

(57) A method controls the displacement of a stack
of a piezoelectric actuator for use in a fuel injector in order
to control fuel volume delivery. The method comprises
causing a varying current to be driven into or out of the
stack to charge or discharge the stack, respectively, dur-
ing an opening phase. The opening phase comprises at
least a primary phase, measuring a parameter during the
opening phase. The method further comprises compar-
ing the measured parameter with a predetermined
threshold value, and taking corrective action to adjust the
fuel volume delivery, during a subsequent injection, de-
pending on the result of the comparison.
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Description

Technical Field

�[0001] The invention relates to a method of controlling
a piezoelectric actuator for use in a fuel injector. More
specifically, the invention relates to a method of operating
a piezoelectrically actuated fuel injector in order to im-
prove fuel volume delivery.

Background to the Invention

�[0002] In an internal combustion engine, it is known to
deliver fuel into a cylinder of the engine by means of a
fuel injector associated with each cylinder. One such type
of fuel injector that permits precise metering of fuel is a
so-�called ’piezoelectric injector’.
�[0003] Typically, a piezoelectric injector includes a pi-
ezoelectric actuator that is operable to control an injection
nozzle. The injection nozzle houses an injector valve
needle which is movable relative to a valve needle seat
under the control of the actuator. A hydraulic amplifier is
situated between the actuator and the needle such that
axial movement of the actuator causes an amplified axial
movement of the needle. Depending on the amount of
charge applied to/or removed from the piezoelectric ac-
tuator, the valve needle is either caused to disengage
the valve seat, in which case fuel is delivered into the
associated engine cylinder through a set of outlets pro-
vided in a tip of the nozzle, or is caused to engage the
valve seat, in which case fuel delivery is prevented. The
amount of charge is varied causing the valve needle to
move between closed and open positions.
�[0004] The amount of charge applied to and removed
from the piezoelectric actuator can be controlled in two
ways. In a charge control method, a current is driven into
or out of the piezoelectric actuator for a required time.
Alternatively, in a voltage control method a current is driv-
en into or out of the piezoelectric actuator until the voltage
across the piezoelectric actuator reaches a required lev-
el. Regardless of how the piezoelectric actuator is con-
trolled, the voltage across the piezoelectric actuator
changes as the level of charge on the piezoelectric ac-
tuator varies and vice versa.
�[0005] It has been observed that when demands on
the engine are high, and particularly when the engine
temperature is low, there are inconsistencies in the
amount of charge applied to and removed from the pie-
zoelectric actuator. Since the amount of charge on the
piezoelectric actuator determines the degree of valve
needle lift, and hence fuel delivery, any inconsistencies
in the amount of charge being applied or removed is un-
desirable.
�[0006] In particular, injecting a larger than desired vol-
ume of fuel when the demand on the engine is already
high could result in the engine temperature and fuel pres-
sure exceeding predetermined safety limits: exceeding
such limits could result in irreparable damage to the en-

gine.
�[0007] It is an object of the present invention to improve
control of the piezoelectric actuator in order to alleviate
the above-�identified problem.

Summary of the Invention

�[0008] According to a first aspect of the present inven-
tion there is provided a method for controlling the dis-
placement of a stack of a piezoelectric actuator for use
in a fuel injector in order to control fuel volume delivery,
the method comprising causing a varying current to be
driven into or out of the stack to charge or discharge the
stack, respectively, during an opening phase, wherein
the opening phase comprises at least a primary phase,
measuring a parameter during the opening phase, com-
paring the measured parameter with a predetermined
threshold value, and taking corrective action to adjust the
fuel volume delivery, during a subsequent injection, de-
pending on the result of the comparison.
�[0009] The present invention advantageously im-
proves the control of a piezoelectric actuator and allevi-
ates the problems associated with inconsistent fuel vol-
ume delivery, preventing damage to the engine.
�[0010] In a preferred embodiment the parameter is
voltage and the method comprises measuring a voltage
across the stack at the end of the primary phase, com-
paring the voltage across the stack with the predeter-
mined threshold value, and taking corrective action to
adjust the fuel volume delivery, during the subsequent
injection, if the measured voltage across the stack is less
than the predetermined threshold value.
�[0011] In an alternative embodiment the parameter is
chop frequency and the method comprises measuring a
minimum chop frequency of the varying current during
the opening phase, comparing the minimum chop fre-
quency with the predetermined threshold value, and tak-
ing corrective action to adjust the fuel volume delivery,
during the subsequent injection, if the measured mini-
mum chop frequency is less than the predetermined
threshold value.
�[0012] In another alternative embodiment the param-
eter is chop period and the method comprises measuring
a maximum chop period during the opening phase, com-
paring the maximum chop period with the predetermined
threshold value, and taking corrective action to adjust the
fuel volume delivery, during the subsequent injection, if
the measured maximum chop period is more than the
predetermined threshold value.
�[0013] Preferably, the method comprises varying the
current between an upper current threshold level and a
lower current threshold level and determining the upper
and lower current thresholds from a current set-�point lev-
el which is selectable such that the mean value of the
varying current driven into or out of the stack for a time
is intended to equal a desired amount of charge to be
applied to or removed from the stack.
�[0014] In the preferred embodiment where the current
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is varied between an upper current threshold level and
a lower current threshold level, the corrective action may
comprise adjusting the current set-�point level in order to
adjust the amount of charge which is applied to or re-
moved from the stack.
�[0015] Alternatively or additionally, the corrective ac-
tion may comprise adjusting the time for which the varying
current is driven into or out of the stack in order to adjust
the amount of charge which is applied to or removed from
the stack.
�[0016] In the embodiment where the current is varied
between an upper current threshold level and a lower
current threshold level, the method may further comprise
determining an injector on time comprising the opening
phase and a dwell phase, wherein the corrective action
includes adjusting the injector on time in order to adjust
the fuel volume delivery. Alternatively, the corrective ac-
tion may comprise adjusting the current set- �point level in
order to adjust the amount of charge which is applied to
or removed from the stack.
�[0017] Preferably, the comparing step further compris-
es comparing at least one of engine load, engine tem-
perature, and fuel pressure with its respective threshold
level, wherein corrective action is taken when at least
one of engine load, engine temperature, and fuel pres-
sure is above its threshold level.
�[0018] The corrective action may be taken in order to
prevent more than a desired fuel volume delivery being
delivered.
�[0019] Optionally, the corrective action may be taken
in order to prevent less than a desired fuel volume deliv-
ery being delivered.
�[0020] In a second aspect, the invention also relates
to a controller for a fuel injector for implementing a meth-
od in accordance with the first aspect of the invention.
�[0021] It will be appreciated that all of the steps of the
method of the first aspect of the invention may be imple-
mented within a controller of the second aspect of the
invention.
�[0022] The invention extends to a computer program
product comprising at least one computer program soft-
ware portion which, when executed in an executing en-
vironment, is operable to implement the method of the
present invention, and a data storage medium having the
or each computer software portion stored thereon. The
invention also extends to a microcomputer provided with
the data storage medium.
�[0023] In this description reference to "rate of charge"
means the rate of change in current over time, which may
be as a result of either charging or discharging the pie-
zoelectric actuator.

Brief Description of Drawings

�[0024] Preferred embodiments of the invention will
now be described, by way of example only, with reference
to the accompanying drawings in which:�

Figure 1 is a schematic diagram of a piezoelectric
actuator, including a stack of piezoelectric elements,
with which the method of the present invention may
be used;

Figure 2 includes ideal graphs of (a) charge versus
time, (b) current versus time, (c) a discharge enable
signal, (d) a charge enable signal, and (e) a chopped
current control signal, for opening and closing phas-
es of a fuel injector having a piezoelectric actuator
as in Figure 1;

Figure 3 is a circuit diagram of a drive circuit for im-
plementing the method of the present invention;

Figure 4 is the circuit diagram of Figure 3 showing
the current paths around the drive circuit during a
discharge phase;

Figure 5 is the circuit diagram of Figure 3 showing
the current paths around the drive circuit during a
charge phase;

Figure 6a is a graph of current versus time showing
two discharge stages;

Figure 6b is a graph of stack voltage versus time
according to Figure 6a;

Figure 6c is a further graph of current versus time
showing variations in the rate of change of current
(rate of charge);

Figure 6d is a further graph of stack voltage versus
time showing variations as a result of the variations
in the rate of change of current in Figure 6c;

Figure 7 is a schematic diagram of a piezoelectric
fuel injector coupled to an inductor;

Figure 8 is a graph of two current versus time wave-
forms showing variations in the charge applied to/
removed from the piezoelectric actuator of the injec-
tor in Figure 7 as a variation in area under the re-
spective waveforms;

Figure 9a corresponds, for reference, to the graph
in Figure 6c and shows a first and second current
waveform;

Figure 9b is a ’chopped signal’ corresponding to the
first current waveform in Figure 9a;

Figure 9c is a ’chopped signal’ corresponding to the
second current waveform in Figure 9a;

Figure 10 is an example waveform showing fuel vol-
ume delivery error versus ’chop frequency’;
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Figure 11 is a graph of fuel volume delivery versus
’injector on time’ TON; and

Figure 12 is a flowchart of the steps of operation of
the method of the present invention.

Detailed Description of Preferred Embodiments

�[0025] Figure 1 shows a schematic diagram of a pie-
zoelectric actuator 1 including a stack 2 of capacitive pi-
ezoelectric elements 4, which are effectively connected
in parallel. The actuator is of the type suitable for use in
a fuel injector of the type described in EP 1174615 having
a valve needle which is operable by means of the actu-
ator.
�[0026] The stack 2 is charged to different energisation
levels by driving a current I into or out of the stack 2 for
a given time t, in accordance with the relationship below: 

�[0027] Figure 2�(a) shows a typical graph of charge ver-
sus time for an actuator 1, which is driven from a closed
non-�injecting position to an open injecting position (i.e.
an opening/�discharging phase 6) and back again to the
non-�injecting position (i.e. a closing/�charging phase 8).
During the opening phase 6 the charge changes from a
first charge level Q1 to a second charge level Q2 over a
time topen. The difference between Q1 and Q2 equals a
change in charge ∆Q, which corresponds to the length
of the stack 2 changing from a relatively long length L 1
to a relatively short length L2, as shown in Figure 1. The
change in length of the stack 2 directly controls move-
ment of an injector valve needle, and hence controls fuel
delivery.
�[0028] The aforementioned method of controlling a pi-
ezoelectric actuator 1 is referred to as a charge control
method. It is possible to operate an actuator using this
method by determining how much charge is to be applied
to/�removed from the stack, and applying/�removing an ap-
propriate current to/�from the stack 2 for the required time
in accordance with the equation above. In practice a var-
ying current is used for charging and discharging the
stack. The mean value of the current is known, and will
be referred to as the current set point or level. Figure 2
(b) also shows a typical graph of current versus time, for
a varying current (the mean value/set point is shown by
the dashed line), which is applied to the stack 2 in order
to achieve the charge waveform shown in Figure 2 �(a).
�[0029] The drive circuit in Figure 3 is arranged to drive
an injector bank 16 comprising first, second and third
injectors 16a, 16b, 16c respectively, each of which in-
cludes an actuator as shown in Figure 1. The drive circuit
includes a first voltage source Vs1, a second voltage
source VS2, first and second energy storage capacitors

C1 and C2, a current flow sensing and control means 14,
injector select switches S1 S2 S3 each of which is asso-
ciated with a respective one of the injectors 16a, 16b,
16c, an inductor 18, a charge switch Q1, a discharge
switch Q2, and a microprocessor 20. Each of the injector
select switches S1, S2, S3 typically takes the form of an
insulated gate bipolar transistor (IGBT) having a gate
coupled to a gate drive which is powered at a bias supply
input. The charge and discharge switches Q1, Q2 may
take the form of an n-�channel IGBT having a gate con-
trolling current flow from the collector to the emitter.
�[0030] The first voltage supply VS1 is connected across
a top voltage rail 28, which is at a top voltage level Vtop,
and a middle voltage rail known as a bi-�directional middle
current path 30, which is at a stack voltage level Vstack.
The second voltage supply VS2 is connected across the
middle voltage rail 30 and a bottom voltage rail 32 which
is at a bottom voltage level Vbottom.
�[0031] The first energy storage capacitor C 1 is con-
nected between the top voltage rail 28 and the middle
current path 30, and the second storage capacitor C2 is
connected between the middle current path 30 and bot-
tom voltage rail 32. The current flow sensing and control
means 14 is connected in the middle current path 30,
between a connection point between the first and second
storage capacitors C1, C2 and the injector bank 16.
�[0032] The injectors 16a, 16b, 16c are connected in
parallel, each injector 16a, 16b, 16c being connected in
a different parallel branch and each branch including an
injector select switch S1, S2, S3, which has a diode D3,
D4, D5 connected across it. The injectors 16a, 16b, 16c
are mounted remotely from the drive circuit 10, and con-
nections x and y are provided, to the drive circuit 10,
through appropriate connecting leads.
�[0033] The negative terminals of each of the injectors
16a, 16b, 16c are connected to their respective select
switches S1, S2, S3. The positive terminals of the injec-
tors 16a, 16b, 16c are connected together, and coupled
in series to the inductor 18.
�[0034] A diode D6 is provided between the middle cur-
rent path 30 on the injector side of the inductor 18 and
the top voltage rail 28, and another diode D7 is provided
between the bottom voltage rail 32 and the middle current
path 30, again, on the injector side of the inductor 18.
The diode D6 provides a ’voltage clamping effect’ for a
selected injector 16a, 16b, 16c at the end of its charge
phase 8, and prevents the injector 16a, 16b, 16c from
being driven to voltages higher than VC1. The diode D7
provides a recirculation path for current flow during the
discharge phase 6 of operation, as described in further
detail below.
�[0035] The charge switch Q1 is connected between
the non-�injector side of the inductor 18 and the top voltage
rail 28, and a diode D8 is connected in parallel across it.
Likewise, the discharge switch Q2 is connected between
the bottom voltage rail 32 and the non-�injector side of the
inductor 18, and similarly, a diode D9 is connected in
parallel across it.
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�[0036] The output Is of the current flow sensing and
control means 14 is fed into an input of the microproces-
sor 20, which provides control signals for the current flow
sensing and control means 14, the injector select switch-
es S1, S2, S3, the charge switch Q1, and the discharge
switch Q2. The control signals for the discharge and
charge switches Q2, Q1 are referred to as a discharge
enable signal 34 and a charge enable signal 36, respec-
tively.
�[0037] By controlling the injector select switches S1,
S2, S3, the charge switch Q1, and the discharge switch
Q2, it is possible to drive a varying current through the
stack 2, for the required time, such that the stack 2 is
charged/�discharged, and fuel delivery is controlled ac-
cordingly.
�[0038] Referring also to Figure 2�(b), 2�(c), 2 �(d) and 2
(e), the current is caused to vary between an upper cur-
rent threshold level I1 and a lower current threshold level
I2 under the control of the current sensing and control
means 14 in conjunction with the microprocessor 20. The
current sensing and control means 14 monitors the cur-
rent flow and generates a chopped signal 38 (Figure 2
(e)) on the basis of the ’sensed’ current Is. This will be
described in further detail below. The chopped signal 38
is combined with a discharge enable signal 34 (Figure 2
(c)) through a logical AND gate, and the resultant signal
is applied to the discharge switch Q2. The chopped signal
38 is also combined with a charge enable signal 36 (Fig-
ure 2�(d) through a logical AND gate, and that resultant
signal is applied to the charge switch Q1. The discharge
switch Q2 opens and closes to effectively generate the
varying current signal in the discharge phase 6. In the
charge phase 8, it is the charge switch Q1 that controls
generation of the varying current.
�[0039] Look-�up tables within the microprocessor’s
memory store values for a primary opening current set
point PO, a primary opening time POT, and a primary
closing current set point PC. The microprocessor 20 se-
lects the value of primary opening current set point PO,
primary opening time POT, and primary closing time de-
pending on stack pressure, stack temperature, and a de-
manded injector on time TON (which is determined from
the fuel demand and is also a function of the fuel rail
pressure). The drive circuit 10, and hence fuel delivery,
are controlled by an engine control module (ECM). The
ECM incorporates strategies to determine the required
fuelling and timing of injection pulses based on the cur-
rent engine operating conditions, including torque, en-
gine speed and operating temperature. The timing of
when the injectors open and close is determined by the
ECM and is not important to the understanding of the
present invention.
�[0040] During the discharge phase 6, the value for the
primary opening current set point PO is converted by the
microprocessor 20 into a corresponding upper current
threshold level I1. While it is possible for the microproc-
essor 20 to generate both the upper and lower current
threshold levels I1, I2, in practice it is simpler to generate

just the upper current threshold level I1, and use a po-
tential divider to generate the lower current threshold lev-
el I2 as a fixed proportion of the upper current threshold
level I1. Similarly during the charge phase 8, the micro-
processor 20 generates an upper current threshold level
I3 corresponding to the primary closing current set point
PC. Likewise, for the charging phase, the potential divider
is arranged to generate a lower current threshold I4. The
microprocessor 20 outputs one upper current threshold
level I1, I3 at a time.
�[0041] The required upper current threshold level I1 is
output from the microprocessor 20 to the current sensing
and control means 14 at the appropriate time depending
on the injection timing according to the ECM and the se-
lected primary opening time POT. In other words, for the
duration of the primary opening time POT, the upper cur-
rent threshold level I1 corresponding to the primary open-
ing current set point PO is output from the microprocessor
20. In a similar manner, during the charge phase the up-
per current threshold level I3 corresponding to the prima-
ry closing current set point PC is output from the micro-
processor 20 for the duration of a determined primary
closing time PCT. The primary closing time PCT is de-
termined such that the amount of charge removed during
the opening/ �discharge phase 6 is re-�applied during the
closing/ �charge phase 8, depending on the primary clos-
ing current set point PC derived from the look- �up tables.
�[0042] The upper and lower current threshold levels
I1, I2, I3, I4 are such that the mean current produced meets
the primary opening current set point PO and primary
closing current set point PC. It is to be appreciated that
it is more convenient to refer to the mean current since
it is this current, and the time that it is applied for, which
determines the amount of charge applied or removed
from the actuator. The upper current threshold levels I1,
I3 and the lower current threshold levels I2, I4 produced
by the potential divider, determine the limits of current
variation.
�[0043] To inject with a particular injector 16a, 16b, or
16c the select switch S1, S2, S3 for that injector is acti-
vated (closed), by the microprocessor 20. For example,
referring to Figure 4, if it is required to inject with the first
injector 16a, the select switch S1 is closed. The other
two injector select switches S2, S3 of the bank remain
de-�activated at this time as the second and third injectors
16b, 16c with which they are associated are not required
to inject.
�[0044] In addition, the discharge enable signal 34 goes
from a logic low to a logic high. The current sensing and
control means 14 initially outputs a logic high signal, and
this and the high discharge enable signal 34 causes the
discharge switch Q2 to close. Current is allowed to flow
from the 100 V supply across the second capacitor C2,
through the current sensing and control means 14,
through the selected switch (S 1 in this example), and
into the corresponding negative side of the selected
injector (16a in this example). The discharge current
IDISCHARGE (shown as the solid line in Figure 4) flows

7 8 



EP 1 923 559 A1

6

5

10

15

20

25

30

35

40

45

50

55

from the injector 16a, through the inductor 18, through
the closed switch Q2 and back to the negative terminal
of the second capacitor C2. As the select switches S2
and S3 remain open, and due to the direction of their
associated diodes, D4 and D5 respectively, substantially
no current is able to flow through the second and third
injectors 16b, 16c.
�[0045] The current sensing and control means 14 mon-
itors the current flow through the middle current path 30
as it builds up and, as soon as the upper current threshold
level I1 is reached, the output from the current sensing
and control means 14 switches from a logic high to a
logic low causing de- �activation (opening) of the discharge
switch Q2. At this point, the energy that is built up in the
inductor 18 recirculates through the diode D8 associated
with the charge (open) switch Q1. As a consequence,
the direction of current flow through the inductor 18 and
the selected one of the injectors 16a does not change.
This is a "recirculation phase" of the discharge phase 6
of operation of the drive circuit 10. The recirculation dis-
charge current is shown as the dashed line 42 in Figure 4.
�[0046] During the recirculation phase, current flows
from the negative side of the first voltage source VS1
across the first capacitor C1, through the current sensing
and control means 14, through the selected injector se-
lect switch S1, through the selected injector 16a, through
the inductor 18, and finally through the diode D8 and into
the positive side of the first capacitor C1. Thus, energy
from the inductor 18 and the selected one of the injectors
16a is transferred to the first capacitor C1 during the re-
circulation phase for energy storage purposes. The cur-
rent sensing and control means 14 monitors the recircu-
lation current, so that when the recirculation current has
fallen below the lower current threshold level (i.e. the
recirculation current threshold) I2, the current sensing
and control means 14 generates a signal to reactivate
the discharge switch Q2 to continue the discharge oper-
ation.
�[0047] The varying current is driven through the stack
2 until the primary opening time POT expires. In this dis-
charge phase 6, the second capacitor C2 provides en-
ergy, while the first capacitor C1 receives energy for stor-
age. At the end of the primary opening time POT, the
discharge switch Q2 and the select switch S1 of the in-
jector 16a are deactivated.
�[0048] It is desirable that the injector select switch S1
is deactivated before the discharge switch Q2 because
the rate at which the current decays depends solely on
the inductor 18: without deselecting the injector select
switch S1 first, the current would decay slowly resulting
in more charge than intended being removed from the
stack 2. By deselecting the injector select switch S1 first,
the current is forced to zero much quicker, and the addi-
tional charge removed is minimal. Where the discharge
switch Q2 is deactivated substantially simultaneously or
soon after the injector select switch S1, the diode D7
provides a recirculation path for residual energy in the
inductor 18 at the end of the discharge phase 6 in order

to recirculate to the first capacitor C1 via the diode D8
associated with the charge switch Q1.
�[0049] At the appropriate time, the stack 2 of the se-
lected injector 16a will be charged in order to close the
injector to cease fuel delivery by varying the charge cur-
rent between the upper and lower threshold levels, I3, I4,
depending on the primary closing current set-�point.
Charging of the stack will not be described in detail here
and can be found in the Applicant’s co-�pending applica-
tion no. 06254039.8.
�[0050] The varying current is driven through the stack
2 until the primary closing time PCT determined earlier
expires. In this charging phase 8, the first capacitor C 1
provides energy and the second capacitor C2 receives
energy for storage. At the end of the primary closing time
PCT (charge time), the charge switch Q1 and the select
switch S1 of the injector 16a are deactivated.
�[0051] Generally, it is not critical at the end of the
charge phase 8, as it is at the end of the discharge phase
6, whether the injector select switch S1, S2, S3 or charge
switch Q1 is deselected first. This is because at the end
of the primary closing time PCT, the stack 2 is effectively
charged to its initial high voltage level V0 and so, as a
result, there can be only a minimal amount of current
flowing (it is not possible to charge the stack 2 indefinitely
due to its capacitive nature). This means that it is not
possible to apply more charge than intended and ensures
that the stack 2 is always recharged to a known state
prior to the subsequent discharge. In essence, this is to
ensure consistent fuel delivery.
�[0052] There is a closed loop system, which does not
form part of the present invention, that operates to keep
the voltage across the stack between injections at the
high voltage level V0. Therefore, at the start of any dis-
charge phase the stack is always at a known reference
voltage.
�[0053] A person skilled in the art will comprehend that
the stack 2 is not always fully charged during the charging
phase 8, for example, in a merging pulse mode as de-
scribed in co- �pending European patent application no.
06252022.6. If it is desirable that the stack 2 is not fully
charged then it becomes important that the injector select
switch S1, S2, S3 is deactivated before the charge switch
Q1.
�[0054] It is to be appreciated that there are other ways
in which the injectors 16a, 16b, 16c may be charged. For
example, it is possible to charge the injectors 16a, 16b,
16c without activating their injector select switches S1,
S2, S3 since the diodes D3, D4 and D5 across the injector
select switches S1, S2, S3 ensure that current can flow
in the direction to charge fully the stack 2 when only the
charge switch Q 1 is activated (closed).
�[0055] Typically, the rate of charge (corresponding to
the mean current level or set-�point) is reduced towards
the end of the discharging (opening) phase 6 in order to
damp any displacement overshoot: this is the subject of
co-�pending patent application EP 06254039.8. Reducing
the rate of charge is achieved by dividing the discharge
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phase/ �opening time into two or more discharge stages,
as described below and shown in Figure 6a.
�[0056] Figure 6a shows a typical graph of current ver-
sus time for a discharge phase comprising two discharge
stages, Stage 1 and Stage 2. Each discharge stage has
a different rate of charge known as a discharge rate.
Stage 1 corresponds to the primary opening time POT
and the primary opening current set point PO, as de-
scribed above, and Stage 2 corresponds to a secondary
opening time SOT and a secondary opening current set
point SO.
�[0057] It is to be appreciated that there could be more
than two discharge stages. However, for the purposes
of describing the present invention a discharge phase
comprising only two discharge stages will be discussed.
In addition, it is to be appreciated that the present inven-
tion also applies where there is only one discharge stage
and rate.
�[0058] Stage 1 is effectively a control phase, as the
majority of opening control happens during this stage.
Stage 2 is effectively a damping phase which is used to
damp any displacement overshoot. However, a signifi-
cant degree of needle lift also occurs in Stage 2.
�[0059] The secondary opening current set point SO
and the secondary opening time SOT are derived in much
the same way as the primary opening current set point
PO and the primary opening time POT detailed above;
for example look- �up tables produce additional values for
the secondary opening current set point SO and an as-
sociated secondary opening time SOT depending on
stack pressure and stack temperature.
�[0060] Typically, the secondary opening current set
point SO and the secondary opening time SOT are ef-
fectively independent of the primary opening current set
point PO and the primary opening time POT by virtue of
the fact that their values are stored in look-�up tables.
�[0061] As described above, the microprocessor 20
outputs the primary opening upper current threshold level
I1 (derived from the primary opening current set point
PO) for the primary opening time POT. At the expiry of
the primary opening time POT, the microprocessor 20
outputs the secondary opening upper current threshold
level I1 (derived from the secondary opening current set
point SO) for the duration of the secondary opening time
SOT. The microprocessor 20 will continue to output ap-
propriate upper current threshold levels for the required
number of discharge levels to achieve the desired
amount of discharge. The number of discharge (and
charge) levels required is determined by the ECM control
strategy.
�[0062] In addition, it is known to switch off the injector
select switch S1, S2, S3 between Stage 1 and Stage 2,
i.e. at the end of the primary opening time POT, in order
to eliminate variations in charge delivery when multiple
charge levels PO, SO, PC are employed, and to improve
accuracy in charge control during current level changes
over a large number of operating conditions.
�[0063] A graph of the stack voltage versus time, cor-

responding to the current waveform in Figure 6a, is
shown in Figure 6b. For Stage 1, the varying current (cor-
responding to the primary opening current set point PO)
is driven through the stack for the primary opening time
POT; this causes the stack voltage to reduce at the first
discharge rate PO from VO to V 1. During Stage 2, current
is driven in to or out of the stack at the reduced second
discharge rate SO, causing the charge on the stack to
increase or decrease, and the needle to lift, accordingly.
However, the stack voltage remains substantially con-
stant. At the end of Stage 2 the stack voltage is at V2
which is substantially equal to V1.
�[0064] For ease of reference, in the following descrip-
tion the top voltage rail 28, the stack voltage and the
bottom voltage rail 32 are described with reference to
Ground. In the examples in this description, the top volt-
age rail is at 255V, the middle voltage rail is at 55V and
the bottom voltage rail is at OV, i.e. Ground.
�[0065] The current and voltage graphs in Figures 6a
and 6b can be considered as being typical of when the
engine is warm. However, when the engine is cold, the
graph of current versus time may look like the solid-�line
waveform X/Y in Figure 6c and the graph of stack voltage
versus time may look like the solid-�line waveform Z in
Figure 6d. For comparative purposes, the current and
voltage waveforms shown in Figures 6a and 6b have
been overlaid as dotted-�line waveforms in Figures 6c and
6d.
�[0066] One reason for the difference in these graphs
is due to the capacitance of the stack changing with tem-
perature. More specifically, the capacitance of the stack
reduces as the temperature reduces.
�[0067] In accordance with the relationship Q = VC, as
the capacitance reduces for the same charge (charge =
current x time) applied to/�removed from the stack, the
magnitude of the voltage change across the stack in-
creases. In other words, starting from an initial voltage
level of V0 the stack voltage reduces to V1’ rather than
to V1, as shown by the solid line. Likewise, at the end of
Stage 2 the stack voltage is at V2’ rather than at V2. As
described above V2’ is substantially equal to V1’.
�[0068] As described above with reference to Figure 3,
the discharge switch is opened and closed in accordance
with the chopped signal from the current sensing and
control means 14. Effectively this is equivalent to
switching the non-�injector side of the inductor between
the top voltage rail (255V) and the bottom voltage rail
(OV), as shown in Figure 7. The injector side of the
inductor 18, point P in Figure 7, is effectively the stack
voltage Vstack. Therefore, the voltage across the inductor
VL switches between VL1 (i.e. Vtop - Vstack) and VL2 (i.e.
Vstack - Vbottom).
�[0069] The voltage across the inductor has a direct af-
fect on the current flowing through the circuit during dis-
charge since: 

11 12 



EP 1 923 559 A1

8

5

10

15

20

25

30

35

40

45

50

55

where di/dt equals the rate of change of current, and V
is the voltage across the inductor L.
�[0070] In the case when the engine is warm, the volt-
age across the stack switches from VL1 to VL2. However,
in the example when the engine is cold, the change in
voltage across the stack increases such that the stack
voltage itself reduces to a value nearer the bottom voltage
rail Vbottom. Therefore, the voltage across the inductor
switches between VL1, and VL2’, where VL1, is larger than
VL1, and VL2’ is smaller than VL2, as shown in Figure 6d.
�[0071] In accordance with the di/dt equation above,
when the voltage across the inductor 18 is reduced (i.e.
VL2’ being smaller than VL2), the rate of change of current
through the inductor 18 is also reduced. This is shown in
Figure 6c as a shallower current gradient X. Conversely,
when the voltage across the inductor 18 is increased, the
rate of change of current is also increased (VL1, being
larger than VL1), corresponding to a steeper gradient Y.
�[0072] As described above, the current set point PO,
SO is determined on the basis of the amount of charge
to be applied to/�removed from. The current is then caused
to vary between upper and lower current threshold levels
I1, I2, which are dependent on the current set point PO,
SO, for a determined time, POT, SOT respectively. The
current varying between these thresholds should result
in a mean current value equal to the current set point.
However, a change in the rate of change of current (i.e.
a change in the gradient of the current) caused by the
reduced or increased voltage across the inductor can
result in a mean current value which does not equal the
desired current set point. This change in rate of change
of current, as shown in Figure 6c, corresponds to a var-
iation in the charge applied to/�removed from the stack.
This is also shown with reference to the area under the
current graph of Figure 6c which equates to the charge
applied to/�removed from the stack. As the gradient of the
current waveform varies so too does the area under the
graph, and hence the charge applied to/�removed from
the stack. An inconsistency in the amount of charge ap-
plied to/ �removed from the stack corresponds to an incon-
sistency in needle lift and fuel delivery, which as dis-
cussed above is undesirable.
�[0073] Figure 8 also shows a comparison between
warm and cold engine scenarios. A warm engine may
have a varying current waveform as shown by reference
A, and a cold engine may have a varying current wave-
form as shown by reference B which shows a reduced
rate of change of current. It is clear that the area under
waveform B is larger than the area under waveform A.
As a result, more charge than desired is applied to/ �re-
moved from the stack when the engine is cold.
�[0074] However, the problem regarding the reduction

in voltage across the inductor could equally have resulted
in a smaller than desired amount of charge being applied
to/�removed from, and therefore a reduced fuel volume
being delivered. In practice, delivering a smaller than de-
sired fuel volume is not as severe as delivering a larger
than desired fuel volume. An increase in fuel volume de-
livery (over- �delivery) is especially critical when the engine
is already at or near full load. Delivering a larger fuel
volume in that scenario could cause an increase in engine
temperature and combustion pressure above safe limits,
and this could potentially cause damage to the engine.
�[0075] It is the object of the invention to alleviate the
above- �identified problems, and in one embodiment this
is achieved by measuring a chop frequency of the
chopped signal generated by the current flow sensing
and control means 14 of the drive circuit 10.
�[0076] Figure 6c is shown again in Figure 9a for refer-
ence. Figure 9b shows the chopped signal corresponding
to the warm engine waveform A, and Figure 9c shows
the chopped signal corresponding to the cold engine
waveform B. As shown by comparing Figure 9b and 9c,
the chop frequency reduces as the rate of change of cur-
rent reduces, since it takes a longer time for the current
to increase to the pre-�determined upper current threshold
level I1 before the signal ’chops’ to cause the current to
reduce to the lower current threshold level I2. As de-
scribed above, at the point where the increasing current
’chops’, the voltage across the inductor is relatively large
VL1’, causing the current to reduce rapidly to the lower
current threshold level I2 before it ’chops’ again and is
caused to increase, again, at the slower rate. Where the
current ’chops’ it does not change direction; ’chopping’
effectively means that an increasing current starts to de-
crease and a decreasing current starts to increase.
�[0077] In order to compensate for the error in fuel vol-
ume delivery, the time between chops is measured and
compared with a predetermined threshold. Appropriate
action can be taken if the time between chops is greater
than the predetermined threshold.
�[0078] Figure 10 shows an example graph of the fuel
volume delivery error versus minimum chop frequency
measured during one discharge phase. The chop fre-
quency is not constant during any discharge phase and
it is foreseeable that only a few ’chops’ are at the reduced
frequency (i.e. have an increased period), which would
cause over-�delivery. As such, it is the minimum chop fre-
quency or the maximum time period between chops that
is of most concern and has been represented approxi-
mately in Figure 10. As shown, above a certain minimum
chop frequency there is little or no error in fuel delivery
resulting from the change in rate of change of current.
However, below a certain minimum chop frequency, i.e.
known as an error threshold, a fuel volume delivery error
causes either an increase (over-�delivery) or decrease
(under-�delivery) in fuel volume delivery.
�[0079] In one embodiment, during calibration the rela-
tionship between chop frequency (i.e. the intervals be-
tween chops) and fuel volume delivery error is measured
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and mapped into a look-�up table, thus allowing the error
threshold to be determined. During operation of the en-
gine, the ECM can identify when the chop frequency, in
combination with current engine operating conditions
(i.e. when the engine is near or at full load conditions),
will cause an increase in fuel volume delivery, such that
appropriate corrective action can be taken.
�[0080] In an alternative embodiment, the number of
chop events during a stack discharge phase is counted.
If the total number of chop events does not reach or pass
a predetermined threshold, a fault flag may be set to
cause appropriate corrective action to be taken to reduce
the fuel volume delivered.
�[0081] In a further alternative embodiment, during cal-
ibration the relationship between the stack voltage at the
end of Stage 1 and the change in fuel volume delivery is
measured and mapped into a look-�up table, thus allowing
an error threshold dependent on stack voltage to be de-
termined. During operation of the engine, the ECM can
identify when the stack voltage, in combination with cur-
rent engine operating conditions (i.e. when the engine is
near or at full load conditions), will cause an increase in
fuel volume delivery, such that appropriate corrective ac-
tion can be taken.
�[0082] As stated above, it is important to be able to
reduce the fuel volume delivery to prevent over fuelling
and damage to the engine. There are three courses of
corrective action which could be taken to reduce the fuel
volume delivery.
�[0083] One way in which the fuel volume delivery can
be reduced is to reduce the amount of charge applied to/
removed from the stack to reduce lift of the injector valve
needle. In one embodiment, this is achieved by reducing
the current set point.
�[0084] Another way in which the fuel volume delivery
can be reduced is by reducing the time for which the
current is applied in order to reduce the amount of charge
applied to/ �removed from the stack. In practice, the time
may be reduced by reducing either the primary opening
time POT or the secondary opening time SOT or a com-
bination of both.
�[0085] A third way in which the fuel volume delivery
can be reduced is to reduce the injector on time TON,
which is the period between the start of the discharge
phase and the start of the charge phase. Reducing the
injector on time effectively shortens the time for which
fuel is delivered and as such reduces the fuel volume
delivery.
�[0086] It is to be appreciated, that a combination of the
above methods could be used to reduce needle lift and
prevent over delivery.
�[0087] The degree to which the current set points PO,
SO, the discharge times POT, SOT and/or the injector
on time TON is/are reduced, is determined on the basis
of the expected fuel volume delivery error which is be
mapped into look- �up tables against the expected fuel vol-
ume delivery. For example, Figure 11 shows the corre-
lation between a change in fuel volume delivery and a

change in injector on time TON, such that the injector on
time TON can be adjusted accordingly. A different look-
up table is created for each of the adjustable parameters.
�[0088] Figure 12 shows a simple flowchart of the meth-
od steps required in order to determine whether it is nec-
essary to adjust one of the parameters to prevent over
fuelling.
�[0089] In a first step 101, the discharge parameters
PO, POT, SO, SOT and the injector on time TON are
determined on the basis of the engine operating condi-
tions and the demand on the engine. In a second step
103, the stack is driven on the basis of these parameters.
In a third step 105, the chop frequency is calculated or
measured by the microprocessor and is compared with
the predetermined threshold in a fourth step 107. If it is
determined that the chop frequency is above the thresh-
old, control is passed back to the first step 101. However,
if the frequency is below the threshold, one of the dis-
charge parameters or injector on time TON is adjusted
in a fifth step 109, and control is subsequently passed
back to the second step 103 such that the stack is driven
on the basis of the adjusted parameter.
�[0090] It is to be appreciated that the present control
method is a closed loop control method such that the
corrections determined in one cycle are implemented in
the next cycle in order to rectify the error. In the above
example, the chop frequency is measured. However, the
method may be implemented by determining the stack
voltage Vstack at the end of Stage 1 and using that pa-
rameter to make the necessary adjustments.
�[0091] In another embodiment, corrective action is tak-
en when the fuel volume delivery is smaller than desired
in order to prevent under-�delivery, which in turn improves
control and alleviates the above-�identified inconsisten-
cies.
�[0092] It is to be appreciated that the above-�identified
problem relating to a reduced voltage across the inductor,
resulting in a slow rate of change of current, also applies
when the stack is being charged during the closing phase.
In a further embodiment, corrective action is taken near
or at the end of the closing/�charging phase to ensure that
the charge on the stack at the end of the closing phase
is at the desired level for a subsequent discharge phase.
�[0093] Furthermore, it is to be appreciated that al-
though the present invention is described above in rela-
tion to de-�energise- �to-�inject injectors, the present inven-
tion can also be implemented with energise-�to-�inject in-
jectors.
�[0094] It is also to be appreciated that power supply
circuits other than those shown in Figure 3 may be suit-
able for use with this invention.

Claims

1. A method for controlling the displacement of a stack
(2) of a piezoelectric actuator (1) for use in a fuel
injector in order to control fuel volume delivery, the
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method comprising;�
causing a varying current to be driven into or out of
the stack (2) to charge or discharge the stack (2),
respectively, during an opening phase (6), wherein
the opening phase (6) comprises at least a primary
phase (POT, PCT), �
measuring a parameter during the opening phase
(6),�
comparing the measured parameter with a predeter-
mined threshold value, and
taking corrective action to adjust the fuel volume de-
livery, during a subsequent injection, depending on
the result of the comparison.

2. The method as claimed in Claim 1, wherein the pa-
rameter is voltage (Vstack) and the method comprises
measuring a voltage across the stack (Vstack) at the
end of the primary phase (POT, PCT), comparing
the voltage across the stack (Vstack) with the prede-
termined threshold value, and taking corrective ac-
tion to adjust the fuel volume delivery, during the
subsequent injection, if the measured voltage across
the stack (Vstack) is less than the predetermined
threshold value.

3. The method as claimed in Claim 1, wherein the pa-
rameter is chop frequency and the method compris-
es measuring a minimum chop frequency of the var-
ying current during the opening phase (6), comparing
the minimum chop frequency with the predetermined
threshold value, and taking corrective action to ad-
just the fuel volume delivery, during the subsequent
injection, if the measured minimum chop frequency
is less than the predetermined threshold value.

4. The method as claimed in Claim 1, wherein the pa-
rameter is chop period and the method comprises
measuring a maximum chop period during the open-
ing phase (6), comparing the maximum chop period
with the predetermined threshold value, and taking
corrective action to adjust the fuel volume delivery,
during the subsequent injection, if the measured
maximum chop period is more than the predeter-
mined threshold value.

5. The method as claimed in any preceding claim, com-
prising varying the current between an upper current
threshold level (I1, I3) and a lower current threshold
level (I2, I4) and determining the upper and lower
current thresholds (I1, I2, I3, I4) from a current set-
point level (PO, SO, PC) which is selectable such
that the mean value of the varying current driven into
or out of the stack (2) for a time (t) is intended to
equal a desired amount of charge to be applied to
or removed from the stack (2).

6. The method as claimed in Claim 5, wherein the cor-
rective action comprises adjusting the current set-

point level (PO, SO, PC) in order to adjust the amount
of charge which is applied to or removed from the
stack (2).

7. The method as claimed in Claim 5 or Claim 6, where-
in the corrective action comprises adjusting the time
(t) for which the varying current is driven into or out
of the stack (2) in order to adjust the amount of charge
which is applied to or removed from the stack (2).

8. The method as claimed in Claim 5 or Claim 6, further
comprising determining an injector on time (TON)
comprising the opening phase (6) and a dwell phase
(tdwell), wherein the corrective action includes adjust-
ing the injector on time (TON) in order to adjust the
fuel volume delivery.

9. The method as claimed in any preceding claim,
wherein the comparing step further comprises com-
paring at least one of engine load, engine tempera-
ture, and fuel pressure with its respective threshold
level, wherein corrective action is taken when at least
one of engine load, engine temperature, and fuel
pressure is above its threshold level.

10. The method as claimed in any preceding claim, com-
prising taking corrective action in order to prevent
more than a desired fuel volume delivery being de-
livered.

11. The method as claimed in any preceding claim, com-
prising taking corrective action in order to prevent
less than a desired fuel volume delivery being deliv-
ered.

12. A computer program product comprising at least one
computer program software portion which, when ex-
ecuted in an executing environment, is operable to
implement the method of any one of Claims 1 to 11.

13. A data storage medium having the or each computer
software portion of Claim 12 stored thereon.

14. A microcomputer provided with the data storage me-
dium of Claim 13.

15. A controller for a stack (2) of a piezoelectric actuator
(1) for use in a fuel injector, the controller comprising; �
means for causing a varying current to be driven into
or out of the stack (2) to charge or discharge the
stack (2), respectively, during an opening phase (6),�
means for measuring a parameter during the open-
ing phase (6), �
means for comparing the measured parameter with
a predetermined threshold value, and
means for taking corrective action to adjust the fuel
volume delivery, during a subsequent injection, de-
pending on the result of the comparison.
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