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(54) Method of controlling an electromagnetic actuator

(57) A method of controlling an electromagnetic ac-
tuator having an excitation coil and a movable armature
is presented. An actuating event is triggered by applying
a control signal to move said armature from a rest position
thereof towards an actuating position. The method com-
prising the steps of:
determining a switch-off time (toff) at which the armature

returns to its rest position;
determining a time (tmax) at which the armature reaches
an extremum of its stroke during the actuation event;
computing a switch-on time on the assumption that the
switch-on time (ton) is separated from the switch-off time
by an actuating duration (tact), which represents approx-
imately twice the time separating the extremum stroke
time (tmax) from the switch-off time (toff).
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Description

FIELD OF THE INVENTION

[0001] The present invention generally relates to elec-
tromagnetic actuators and more specifically to a method
of controlling an electromagnetic actuator taking into ac-
count switching delays. A particular field of application is
that of internal combustion engines using electromagnet-
ically actuated fuel injectors.

BACKGROUND OF THE INVENTION

[0002] The contemporary design of spark ignited inter-
nal combustion engines must cope with the increasingly
stringent regulations on pollutant emission. Accordingly,
automotive engineers strive for designing engines with
low fuel consumption and low emission of pollutants,
which implies including electronic devices capable of
monitoring the combustion performance and emissions
in the exhaust gases.
[0003] The issue of fuel economy has been addressed
i.a. by varying the injection schemes. Currently, direct
injection engines and in particular gasoline stratified
charge engines are considered to be very efficient in
terms of fuel economy.
[0004] One requirement to reduce emissions from a
spark ignited internal combustion engine is an accurate
control of the combustion air/fuel ratio. This is usually
done by metering a precisely controlled amount of fuel
based on a measured or inferred air charge mass induct-
ed into the engine; many control schemes are known in
the art to control the air/fuel ratio. It is e.g. customary to
install an oxygen sensor in the engine exhaust line and
to use the sensor output as a feedback signal for closed
loop fuel control.
[0005] Another parameter known for affecting the in-
jected fuel quantity is the response time of the injector,
due to the response of the electromagnetic actuators.
Indeed, conventionally with electromagnetic actuators a
certain time period elapses between the application of
the command signal and the moment the actuator actu-
ally starts moving; or between the moment the command
signal ends and the injector actually reaches its closed
position. The knowledge of the response times (or re-
sponse delays) at switch-on and switch-off thus allows
for a more precise control of the actuator. WO 03/023211,
e.g., describes a method of determining response times
of electromagnetic devices. The determination of injector
response times at switch-on and switch-off is based on
current detection; the determination of the response time
at closing is also described based on voltage detection.
[0006] Deviation and variability between injectors are
usually due to the dispersion of the injectors character-
istics linked to the production process spread and/or to
the time-drift variations of the same characteristics due
to ageing. Thus, fuel injector flow variations need to be
corrected.

[0007] The problem of fuel variability is particularly crit-
ical for low fuel injections, i.e. when injecting small or
minute fuel amounts. In such case, the knowledge of the
opening and closing delays is particularly useful to con-
duct an optimised injector control.

OBJECT OF THE INVENTION

[0008] The object of the present invention is to provide
a method of controlling an electromagnetic actuator with
an alternative determination of switch-on time.
[0009] This object is achieved by a method as claimed
in claim 1.

SUMMARY OF THE INVENTION

[0010] The present invention relies in part on previous
findings made by the present Applicant that the accuracy
of low (or minute) fuel injections can indeed be improved
by detecting more precisely than before response timings
of the pintle lift event of the injector and that injector re-
sponse time data such as closing time data and opening
time data can serve to correct the injection pulse width
that is used to inject a desired quantity of fuel in the com-
bustion chamber.
[0011] According to the present invention, a method
of controlling an electromagnetic actuator having an ex-
citation coil and a movable armature is proposed, where-
in an actuating event is triggered by applying a control
signal to move said armature from a rest position thereof
towards an actuating position, and in particular actuating
events where the armature motion is in the ballistic do-
main. The method comprises the steps of:

determining a switch-off time toff at which the arma-
ture returns to its rest position;

determining a time tmax at which the armature reach-
es an extremum of its stroke during said actuation
event; and

computing a switch-on time on the assumption that
the switch-on time (ton) is separated from the switch-
off time by an actuating duration (tact), which repre-
sents approximately twice the time separating the
extremum stroke time (tmax) from the switch-off time
(toff).

[0012] The control signal for a next actuation event of
the electromagnetic actuator can thus be corrected, re-
spectively elaborated, taking into account the switch-on
time.
[0013] In practice, for a fuel injector featuring a sole-
noid actuator, the so-learned timing information allows
elaborating learned correction values that can be advan-
tageously used for the injection control and namely for
low injection pulses. First, learned correction values may
be elaborated in respect of the closing times (toff) on the
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one hand, and second, learned correction values may
be elaborated in respect of the opening times (ton) on the
other hand. Preferably, a corrected control signal is elab-
orated that takes into account both the opening and clos-
ing delays.
[0014] While the closing time will typically vary with the
injected fuel quantity and closing times may be learned
for various injected quantities of fuel, the opening time
of a given injector is considered to be relatively constant
and one value of opening time may be stored per injector.
However, this value may vary with ageing, or some in-
jectors may have a different behaviour. Therefore, the
determination of opening time may be periodically deter-
mined.
[0015] The present method has been particularly de-
veloped for an optimised control of modern fuel injectors,
where the opening and closing delays may substantially
affect the injected fuel quantity for "minute or "low" fuel
injections, if not properly taken into account.
Such "minute or "low" fuel injections are injection pulses
of low fuel quantities, which are achieved through brief
injector pintle openings and where the pintle is mainly in
a transitory position between the fully open position and
the closed position. Performing such low fuel injections
involves operating the injector in the "ballistic" domain,
where closing and opening time correction has appeared
to be particularly advantageous. For current injectors,
injections of fuel masses of up to 5 or 6 mg involve op-
eration in the ballistic domain.
[0016] The present method is of particular interest for
the control of fuel injectors with electromagnetic actua-
tors of the so-called decoupled type, i.e. where the ar-
mature is not rigidly linked to the pintle, and thus tend to
have a ballistic behaviour.
[0017] In a preferred embodiment, the timing tmax is
determined as the timing at which a curve representative
of the logarithm of the voltage at the excitation coil during
a predetermined observation window before the switch-
off time intersects a straight line representative of the
logarithm of the excitation coil voltage after the switch-
off time. Here the natural (base e) logarithm may be used,
or other base.
[0018] The observation window may start after the fall
of the control signal for the respective actuating event,
preferably when it has been determined that the coil cur-
rent has become null.
[0019] These and other embodiments of the present
invention are recited in the appended dependent claims
2 to 8.
[0020] According to another aspect, the invention con-
cerns a method of controlling fuel injection in an internal
combustion engine according to claim 9.
[0021] According to a further aspect, the invention con-
cerns an internal combustion engine comprising at least
one cylinder with at least one fuel injector as defined in
claim 11, respectively 12. The fuel injector comprises a
pintle actuated by an electromagnetic actuator having an
excitation coil and a movable armature. An engine man-

agement system (EMS) is adapted to trigger an actuating
event (injection event) of the fuel injector by applying a
control signal to the latter so as to move the armature,
respectively the pintle, from a rest position thereof to-
wards an actuating position and cause a corresponding
fuel injection. Typically, the control signal is generated
to on the basis of a fuel command pulse width, conven-
tionally mapped in function of the fuel amount to be in-
jected.
[0022] The engine management system is further con-
figured to:

determine a time (tmax) at which the armature reach-
es an extremum of its stroke during said actuation
event;

compute a switch-on time on the assumption that
the switch-on time (ton) is separated from the switch-
off time by an actuating duration (tact), which repre-
sents approximately twice the time separating the
extremum stroke time (tmax) from a previously de-
termined switch-off time (toff) at which the armature
returns to its rest position.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The present invention will now be described, by
way of example, with reference to the accompanying
drawings, in which:

FIG. 1: comprises a graph showing the actuation log-
ic, pintle stroke and coil current vs. time, with the
lower graph showing the voltage evolution during the
same time period; and

FIG. 2: comprises the same upper graph as in Fig.
1, and the lower graph shows In(V) over the same
time period.

DETAILED DESCRIPTION OF A PREFERRED EM-
BODIMENT

[0024] The present inventors have developed the
present method when working on opening and closing
delays of fuel injectors operating in the ballistic domain.
The present invention will thus now be explained in detail
with regard to an actuating event of a fuel injector. As it
will however clearly appear to those skilled in the art, the
invention can be used to optimize the operation of any
type of electromagnetic actuator having an excitation coil
(also called solenoid), i.e. having an inductance, and a
movable armature operating in the ballistic domain.
[0025] Hence, with reference to fuel injectors the
switch off time toff may be called closing time/delay and
the switch-on time ton may be referred to as opening time/
delay.
[0026] It may further be noted that in the present var-
iant, the opening and closing times are both determined
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from voltage feedback from the injector, which results in
a coherent data processing as the timings can then sim-
ply be determined from a single source of information.
[0027] According to the present method, the switch-on
time is determined on the assumption that the switch-on
time is separated from the switch-off time by an actuating
duration, which represents approximately twice the time
separating the extremum stroke time from the switch-off
time.
[0028] In a preferred variant, the this method can be
implemented as follows:

- determining a switch-off timing toff at which the ar-
mature returns to its rest position;

- determining a timing tmax at which the armature
reaches an extremum of its stroke during said actu-
ation event;

- computing an actuating duration as tact = C•(toff -
tmax), where C is a coefficient between 0.8 and 1.2;

- computing a switch-on delay as ton = toff - tact.

1. Determining the closing time

[0029] The determination of an injector closing time is
known in the art. In the present variant, the injector clos-
ing time, noted toff and occuring at time t5, is preferably
deduced from the coil voltage.
[0030] As already mentioned, the determination of the
injector pintle closing response is preferably carried out
based on the voltage feedback from the injector. The
voltage may be measured across the injector coil termi-
nals. When the injector armature hits the seat and stops,
there is a visible and measurable change in the slope of
the injector coil voltage (indicated by arrow 2 in Fig.1).
One may take the derivative of the coil voltage and the
local maximum (the signal is generally a negative quan-
tity) of the derivative of the coil voltage happens to closely
approximate the closing time toff.
[0031] The typical waveform of the pintle position and
the corresponding voltage are shown on Fig.1.
[0032] The perturbation in the voltage can be traced
back to a change in the velocity term of the flux linkage
I.dL/dx.dx/dt, where dx/dt is the velocity of the armature,
which is greatly reduced when the pintle closes. The
measurements preferably take place after the command
pulse has ended and the currents have gone to zero,
leaving only eddy currents and trapped flux in the mag-
netic circuit. These conditions enable an easier sensing
of the closing voltage signature.
[0033] Furthermore, it has been observed that fuel
mass is primarily determined by the pulse width and the
closing delay of the injector pintle, after the pulse width
ends.
[0034] Thanks to the determination of the closing time,
it is hence possible to adjust the pulse width to prevent

flow variation from one injector to the others. Closing
Time toff is then an excellent indicator of fuel flow: part
with higher closing time will deliver more fuel than one
with shorter closing time.

2. Determining the maximum stroke

[0035] As for the closing time detection, the determi-
nation of the maximum stroke is also prerably done on
the basis of coil voltage feedback. And the present ap-
proach is actually based on the fact that the armature
position affects the coil inductance value.
[0036] For a solenoid actuated injector, the inductance
L depends on 2 parameters: the current i and the gap
between armature (i.e. moving body) and coil, this gap
being indicated by x in the following equation.
[0037] So, the inductance derivative can be written in
the form of a total differential: 

[0038] And the variation of coil inductance over time
can be written as: 

[0039] The determination of the maximum stroke thus
involves monitoring the coil inductance to extract motion
characteristics.
[0040] Turning to Fig.1, line 10 indicates the pintle
stroke (pintle lift), line 12 the actuation logic (command
signal or pulse width), line 14 the current in the injector
coil and line 16 the voltage at the injector coil (lower
graph).
[0041] The present example is that of an actuating
event in the ballistic domain. As illustrated by line 12, the
actuation logic generates a step between times t1 and
t3 in order to charge the coil with the aim of opening the
injector. The pintle starts moving at time t2 and closes at
time t5.
[0042] From time t3 to t5, the goal is to close the ac-
tuator and the control logic applies directly after time t3
a negative voltage -V0 to the coil in order to collapse the
current in the coil and cancel the magnetic field.
[0043] After time t4, the current is null and the -V0 volt-
age is suppressed. The coil voltage evolves from -V0 to 0.
[0044] The current being null after time t4, di/dt is also
null and equation 2 can be rewritten as: 
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[0045] This implies that after time t4, the variation of
inductance is only due to the motion of the armature.
[0046] The equation of the voltage across the coil after
time t4 then becomes that of a simple coil-resistance cir-
cuit, to which a voltage V0 is applied until time t4. This
can be written: 

where 

[0047] Which can also be written as: 

[0048] It shall be further noticed that after time t5, the
armature/pintle has reached its rest position and thus
stopped moving, whereby: 

[0049] This means in turn that In(V) is a straight line
having a constant slope τ.
[0050] Turning now to Fig.2, the lower graph repre-
sents ln(V) vs. time. As can be seen, ln(V) describes a
wave shape between time t2 and t5, where the falling
front approximately coincides with timing M, which is the
maximum stroke of the pintle. At time M, dx/dt=0 and ln
(V) has the same slope as after time t5.
[0051] Now, it shall be appreciated that in the present
embodiment the timing of maximum stroke is determined
from the voltage feedback and, as shown in Fig.2, the
timing of the maximum stroke is approximated as the
intersection of the straight line corresponding to ln(V) af-
ter time t5 (when the pintle has reached its closed posi-
tion) with the curve ln(V). The present inventors have
indeed observed that this intersection point, indicated by
arrow 4 in Fig.2, is strongly correlated with the point of
maximum stroke (at M). Furthermore, an injector opening
later will show the same pattern as in Fig.2, however
shifted to the right, and the same applies to the intersec-

tion point.
[0052] In practice, this may be carried out by sampling
coil voltage values over an observation window extend-
ing from before the max stroke point M to t5, the closing
time. The start of the observation window may be deter-
mined from calibration and in view of the requested ac-
tuating motions. However, in practice, the observation
window-indicated 20 in Fig.2-may typically start when the
current has become null (at t4).
[0053] Any appropriate program can be used to deter-
mine this intersection. The ECU may for example be con-
figured to perform mathematical regression in order to
determine an equation fitting the acquired voltage points
after t5 as well as an equation fitting the acquired voltage
points in the observation window.
[0054] At the end of this step, the timing tmax is thus
known.

3. Determining the opening time

[0055] Since the pintle is in the ballistic domain, it de-
scribes a general bell-shaped trajectory (pintle stroke vs.
time - as shown in Fig.1). It shall be appreciated that in
the present method it is thus considered that about the
same time is required for the pintle to move from the
Maximum stroke to its closed position, than from the
opening time to the maximum stroke - these motions oc-
curring during the actuating duration.
[0056] Hence, in the present method an actuating du-
ration is calculated as: 

where C is a coefficient between 1.8 and 2.2, preferably
between 1.9 and 2.1. This coefficient C allows some flex-
ibility with respect to the theoretical value 2, since the
determination of tmaxis already an approximation of the
timing of maximum stroke. While C=2 can be used, co-
efficient C may also be determined based on calibration.
Coefficient C may in particular allow compensating for
different pintle speeds at opening and closing.
[0057] The switch-on time is then calculated as: 

4. Use of the opening and closing times

[0058] As is well known in the art, in conventional en-
gine management strategies a fuel command pulse width
is determined for each injection event in an engine cycle.
Pulse widths are mapped in function of fuel amounts, the
latter depending on the requested torque and being cor-
rected using known tools such as e.g. the so-called block
learning memory (BLM) and Individual Cylinder Fuel

7 8 



EP 2 514 956 A1

6

5

10

15

20

25

30

35

40

45

50

55

Control (see e.g. US 6,382,198).
[0059] Hence, for any fuel injection to be performed a
pulse width is determined (as well as a corresponding
control signal) to command a corresponding opening du-
ration in order to deliver a predetermined fuel amount.
[0060] Injector closing time and opening time informa-
tion can thus be advantageously employed to improve
the injection of fuel quantities, namely of low fuel quan-
tities. A learned correction value may then be determined
that is then applied to the pulse width determined by con-
ventional methods.
[0061] In practice, the engine management system
may comprise a table of learned closing times that is
used for injection control, the table of learned closing
times giving normalized, average closing time values for
each injector (or cylinder) and a set of pulse widths cor-
responding to minute fuel injections. Having regard to
current injector technologies, it is considered that deter-
mining and storing one opening time per injector is suf-
ficient. But it may also be stored in function of fueling
quantities, resp. pulse widths.
[0062] The engine may then be controlled with a cali-
brated map of closing times and opening times, and a
pulse width correction may be performed based on a dif-
ference between the calibrated and learned closing times
as well as calibrated and learned opening times.

Claims

1. A method of controlling an electromagnetic actuator
having an excitation coil and a movable armature,
wherein an actuating event is triggered by applying
a control signal to move said armature from a rest
position thereof towards an actuating position, the
method comprising the steps of:

determining a switch-off time (toff) at which the
armature returns to its rest position;
determining a time (tmax) at which the armature
reaches an extremum of its stroke during said
actuation event;
computing a switch-on time on the assumption
that the switch-on time (ton) is separated from
the switch-off time by an actuating duration (tact),
which represents approximately twice the time
separating the extremum stroke time (tmax) from
the switch-off time (toff).

2. The method according to claim 1, wherein said ac-
tuating duration is computed as tact = C•(toff- tmax),
where C is a coefficient between 1.9 and 2.1.

3. The method according to any one of the preceding
claims, wherein the said timing tmax is determined
as the timing at which a curve representative of log-
arithm of the voltage at the excitation coil during a
predetermined observation window before the

switch-off time intersects a straight line representa-
tive of the logarithm of the excitation coil voltage after
the switch-off time.

4. The method according to any one of the preceding
claims, wherein said observation window starts after
the fall of said control signal for the respective actu-
ating event.

5. The method according to any one of the preceding
claims, wherein the determination of the switch-off
time (toff) is based on the monitoring of the voltage
of said excitation coil of said electromagnetic actu-
ator.

6. The method according to the preceding claim,
wherein the determination of the switch-off time (toff)
is approximated as the timing when the derivative of
the voltage of said excitation coil reaches a local
maximum.

7. The method according to any one of the preceding
claims, wherein said control signal for a next actua-
tion event is corrected on the basis of said switch-
on time.

8. The method according to any one of the preceding
claims, wherein said electromagnetic actuator is
configured so that its armature drives a pintle in a
fuel injector.

9. A method of controlling fuel injection in an internal
combustion engine having at least one cylinder with
an associated electromagnetically actuated fuel in-
jector for performing injection events, wherein for
each injection event a pulse width is determined and
a corresponding control signal is applied to the in-
jector’s electromagnetic actuator, with which the in-
jector is kept open to spray a desired quantity of fuel,
wherein a switch-off time and a switch-on time are
determined in accordance with the method accord-
ing to any one of the preceding claims and subse-
quently used for injection control.

10. The method according to claim 9, wherein learned
correction value(s) is/are elaborated based on said
switch-off time and a switch-on time; and said
learned correction value(s) is/are used for correcting
said pulse width.

11. An internal combustion engine comprising at least
one cylinder with at least one fuel injector, wherein
said fuel injector comprises a pintle actuated by an
electromagnetic actuator having an excitation coil
and a movable armature, and wherein said engine
comprises an engine management system adapted
to trigger an actuating event of said fuel injector by
applying a control signal to said electromagnetic ac-
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tuator to move said armature, respectively said pin-
tle, from a rest position thereof towards an actuating
position and cause a corresponding fuel injection,
characterized in that said engine management
system is configured to:

determine a time (tmax) at which the armature
reaches an extremum of its stroke during said
actuation event;
compute a switch-on time on the assumption
that the switch-on time (ton) is separated from
the switch-off time by an actuating duration (tact),
which represents approximately twice the time
separating the extremum stroke time (tmax) from
a previously determined switch-off time (toff) at
which the armature returns to its rest position.

12. The internal combustion engine according to claim
9, wherein said fuel injector has its pintle decoupled
from the armature.
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