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(57) It is described a method for adapting injector
characteristics of fuel injectors (30, 32) of a multi-cylinder
internal combustion engine (10) having combustion
chambers (12, 14) with direct fuel injection, which injector
characteristics are adapted for each injector (30) individ-
ually to compensate for deviations the individual injectors
(30, 32) have from standard injectors (30), wherein fuel
is injected by each injector (30) and the operation of the
engine resulting therefrom is evaluated, and wherein the
method further comprises: determining for each cylinder
a value of the peak pressure or the indicated mean pres-
sure, which pressure value occurs during a combustion
cycle in the cylinder's combustion chamber (12, 14), and
modifying the injector characteristics individually for each
injector (30, 32) to minimize differences between the
pressure values over said cylinders.
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Description

[0001] The invention relates to a method and an ap-
paratus for adapting injector characteristics of fuel injec-
tors of a multi-cylinder internal combustion engine having
combustion chambers with direct fuel injection, which in-
jector characteristics are adapted for each injector indi-
vidually to compensate for deviations the individual in-
jectors have from standard injectors, wherein fuel is in-
jected by each injector and the operation of the engine
resulting therefrom is evaluated.

[0002] Ininternal combustion engines having direct fu-
el injection, the fuel supply is controlled by means of in-
jectors to provide the combustion chambers of the engine
with the optimal quantity of fuel at each operation point.
In modem direct injecting diesel engines fuel is injected
which is stored in a fuel rail. The dosing of fuel into the
combustion chambers is performed by controlling the in-
jectors accordingly. In most cases, the control is on a
time basis with the fuel metering being performed by
opening the injector for a certain amount of time and clos-
ing it thereafter. A controller of the engine defines the
moment of opening which is the start of injection and the
length of opening and inputs a respective control signal
to the injector.

[0003] For determining the length of injection, the con-
troller uses a correlation or mapping between the length
of opening and the quantity of fuel metered thereby by
each injector. For this purpose, a map is stored in a stor-
age of the controller, which map is referred to as injector
characteristics and gives the injected fuel quantity as a
function of several parameters, among others length of
injection, fuel pressure, and temperature in the fuel rail.
[0004] The injector characteristics assume a standard
injector which conforms to certain specifications. How-
ever, the performance of each injector generally deviates
from the standard more or less. This leads to deviations
of the fuel quantity an individual injectors deliver for any
given injection control as compared to a standard injec-
tor. Such deviations lead to an uncomfortable operation
of the engine and, in particular, an increased fuel con-
sumption and disadvantageous emissions.

[0005] Theoretically, it would be possible to avoid such
disadvantages by manufacturing the injectors with very
close tolerances. Apart from the fact that this is rather
costly, inevitable wear and tear still lead to deviations
between the actual injector performance and the stand-
ard injector performance during the operation lifetime.
[0006] To compensate for deviations between actual
injector performances and standard injector perform-
ance, several methods are known to the person skilled
in the art:

[0007] DE 19720009 A1 and DE 10011690 A2 adapt
the injector characteristics when the engine is idling.
These publications propose to instruct the injectors to
inject some extra amount of fuel and evaluate the effect
this extra amount has on the engine speed. Similar ap-
proaches are taken by DE 10257686 A1 during fuel cut-
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off operation phases of the engine.

[0008] It exists, therefore, a need to provide a method
and an apparatus for adapting the injector characteristics
for direct fuel injection engines, without restriction to cer-
tain operation conditions.

[0009] According to the presentinvention, there is pro-
vided a method for adapting injector characteristics of
fuel injectors of a multi-cylinder internal combustion en-
gine having combustion chambers with direct fuel injec-
tion, which injector characteristics are adapted for each
injector individually to compensate for deviations the in-
dividual injectors have from standard injectors, wherein
fuel is injected by each injector and the operation of the
engine resulting therefrom is evaluated, and wherein the
method further comprises: determining for each cylinder
a value of the peak pressure or the indicated mean pres-
sure, which pressure value occurs during a combustion
cycle in the cylinder's combustion chamber, and modify-
ing the injector characteristics individually for each injec-
tor to minimize differences between the pressure values
over said cylinders.

[0010] The invention uses a pressure value to adapt
the injector characteristics. The peak pressure can be
employed as pressure value, which peak pressure is par-
ticularly easy to determine by simply registering the max-
imum pressure which occurs in a combustion chamber
during a combustion cycle.

[0011] Whereas the peak pressure is a suitable pa-
rameter for adapting injector characteristics, an improve-
ment may be gained by using the mean pressure, usually
called the indicated mean pressure, within the combus-
tion chamber during a combustion or working cycle. This,
however, requires to monitor the pressure during this cy-
cle in order to calculate the mean pressure value.
[0012] Inallcases, the invention uses a pressure value
measured within the combustion chamber and is, there-
fore, not restricted to special operation conditions of the
engine, but provides a quantity which is a basis to adapt
the injector characteristics.

[0013] Moreover, the invention aims at unifying injector
performances for all injectors by minimizing differences
between the injector performances. This approach is dif-
ferent from the state of the art which tries to adapt the
individual injector characteristics by correction parame-
ters to have the individual injectors working like standard
injectors when controlled by the combination of standard
injector characteristics and the correction parameter.
Thus, the invention does not evaluate the difference any
given injector shows in performance as compared to a
standard injector, but compares the injectors with each
other. Due to statistic effects this approach simultane-
ously results in all injectors performing as close as pos-
sible to standard injectors.

[0014] A possible measure for such comparison may
be an error value which is determined for each cylinder
by comparing the pressure value of this cylinder with a
target value, which preferably is obtained from averaging
the pressure values of all of the cylinders. Of course, the
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error value may be based on any suitable error function,
which, in particular, may be non-linear.

[0015] The minimizing of differences between the
pressure values over said cylinders, i. e. the adapting of
the individual injector characteristics to have all injectors
showing identical performances may be done using a
controller to which the target value and the pressure val-
ues are fed and which acts for each injector on the re-
spective injector characteristics or on a correction factor
therefore. This allows to employ the invention in cases
where a correction factor is already used in controlling
the operation of the engine. In particular, the invention
may substitute prior art methods or apparatuses which
had determined such correction factors only during or for
special operation conditions.

[0016] One example for a correction factor which may
be used in connection with the invention is a cylinder
individual offset to a control factor used for controlling
the cylinders’ injectors. In particular, the control factor
may modify the injection length or the start of injection
which is used to control the respective injector.

[0017] Thesedeterminations and computations canbe
done on-line during the pressure measurement. To ease
the computation load on a controller it is, however, ad-
vantageous to first record the respective data and to per-
form the determinations and computations later. This
"off-line" approach results in a slower procedure. As var-
iations in the injector performance occur only on a long
term scale, such slower process is unproblematic.
[0018] The presentinvention willnow be described fur-
ther, by way of example, with reference to the accompa-
nying drawings, in which:

Fig. 1 is a fragmented and block diagrammatic view
of an automobile two-cylinder internal combus-
tion engine, and

is a flow diagram of a method used to adapt the
cylinder injector characteristics for the engine
according to figure 1.

Fig. 2

[0019] Referring now to Figure 1, there is shown an
automobile engine 10 according to a preferred embodi-
ment of the invention. As shown, engine 10 includes sev-
eral combustion cylinders having combustion chambers
12, 14. In each cylinder a piston 16, 18 is displaceable
and coupled by connecting rods 26, 28 to arms 22, 24 of
a rotatable crankshaft 20. While a two-cylinder engine is
shown, it should be appreciated that additional and sub-
stantially identical cylinders may be included within a typ-
ical automobile engine and that the foregoing invention
is equally and substantially identically applicable to a mul-
ti-cylinder internal combustion engine having any plural-
ity of cylinders or cylinder arrangements.

[0020] As further shown in Figure 1, each chamber 12,
14 respectively communicates with a conventional and
commercially available fuel injector assembly 30, 32.
Particularly, each injector 30, 32 is communicatively and
selectively coupled to a source of gasoline or fuel 34 and
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selectively and controllably receives and injects fuel into
the respective cylinders 12, 14. The injected fuel is typ-
ically mixed with a certain amount of ambient air, selec-
tively traversing through an intake manifold 35. In the
combustion chambers, this mixture is combusted due to
compression (in case of Diesel engines) or by use of a
spark plug (in case of Otto engines) or other types of
combustion assemblies (not shown), thereby creating a
certain pressure within each of the combustion chambers
12, 14 before being exhausted into an exhaust manifold
33.

[0021] Particularly, this created combustion pressure
causes the respective pistons 16, 18 to displace during
a combustion cycle from a upper dead center to a lower
dead center with the pistons 16, 18 respectively moving
away from the injectors 30, 32 and cause the rods 26,
28 to create a torque which rotates the crankshaft 20 in
the direction of an arrow 21. In automotive applications
the rotating crankshaft 20, which is normally deployed
within a crank case 23, transfers the created rotational
torque or force to an automobile drive train 29, thereby
allowing the automobile to be driven. Of course, the en-
gine’s use is not limited to automotive applications but it
can also be installed at any other vehicle or even at a
fixed site.

[0022] A piston movement cycle is completed when
the pistons 16, 18 return to their upper dead center during
an exhaust cycle as it is known to the person skilled in
the art of 4-stroke engines.

[0023] As further shown in Figure 1, the engine 10 in-
cludes a controller 36 which is operating under stored
program control and which is controllably and communi-
catively coupled to the fuel injectors 30, 32, and which is
effective to control the fuel supply system 34 and, thus,
the amount of fuel injected by the injectors 30, 33 into
the chambers 12, 14. The controller 36 may comprise a
conventional and commercially available microproces-
sor and the communication between controller 36 and
the fuel system 34 and the fuel injectors 30, 32 may occur
by use of a data bus 37. In the described embodiment,
the controller 36 is adapted to receive signals corre-
sponding to the instantaneous speed of the engine, such
signals being available, by way of example and without
limitation, by use of a conventional tachometer bus (not
shown) which is typically present within the engine when
the latter is installed in an automobile. The controller 36
is further coupled, e.g. via the bus 47, to conventional
and commercially available sensors 41, 43 which respec-
tively measure and provide the controller 36 with the pres-
sure within crankcase 23 and the crank angle which will
be described later.

[0024] The engine 10 further includes pressure sen-
sors 38, 40 which are respectively resident within each
of the combustion chambers 12, 14 and which each
sense the pressure respectively and combustably creat-
ed in each of the chambers 12, 14 at substantially small
and substantially regular sample steps or intervals.
These sensors 38, 40 create and communicate respec-
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tive signals, representative of the respectively sensed
pressures, to the controller 36 by use of a data transmis-
sion channel, e.g. a bus 39. The sensors 38, 40 may
comprise conventional and commercially available pie-
zoelectric sensors or optical sensors. Non-limiting exam-
ples of such sensors 38, 40 include the sensor type de-
scribed in US 5329809, sensor model number 6125 of
Kistler Corporation and optical sensors available from
Bookham Technologies, Inc.

[0025] Inoperation of the engine, the controller 36 con-
trols the injectors 30, 32 to inject a prescribed quantity
of fuel with a certain timing regarding the rotation of the
crankshaft 20, i. e. regarding to the operation cycles of
the individual cylinders. In this embodiment, the fuel sup-
ply system 34 comprises a high-pressure fuel rail which
stores pressurized fuel and feeds it to the injectors 30,
32 which inject the fuel fed from this reservoir into the
combustion chambers 12, 14. Thus, the start of injection
and the length of injection are, in combination with fuel
pressure in the fuel rail, decisive to the quantity of fuel
which is metered into the combustion chamber. The fuel
pressure in the rail can not be adjusted on a short time
seal and, in particular, not individual for each cylinder.
The controller 36 selects the opening and closing param-
eters for each injector 30, 32 according to the actual and
desired operating condition of the engine and controls
the injectors 30, 32 accordingly by instructing start of in-
jection and length of injection at the electric controlled
injectors 30, 32.

[0026] When determining the quantity of fuel required
for the next injection, the controller 36 must convert the
value of fuel quantity into a value describing the length
ofinjection. Forthis purpose, the controller 36 is equipped
with a pre-stored map called the injector characteristics
which holds the length of injection as a function of many
parameters, in particular the desired amount of fuel or
fuel quantity. For controlling the injectors 30, 32, the con-
troller 32 accesses this injector characteristics in order
to determine the length of injection which leads to a de-
sired amount of fuel in the next injection(s). As itis known
to a person skilled in the art of internal combustion en-
gines, the such received length of injection may be mod-
ified by a correction factor which addresses individual
deviations of a given injectors performance from stand-
ard performance on which the pre-stored injector char-
acteristics are based. Of course, the correction can also
be performed on the level of mass of fuel, i.e. prior to
converting fuel mass to length of injection.

[0027] Initially, the correction factor is set to a value
which effects no correction, i. e. is set to an ineffective
value. During operation of the engine, however, the value
may be changed by means of an adaption which address-
es both, differences of an individual injector from a stand-
ard injector due to manufacturing tolerances, and varia-
tions which may occur through wear during the operation
lifetime. The controller 36 comprises an adaptive control
unit which receives for each injector 30, 32 a target value
and injector individual values and outputs a controlled
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variable which is the correction factor.

[0028] The controller 36 determines the target value
and the cylinderindividual values or pressure values from
pressure measurements using the pressure sensors 38
and 40 in the combustion chambers 12 and 14. In one
embodiment, the injector individual values are the peak
pressure values P within the respective combustion
chamber and the target value T is the average peak pres-
sure value A obtained from calculating the mean over
the individual peak pressure values of the cylinders. In
an alternative embodiment, the indicated mean pressure
P-IMEP is used which is obtained by averaging the pres-
sure within a combustion chamber 12, 14 during a com-
bustion cycle. The respective target value T-IMEP is then
the average of all indicated mean pressures values P-
IMEP determined.

[0029] Of course, the set point can be an average val-
ue, but also a cylinder individual one due to dispersion
within the engine.

[0030] The action of the control unit influences individ-
ually for each injector 30, 32 the effective injection char-
acteristics used for controlling the injectors 30, 32 are
such that the cylinders equipped with the respective in-
jectors 30, 32 exhibit a unified peak pressure or indicated
mean pressure.

[0031] The controller 36 performs the determination
and unification of the pressure value for all cylinders of
the multi-cylinder engine 10. Obviously the invention is
notlimited to the two cylinder engine 10 depicted in Figure
1. This results in pressure values P for each cylinder.
Those pressure values P are then compared. For in-
stance, the controller 36 calculates an average pressure
value A from the cylinder individual peak pressure values
P. For each cylinder, a difference between the average
value A and the pressure value P is used in a feed-back
control controlling an injector individual offset used for
the injectors 30, 32. The controller 36 effects a change
in fuel delivery to the individual cylinders to minimize the
pressure differences between the cylinders

[0032] The controller, thus, performs a method which
is shown in Figure 2 in form of a flow diagram.

[0033] Figure 2 presents aflow diagram of the adaption
method for the injectors, performed by the apparatus de-
scribed. After start of the engine 10, it is first checked,
whether certain operation conditions are met, which are
required or suitable to perform the adaption. One condi-
tion may be, that the engine has reached a certain oper-
ation temperature. If the certain operation conditions are
given, a number n of cycles is defined, for which the data
are recorded and evaluated. Then, the combustion
chamber peak pressure P is recorded for each cylinder
over Ncyl = n cycles. For each cylinder, the thus obtained
peak pressure values P are averaged to reduce noise.
[0034] In a next step, the average peak pressure A of
all cylinders of the multi-cylinder engine is computed.
[0035] The next step determines differences for each
cylinder between the average peak pressure A and the
cylinder’s individual peak pressure P.
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[0036] Foradapting the injector characteristics, the fu-
el supply offset is changed for each cylinder to minimize
peak pressure differences. That means, that the fuel con-
trol reduces fuel for a cylinder having a peak pressure P
above the average pressure value A. The offset is raised,
however, if the cylinder exhibits a peak pressure which
is below average.

[0037] The procedure is then repeated.

[0038] Of course, it is possible to activate the proce-
dure only at certain time intervals or instances. Due to
the fact that variations in the injector performance may
be caused by wear or a built-up of soot at the cylinder’s
fuelinjector 30, 32, variations may occur relatively slowly.
Hence, it may be sufficient to adapt the injector charac-
teristics only at certain time intervals or upon special re-
quests, i.e. when the engine 10 is at a scheduled main-
tenance.

[0039] The following modifications/additional features
may be used in combination with embodiments of the
invention:

[0040] Instead of the difference between the individual
cylinder pressure value P and the average pressure val-
ue A, a different error function may be used, which, in
particular, may use a non-linear function.

[0041] The number of cycles Ncyl, over which the peak
pressure P is determined for the individual cylinders may,
of course, also be equal 1.

[0042] Instead of the average torque A, a differently
obtained target pressure value may be used which may
be received from a predetermined map which was ob-
tained from a test bed run of an engine.

[0043] The correction of injectors control must not rely
on an offset value. However, any suitable action resulting
in a modified effective injector characteristics may be
used.

[0044] The adaption can be performed at special op-
eration conditions, i.e. at steady state operation points
comprising a predetermined engine speed or load. Alter-
natively, the adaption can be performed continuously,
i.e. at almost every engine operating condition.

[0045] Instead of a peak pressure the adaption may
be based on the indicated mean pressure or the indicated
mean effective pressure IMEP which is computed as the
mean of the pressure during a combustion or working
cycle. The indicated mean pressure not only replaces
the peak pressure for each individual cylinder but, of
course, also the respective pressure value in the target
pressure value, e. g. the average of the individual pres-
sure values of the cylinders.

Claims

1. A method for adapting injector characteristics of fuel
injectors (30, 32) of a multi-cylinder internal combus-
tion engine (10) having combustion chambers (12,
14) with direct fuel injection, which injector charac-
teristics are adapted for each injector (30) individu-

10

15

20

25

30

35

40

45

50

55

ally to compensate for deviations the individual in-
jectors (30, 32) have from standard injectors (30),
wherein fuel is injected by each injector (30) and the
operation of the engine resulting therefrom is eval-
uated, and wherein the method further comprises:

determining for each cylinder a value of the peak
pressure or the indicated mean pressure, which
pressure value occurs during a combustion cy-
cle in the cylinder’s combustion chamber (12,
14), and

modifying the injector characteristics individual-
ly for each injector (30, 32) to minimize differ-
ences between the pressure values over said
cylinders.

The method of claim 1, wherein an error value is
determined for each cylinder by comparing the pres-
sure value with a target value, which preferably is
obtained from averaging the pressure values of all
of the cylinders.

The method of claim 2, wherein the target value and
the pressure values are fed to a controller which acts
for each injector on the injector characteristics or on
a correction factor therefor.

The method of claim 3, wherein the correction factor
is a cylinder individual offset of a control factor used
for controlling the cylinders’ injectors (30, 32).

An internal combustion engine control apparatus for
controlling an multi-cylinder internal combustion en-
gine (10), wherein the apparatus (36) performs the
method of any of claims 1 to 4.
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