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According to the mvention, noise of an mternal combustion
engine 1s reduced by dynamically correcting the moment of
injection when the engine 1s in the transient mode.
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INTERNAL COMBUSTION ENGINE

[0001] The invention relates to a method of operating an
internal combustion engine, more specifically a diesel com-
bustion engine.

[0002] Combustion processes for diesel combustion
engines with substantially homogeneous combustion—what
are termed alternative diesel combustion processes—make 1t
possible to drastically reduce engine emissions. Specifically,
concurrent reduction of NO_ and of particles 1n the engine
exhaust 1s thereby possible. These new combustion processes
rely on homogenization of the in-cylinder charge prior to the
combustion event. Diesel combustion engines with homoge-
neous combustion are known from the printed documents

U.S. Pat. No. 5,332,880 A, U.S. Pat. No. 6,260,520 B1, U.S.
Pat. No. 6,276,334 B1 or from U.S. Pat. No. 6,286,482 B1.

[0003] As contrasted with conventional combustion pro-
cesses, 1t can be observed 1n alternative combustion processes
that the engine exhausts (NO_, particles, HC, CO and noise)
are much more sensitive to the engine operation parameters
(injection timing, exhaust gas recirculation rate, fresh air
temperature, temperature of the intake manifold, pressure in
the mtake manifold, exhaust back pressure, coolant tempera-
ture, atmospheric pressure). In reverse, changing quite
slightly, by a few percent, the exhaust gas recirculation rate
suifices to considerably change the NO_ emissions for
example. In this context, FIG. 1 shows the influence of the
exhaust gas recirculation rate and of mjection timing on the
NO emission ofthe engine during alternative combustion. As
can be seen from FIG. 2, injection timing and exhaust gas
recirculation rate also have considerable influence on partlcle
emission. A slight change in mjectlon timing suflices to
heavily influence particle emission.

[0004] This fact 1s at the origin of the need for exactly
complying with the engine operation parameters required for
alternative combustion processes in order to be able to tap the
tull potential of alternative diesel combustion processes. With
the currently utilized methods for computing certain engine
operation parameters (such as mjection timing and desired
value for the exhaust gas recirculation rate) the control within
the engine control system 1s a sitmple control as a function of
engine speed and engine load, that 1s to say there 1s no so-
called *“closed loop™” control. For conventional combustion
processes, which have far less sensitiveness between the
engine operation parameters and the resulting engine emis-
s10ms, this simple control 1s suflicient. Using alternative com-
bustion processes for diesel engines, these control processes
however are isullicient because of the sensitiveness
described so that the search for new methods continues. The
reason therefor 1s that in the simple control calculation of
certain engine operation parameters such as mjection timing
and exhaust gas recirculation rate currently used, the influ-
ence of engine speed, engine load, fresh air temperature,
atmospheric pressure and coolant temperature 1s only taken
into consideration statically in characteristic diagrams or
lines within the engine control system.

[0005] When operating a diesel engine with alternative
combustion together with the currently used control strategy,
two critical operating conditions occur. Firstly, 1f the exhaust
gas recirculation rate 1s too high, combustion becomes
instable. The 50% mass fraction burned 1s too near top dead
center, which results 1n mcomplete combustion with high
emissions (HC and CO) and in an instable engine torque.
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Secondly, 1f the exhaust gas recirculation rate 1s too low, the
50% mass fraction burned 1s advanced, this involving consid-
erable 1increase of combustion noise.

[0006] A system for controlling the exhaust gas recircula-

tion rate 1 a compression ignition internal combustion
engine 1s known from DE 31 34 631 Al, in which a desired

value for 1ignition delay 1s determined and the actual value of
ignition delay 1s controlled to match this desired value. The
desired value for igmition delay thereby originates from an
engine characteristic map. Ignition delay time 1s obtained
comparing the signals, for example the start of injection by an
injection nozzle and of a pressure sensor connected to the
combustion chamber.

[0007] An automatic control for a self-igniting internal
combustion engine 1n which the in-cylinder peak pressure 1s
measured and compared with a desired value 1s known from
GB 2 091 000 A. The control vaniable changed as a result of
this difference is mjection timing.

[0008] Both in DE 31 34 631 Al and 1n GB 2 091 000 A,
only one control variable 1s changed. This 1s not sufficient for
controlling a diesel combustion engine with homogeneous
combustion.

[0009] The most important variables for determiming the
combustion process 1n an iternal combustion engine are the
phasing of the combustion process or of start of combustion,
the maximum speed of pressure increase 1n the cylinder, and
the peak pressure.

[0010] In an internal combustion engine in which combus-
tion substantially occurs through self-ignition of a directly

injected quantity of fuel, the determining variables are mainly
determined by injection timing, charge composition and 1gni-
tion delay. These parameters are 1n turn determined by a great
number of influencing variables such as speed, fuel quantity,
intake temperature, boost pressure, effective compression
ratio, inert gas content of the in-cylinder charge and compo-
nent temperature.

[0011] Conventional diesel combustion essentially 1s a dii-
fusion process 1n which air and fuel are not mixed together but
separately delivered to the combustion zone. Conventional
diesel combustion i1s characterized by the inhomogeneous
distribution of air and fuel. The concentration of the fuel inthe
injection spray decreases continuously from the 1nside to the
outside toward the region of the surrounding air-residual gas
mixture. Combustion 1n zones at air conditions within the
range ol stoichiometric air ratio and below leads to high peak
temperatures resulting in thermal NO_ formation. Further,
lack of oxygen in rich zones combined with high tempera-
tures results 1n the formation of soot.

[0012] A more stringent legal framework makes 1t neces-
sary to always find new ways for designing combustion pro-
cesses 1 order to reduce emission of soot particles and NO_
emission 1n diesel combustion engines.

[0013] It 1s known to reduce NO_and soot emission 1n the
exhaust by increasing 1gnition delay, advancing therefor the
1gnition timing so that combustion occurs through self-1gni-
tion of a lean fuel-air mixture. A possible variant thereof 1s
termed HCLI process (Homogeneous Charge Late Injection).
When such mixture combustion 1s carried out, fuel injection
occurs sulliciently far from the top dead center of the com-
pression period, so that a largely homogeneous fuel-air mix-
ture 1s obtamned. Exhaust gas recirculation permits to keep
combustion temperature below the minimum temperature
needed for NO,_ to be generated. Since homogenization of
tuel and air 1s time-dependent, the realization of this process
1s restricted, being dependent both on speed and on charge, as
particle emission increases 1 homogenization 1s isuificient.
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[0014] U.S. Pat. No. 6,338,245 B1 describes a diesel com-
bustion engine relying for operation on the HCLI process in
which combustion temperature and i1gnition delay are
adjusted so that at lower and medium part load the combus-
tion temperature 1s lower than the NO_ formation temperature
and the air ratio 1s greater than the value that 1s relevant for
soot formation. The combustion temperature 1s thereby con-
trolled by changing the exhaust gas recirculation rate and
ignition delay, by fuel injection timing. At medium and high
load, the combustion temperature 1s lowered to such an extent
that the formation of both NO_ and soot 1s avoided. The
disadvantage thereof 1s that, at medium part load particularly,
a low air ratio occurs together with low combustion tempera-
tures with poor eificiency trade-off.

[0015] U.S. Pat. No. 6,158,413 A describes a direct injec-
tion diesel combustion engine 1n which fuel mjection 1s not
set to take place before compression top dead center and 1n
which oxygen concentration i1n the combustion chamber 1s
mimmized through exhaust recirculation. This method of
operation 1s also termed the HPLI process (Highly Premixed
Late Injection). Due to the temperature level that decreases
alter top dead center—as compared to a conventional 1njec-
tion before top dead center—and to the increased quantity of
recirculated exhaust over conventional operation, ignition
delay 1s longer than in what 1s termed diffusion combustion.
The low temperature level controlled by the exhaust gas recir-
culation rate causes the combustion temperature to remain
below the value relevant for NO_tformation. The long ignition
delay effected by the later 1gnition time permits to obtain a
g00d blend so that, as a result thereoft, the local lack of oxygen
during combustion of the mixture 1s significantly reduced and
the formation of particles 1s decreased. Retarding the com-
bustion process results 1n a lower maximum temperature but
at the same time 1n a higher mean temperature at a given late
crank angle so that the burning oif of soot 1s enhanced. More-
over, causing combustion to occur in the expansion stroke
together with the high exhaust gas recirculation rate leads, in
spite of the larger quantity of pre-mixed fuel due to the long
ignition delay and, as a result thereof, 1n spite of the higher
maximum combustion rate, to an in-cylinder pressure
increase rate that does not exceed the admaissible value. The
disadvantage thereot 1s the poor efficiency 1n the lower part
load range.

[0016] The Austrian Utility Model Application GM 702/
2002 suggests operating a diesel combustion engine 1n the
lower part load range 1n the HCLI mode, 1n the medium part
load range 1n the HPLI mode and in the full load range with
conventional diesel combustion. As a result, the internal com-
bustion engine can be operated with high efficiency and low
NO and soot emissions 1n any load range.

[00i7] The HCLI process and the HPLI process pertain to
the alternative diesel combustion processes.

[0018] Itis known to determine injection timing for the tuel
on the basis of engine operation parameters or through the
control of characteristic diagrams. It 1s further known to com-
pute 1njection timing through a combustion regulator with
teedback on the actual combustion situation. For stationary
condition, 1njection timings determined 1n this manner are
sufficient.

[0019] In dynamic operation of the engine though, tran-
siently occurring differences in the in-cylinder charge as
compared to the stationary desired values result 1n a differ-
ence between the resulting combustion noise and the station-
ary desired values.
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[0020] A method for controlling an internal combustion
engine 1s known from DE 43 22 319 C2 in which a first actual
value 1s prescribed starting from a value A and said first actual
value and a first desired value are prescribed by a first control
means, starting from a first control variable. Further, a second
actual value can be prescribed from a quantity of air and,
starting from said second actual value and a second desired
value, a second control variable 1s prescribed by a second
control means. The desired values are thereby chosen so that,
i certain operating conditions are given, the desired values
are prescribed for the quantity of air, and if these certain
operating conditions are not given, desired values are pre-
scribed for the value A.

[0021] It 1s known to determine start of 1njection or com-
bustion situation 1n an internal combustion engine using for
example an in-cylinder pressure sensor and to obtain there-
from control signals for controlling the internal combustion
engine such as injection timing. DE 197 49 8177 Al suggests
computing the start of injection and the combustion situation
from the measured pressure history and from the calculated
pressure history.

[0022] Itisthe object of the invention to control combustion
in a diesel combustion engine with homogeneous combustion
in the simplest possible way and with the greatest possible
accuracy. It 1s another object to develop a method by means of
which the internal combustion engine can be operated 1n the
optimal mode at each operating point. It 1s still another object
of the mvention to propose a method of operating an internal
combustion engine by means of which, in dynamic operation
of the engine, the combustion noise can, as far as practicable,
be kept at the values of the stationary engine operation.
[0023] In accordance with the invention, this makes 1t pos-
sible to detect a condition variable 1n the cylinder, preferably
the pressure, the temperature, the 1on flow or the output signal
of an optical principle of measurement as a function of the
crank angle and to obtain therefrom a signal about the cylin-
der condition, to determine from the cylinder condition signal
at least two characteristic cycle values from the group com-
prising mass Iraction of the imjected fuel burned, maximum
pressure increase 1n the cylinder, combustion noise, start of
combustion or duration of combustion, to compare the deter-
mined characteristic cycle values with desired values for the
characteristic cycle values entered 1n a characteristic diagram
and to compute a given difference between the two values and
to supply the difference to a regulation algorithm and to adjust
as a correcting variable the time of fuel 1gnition of at least one
injection event and/or the nert gas fraction 1n the cylinder 1n
order to stabilize combustion and/or to minimize noise and
exhaust emission. This makes 1t possible to stabilize combus-
tion and to minimise noise and exhaust emission. Preferably,
there 1s provided that the 50% mass fraction burned of the
injected fuel and the maximum 1n-cylinder pressure increase
1s determined.

[0024] Thenewly developed method relies on the reflection
consisting in dynamically calculating certain engine opera-
tion parameters such as injection timing and 1nert gas fraction
in the cylinder rate depending on variables that describe the
actual condition inside the cylinder.

[0025] In order to detect the actual condition of the cylin-
der, a sensor detects for example the in-cylinder pressure as a
function of the crank angle. Then, certain characteristic cycle
values are calculated from this sensor signal 1n an interval of
720° crank angle. Accordingly, in-cylinder pressure history 1s
described by two characteristic values computed from the
pressure history itself.
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[0026] These two characteristic values more specifically
are the timing of the 50% mass fraction of the injected fuel
burned and the maximum in-cylinder pressure increase.
Combustion noise, start of combustion or duration of com-
bustion may also be utilized as characteristic cycle values to
describe the combustion process.

[0027] The characteristic cycle values may be determined
either from the output signal of a sensor, making use of an
acoustic, optical, electrical, thermodynamic or mechanical
principle of measurement or through a mathematical model.
A combination of a sensor-based approach with a model-
based approach may also find application.

[0028] Within the scope of the method developed, each of
the actual characteristic cycle values developed are then com-
pared with the desired value for the characteristic cycle values
cach entered in a characteristic diagram depending on the
engine speed and the engine load, and a given difference
between the two values 1s calculated. This difference 1s next
supplied to a regulation algorithm. The regulator dynamically
calculates the new engine operation parameters such as 1njec-
tion timing and recirculated exhaust mass needed 1n order to
maintain the desired cylinder condition. A precontrol value
entered 1n a respective characteristic diagram 1s added to the
values calculated by the regulator 1n order to improve the
dynamics of the system as a whole.

[0029] As contrasted with conventional control processes,
the method of the invention also allows for stable control of
the combustion process with optimum emission conditions
even 1n the transient mode, the timing of fuel mnjection being
controlled by at least one injection event and the maximum
in-cylinder pressure increase being concurrently controlled
via the inert gas fraction 1n accordance with the values pre-
scribed by the regulator. In accordance with an advantageous
implementation variant of the invention, there 1s provided that
the correcting variables timing of fuel injection of at least one
injection event and inert gas fraction inside the cylinder be
adjusted simultaneously by means of the regulation algo-

rithm.

[0030] To control the mnert gas 1n the cylinder, there may be
provided that the supply and variation of the inert gas mass in
the cylinder be carried out through external exhaust gas recir-
culation or through in-cylinder exhaust gas recirculation or by
combining internal and external exhaust gas recirculation.

[0031] Within the scope of the ivention, the following
steps are provided to resolve the problem posed:

[0032] selecting at least one, preferably at least two,
characteristic engine operation parameters,

[0033] entering at least one threshold value for each
selected characteristic engine operation parameter,

[0034] associating value ranges separated by at least one
threshold value with each engine operation parameter, at
least one first value range being associated with the first
mode of operation and at least one second value range
being associated with the second mode of operation,

[0035] comparing the actual values of the selected char-
acteristic engine operation parameters with the value
ranges,

[0036] switching to the second mode of operation or
remaining in the second mode of operation when all the

selected characteristic engine operation parameters lie
within the second value ranges.

[0037] Preferably, there 1s provided that switching to the
first mode of operation occurs or that the first mode of opera-
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tion 1s maintained when at least one actual value of a selected
characteristic engine operation parameter lies within the first
value range.
[0038] At least two characteristic engine operation param-
cters are selected from the group comprising engine speed,
engine load, engine coolant temperature, atmospheric pres-
sure, temperature of the exhaust gas after-treatment system,
exhaust gas temperature upstream of the exhaust gas after-
treatment system, exhaust gas temperature downstream of the
exhaust gas after-treatment system, speed of the engine speed
change, speed of the engine load change and actual transmis-
sion ratio of the driving train. The engine load may thereby be
defined for example by the torque, the injected quantity or the
position of the accelerator pedal. An oxidation catalytic con-
verter 1s preferably provided as an exhaust gas after-treatment
system. The actual transmission ratio of the driving train 1s
advantageously defined by the number of the gear.
[0039] The first mode of operation 1s preferably associated
with the conventional diesel combustion and the second mode
of operation, with an alternative diesel combustion method.
[0040] Each of the selected characteristic engine param-
eters 1s at least compared with a threshold value that has been
entered. For each of the engine operation parameters used, the
threshold values are stored either as fixed values (e.g.: upper
threshold value for engine speed of about 4,000 rpm) or as
dependent values (e.g.: characteristic line against the engine
speed, characteristic line against the engine speed and the
engine load). The threshold values may also have a hysteresis,
1.€., the threshold values are dependent on the direction 1n
which the engine operation parameter of concern changes. I
every engine operation parameter selected lies within the
admissible value range defined by the corresponding thresh-
old values, switching from conventional to alternative diesel
combustion occurs. As soon as one of the input variables
leaves the admaissible value range defined by the correspond-
ing threshold values, switching from alternative to conven-
tional diesel combustion occurs.
[0041] Further, the solution of the problem is achieved by
the following steps:

[0042] determining a desired value for mjection timing,

and/or a combustion situation,

[0043] determining a desired value for the ratio fresh air
mass to mert gas mass mside the cylinder and/or for the
air/fuel ratio 1n the exhaust,

[0044] measuring or computing an actual value for the
ratio fresh air mass to mert gas mass mside the cylinder
and/or for the air/fuel ratio 1n the exhaust,

[0045] calculating the difference between the desired
value and the actual value of the ratio fresh air mass to
inert gas mass inside the cylinder or of the air/fuel ratio
in the exhaust,

[0046] correcting the desired value of 1njection timing or
the combustion situation as a result of the difference
between the desired value and the actual value of the
ratio fresh air mass to inert gas mass or of the air/fuel
ratio in the exhaust.

[0047] The desired values can be calculated from at least
one actual engine parameter or selected from data filed 1n a
characteristic diagram.

[0048] If injection timing 1s determined by simple control,
that 1s to say without any feedback about the actual combus-
tion situation, this predetermined injection timing can be
corrected dynamically. Correction 1s thereby performed as a
function of the difference between the desired value required
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for the ratio fresh air mass to inert gas mass and the measured
and/or calculated actual value for the ratio fresh air mass to
inert gas mass inside the cylinder. If the actual value for the
ratio fresh air mass to iert gas mass 1s smaller than the
desired value for the ratio fresh air mass to inert gas mass,
with the 1nert gas mass fraction nside the cylinder being too
high or the fresh air mass fraction too low as a result thereof,
injection timing 1s advanced. 11 the actual value for the ratio
fresh air mass to inert gas mass 1s higher than the desired value
for the ratio fresh air mass to inert gas mass, with the 1inert gas
mass fraction being too low or the fresh air mass fraction too
high as a result thereof, mjection timing 1s retarded.

[0049] As an alternative or 1n addition thereto, correction
may be performed as a function of the difference between the
desired value required for the air/fuel ratio in the exhaust gas
and the measured and/or calculated actual value for the air/
tuel ratio 1n the exhaust gas. If the actual value of the air/tuel
rat10 1n the exhaust gas 1s smaller than the desired value of the
air/fuel ratio 1n the exhaust gas, with the inert gas mass rac-
tion 1n the cylinder being too high as a result thereof, injection
timing 1s advanced.

[0050] If, by contrast, the actual value of the air/fuel ratio 1n
the exhaust gas 1s greater than the desired value of the air/fuel
rat10 1n the exhaust gas, with the inert gas mass fraction in the
cylinder being too small as a result thereol, injection timing 1s
retarded. I1 injection timing 1s calculated through a combus-
tion controller, meaning 1n a closed loop controller with feed-
back about the actual combustion situation, the desired value
for the combustion situation 1s corrected dynamically, for
example additively. Correction may thereby be performed as
a function of the difference between the desired value for the
rat1o of fresh air mass to inert gas mass and the actual value
measured and/or calculated for the fresh air mass to 1nert gas
mass ratio 1side the cylinder. If the actual value for the ratio
of fresh air mass to 1nert gas mass 1s smaller than the desired
value for the ratio of fresh air mass to iert gas mass, with the
inert gas mass fraction in the cylinder being too high or the
fresh air mass fraction too low as a result thereof, the required
desired value for the combustion situation 1s advanced. If, by
contrast, the actual value of the ratio of fresh air mass to 1nert
gas mass 1s greater than the desired value for the ratio of fresh
air mass to mert gas mass, with the mert gas mass fraction 1n
the cylinder being too low or the fresh air mass fraction too
high as a result thereot, the required desired value for the
combustion situation 1s retarded. Likewise, correction may be
determined as a function of the difference between the
required desired value of the air/fuel ratio in the exhaust gas
and the actual value measured and/or calculated for the air/
tuel ratio 1n the exhaust gas. If the actual value of the air/fuel
rat10 1n the exhaust gas 1s smaller than the desired value of the
air/fuel ratio in the exhaust gas, with the nert gas mass frac-
tion 1n the cylinder being too high as a result thereot, the
required desired value for the combustion situation 1s
advanced. If, by contrast, the actual value of the air/fuel ratio
in the exhaust gas i1s greater than the desired value of the
air/Tuel ratio 1n the exhaust gas, with the inert gas mass frac-
tion in the cylinder being too small as a result thereot, the
required desired value for the combustion situation 1s
retarded.

[0051] By correcting injection timing and/or the combus-
tion situation as a function of the difference between the
actual and the desired values for the ratio fresh air mass to
inert gas mass in the cylinder and/or the air/fuel ratio 1n the
exhaust gas, a difference between the transient and the sta-
tionary combustion noise resulting from transiently occurring,
differences between the cylinder charge and the stationary
desired value may be avoided 1n dynamic engine operation.
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[0052] The invention will be described 1n closer detail
herein after with reference to the FIGS.

[0053] FIG. 1 shows the influence of the injection timing
and of the exhaust gas recirculation rate upon NO_ engine
emission,

[0054] FIG. 2 the influence of the injection timing and of
the exhaust gas recirculation rate upon particle emission,

[0055] FIG. 3 anin-cylinder pressure-crank angle diagram,

[0056] FIG. 4 schematically a regulator structure of the
method of the invention,

[0057] FIG. S theinfluence of fuel injection timing upon the
location of the 50% mass fraction burned,

[0058] FIG. 6 the influence of the mert gas mass upon the
maximum in-cylinder pressure increase,

[0059] FIG. 7 the correlation between the maximum 1n-
cylinder pressure increase and the resulting combustion noise
in the case of alternative combustion,

[0060] FIG. 8 avalve lift—crank angle diagram for internal
exhaust recirculation,

[0061] FIG. 9a diagram with different engine parameters
when carrying out the method of the invention,

[0062] FIG. 10 a speed—time diagram,
[0063] FIG. 11 a torque—time diagram,

[0064] FIG. 12 a 50% mass fraction burned—time dia-
gram,

[0065] FIG. 13 an engine noise—time diagram for transient
engine operation when carrying out the method of the mnven-
tion,

[0066] FIG. 14 schematically the decision structure for
switching between the operating modes,

[0067] FIG. 15 a representation explaining the dynamic
correction of injection timing during controlled operation,
and

[0068] FIG. 16 a representation explaining the dynamic
correction of the desired value of the combustion location
during regulated operation.

[0069] With alternative combustion processes relying for
operation on homogenization of the cylinder charge prior to
the combustion event, a considerably higher sensitiveness of
engine emission (NO_, particles, HC, CO and noise) to the
engine operation parameters (1njection timing, exhaust gas
recirculation EGR rate, fresh air temperature, temperature of
the intake manifold, pressure in the intake manifold, exhaust
back pressure, coolant temperature, atmospheric pressure)
over conventional combustion processes can be observed.
FIG. 1 1illustrates by way of example the influence of the
exhaust gas recirculation rate EGR and of injection timing
SOE before top dead center upon NO__ engine emission during
alternative combustion. It can be seen that changing the
exhaust gas recirculation EGR rate by a few percent results 1n
a significant change in NO_emission. FIG. 2 shows by way of
example the influence of njection timing SOE before top
dead center of combustion and of the exhaust gas recircula-
tion EGR rate upon particle emission Soot during alternative
combustion. A slight change of injection timing SOE strongly
alfects particle emission Soot.

[0070] Using the method described, the in-cylinder pres-
sure 1s detected by a sensor as a function of the crank angle
CA for detecting the actual cylinder condition. Next, certain
characteristic variables are calculated from this sensor signal
in an interval of 720° crank angle CA, in the exemplary
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embodiment these variables being the timing of 50% mass
fraction of the injected fuel burned MFB50% and the maxi-
mum 1in-cylinder pressure increase Ap,  for each degree
crank angle CA. By way of example, 1n FIG. 3 the in-cylinder
pressure p 1s plotted down the side of the diagram whereas the
crank angle CA 1s plotted on the horizontal axis and the
maximum in-cylinder pressure increase Ap_ . as well as the
50% mass fraction burned MFB30% for a certain injection
time and a certain exhaust gas recirculation rate are plotted in
this diagram. Combustion noise S, start of combustion or the
combustion duration may also be used as characteristic vari-
ables to describe the combustion. The characteristic cycle
values are determined either by virtue of the output signal of
a sensor, making use for this purpose of an acoustic, optical,
clectrical, thermodynamic or mechanical principle of mea-
surement or through a mathematical model. A combination of
a sensor-based approach with a model-based approach may
also find application.

[0071] Inthe method developed, each of the actual charac-
teristic cycle values obtained (time of the 50% mass fraction
of the injected fuel burned MFB30% and the maximum pres-
sure increase Ap, ) 1s compared with the desired values
MFB50% desired and Ap,, _1or the characteristic cycle val-
ues that are each stored 1n a characteristic diagram as a func-
tion of engine speed n and engine load L, and an existing,
difference between these two values 1s calculated.

[0072] This differenceis supplied to a regulation algorithm.
A possible regulation structure 1s illustrated by way of
example 1n FIG. 4. The PID controller dynamically calcu-
lates, on the basis of the difference between the desired value
for 50% mass fraction burned MFB50% desired and the
actual value of 50% mass fraction burned MFB50% and of the
difference between the desired value for the maximum 1n-
cylinder pressure increase Ap ___, desired and the actual value
of the maximum in-cylinder pressure increase Ap, ., the
operation parameters needed for maintaining the desired cyl-
inder condition, namely injection timing SOFE and the exhaust
gas recirculation rate EGR, for actuating the injection valve
and the EGR valve or for actuating an intake valve during the
exhaust stroke (or an exhaust valve during the intake stroke).
A precontrol value SOEv and EGRv stored 1n a characteristic
diagram and being for example a function of the engine speed
n and the engine charge L 1s added to the value calculated by
the PID controller in order to improve the dynamics of the
system as a whole.

[0073] The important point with the method developed 1s
that, 1n order to obtain stable control of alternative diesel
combustion processes with optimum emission in the transient
mode of operation of the engine as well, the combustion
process, which 1s for example described by the timing of the
50% mass fraction burned MFB30% or of the combustion
duration, 1s influenced, through fuel injection timing SOE
calculated by the PID controller, by at least one 1njection
event and the maximum in-cylinder pressure increase Ap,
1s simultaneously regulated through the inert gas fraction,
meaning through the exhaust gas recirculation EGR rate.
FIG. § 1llustrates by way of example how the location of the
50% mass fraction burned MFB30% plotted against fuel
injection timing SOE in degrees crank angle CA can be 1nflu-
enced belore top dead center even if the exhaust gas mass
recirculated 1n the cylinder varies. The lines plotted 1n FI1G. 5
characterize the points of mass fraction burned MFB50% for
various exhaust gas recirculation EGR rates, with the lower-
most line representing the lowermost exhaust gas recircula-
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tion rate. This makes 1t possible to accommodate temperature
changes occurring in the transient engine mode of operation
such as intake mamifold temperature, exhaust gas temperature
or changes in the cylinder charge (e.g., EGR fraction too high)
using the method described and, as a result thereof, to ensure
stable combustion of the injected fuel with optimal emission.

[0074] Additionally, in the method developed, the engine
noise emission (described by the maximum in-cylinder pres-
sure icrease Ap,, ) 1s regulated to a desired value through
the mert gas fraction in the cylinder charge. FIG. 6 illustrates
by way of example how the maximum in-cylinder pressure
increase Ap, _ and the correlated engine noise emission S
may be influenced through the 1inert gas mass contained 1n the
cylinder even 1f the time of fuel mjection SOE varies. The
opening duration IVH of at least one intake valve during an
exhaust stroke 1s plotted on the ordinate, this opening dura-
tion being directly correlated with the nert gas mass. The
lines plotted in the diagram show various fuel 1njection tim-
ings SOE, with the uppermost line representing early, the
lowermost line, rather late ijection timing. The correlation
between the maximum in-cylinder pressure increase Ap,
and the resulting combustion noise S during alternative com-
bustion 1s 1llustrated 1n FI1G. 7. The lines therein show various
fuel 1njection timings SOE.

[0075] In the method developed, the mert gas mass in the
cylinder can be delivered and varied either through external
recirculation (that 1s outside of the cylinder head) or through
in-cylinder recirculation (e.g., through variable intake and
exhaust valve timing) or through a combination of the two
kinds of recirculation.

[0076] Changing the recirculated exhaust mass by varying
the intake manifold pressure (e.g. through a throttle valve or
a turbocharger) or by varying the exhaust back pressure (e.g.,
through an exhaust turbocharger with variable through flow
cross section on the side of the turbine) may also be utilized.

[0077] Inthemethod described, the pressure history sensed
by an in-cylinder pressure sensor and a speed sensor serves as
a feedback on the actual condition of the combustion within
the cylinder. Next, two characteristic values (time of the 50%
mass fraction burned MFB50% of the injected fuel and the
maximum in-cylinder pressure increase Ap, ) for character-
1zing the combustion are calculated from the pressure history.
The target values for the two characteristic values are stored
in characteristic diagrams that are at least dependent on speed
and charge.

[0078] The present method for regulating alternative diesel
combustion processes substantially differs from known meth-
ods by the following points:

[0079] 1. Through aregulation algorithm, the fuel injection
timing SOE and the mert gas mass are concurrently influ-
enced on the basis of the differences between the actual

characteristic values determined from the pressure history
and the desired target values.

[0080] 2. Accordingly, the 50% mass fraction burned

MFB50% and the maximum in-cylinder pressure increase
Ap, . are, within the physically possible limits, simulta-
neously and independently of one another set on the
desired target values.

[0081] 3. The method also accommodates a change of
parameters outside the cylinder (such as atmospheric pres-
sure, intake air temperature, coolant temperature, exhaust
back pressure, intake manifold pressure, fuel pressure)
while concurrently maintaining the target values
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demanded (timing of the 50% mass fraction burned
MFB50% of the injected fuel and maximum in-cylinder
pressure increase Ap, ).

[0082] As apossible application of the method, the timing
of the 50% mass fraction of the injected fuel burned MFB30%
1s regulated through the injection timing SOE. The maximum
in-cylinder pressure increase 1s influenced through 1n-cylin-
der exhaust gas recirculation. The mn-cylinder exhaust gas
recirculation 1s thereby realized by additionally opening at
least one 1intake valve during the exhaust stroke. FIG. 8 shows
by way of example the valve lift curves for this kind of
internal exhaust gas recirculation. The full line shows the
opening of the intake valves, the dashed line, the opening of
the exhaust valves. In order to influence the mass of the
recirculated exhaust gas EGR and, as a result thereof, the
maximum 1n-cylinder pressure increase Ap__ . the intake
valve opening duration IVH at constant start of opening 1s
changed during the exhaust stroke. Opening at least one
exhaust valve during the intake stroke may also be used to
carry out an internal exhaust gas recirculation. It 1s further-
more possible to change the valve overlap 1n the region of top
dead center of the charge changing process 1n order to influ-
ence the internal recirculated mass of exhaust gas.

[0083] FIG. 9 shows by way of example events realized
with the method developed during alternative diesel combus-
tion 1n a stationary point of operation (at constant engine
speed n and engine load L). The use of the method makes it
possible to change e.g., the combustion noise and concur-
rently to keep constant the location of the 50% mass fraction
burned MFB50%. The following engine operation param-
cters are plotted 1n the diagram: combustion noise S, maxi-
mum 1n-cylinder pressure increase Ap, . desired maximum
in-cylinder pressure increas€ Ap,, .. sooreqs Ir€shair mass ml,
timing of the 50% mass fraction of the tuel burned MFB30%,
desired timing of the 50% mass fraction of the fuel burned
MFB50% . ... » njection timing SOE. The curves are plotted
against time t.

[0084] Theadvantages of the method for the transient mode
ol operation are illustrated in the FIGS. 10 through 13. If,
during alternative diesel combustion, the engine load L (FIG.
11) and the engine speed n (FIG. 10) are changed to higher
values simultaneously, for example when the vehicle accel-
crates, the exhaust gas mass in the cylinder charge 1s tempo-
rarily too high 1f the method described 1s not used. Since with
conventional methods, the fuel 1njection timing i1s con-
trolledly calculated from one or several characteristic dia-
grams, the fuel injection 1s too late for the actual in-cylinder
gas composition in this period. In conjunction with the
exhaust gas recirculation EGR rate, which 1s too high, this
causes the 50% mass fraction burned MFB50% to be retarded
(FIG. 12). This causes the engine torque L (FIG. 11) to drop
because of the poor efliciency obtained with late combustion.
In an extreme case, combustion can tend to become 1nstable

(misfiring). This situation 1s illustrated by the dashed line 1n
the FIGS. 10 through 13.

[0085] Using the method, mnjection timing SOFE 1s dynami-
cally corrected through the controller in such a manner that
the timing of the 50% mass fraction burned MFB50% also
meets the value demanded 1n the transient engine mode of
operation (FIG. 12). Combustion 1s stabilized as a result
thereol and the demanded torque history 1s observed (FIG.
11). Further, the combustion noise S 1s regulated to the value

demanded by concurrently changing the exhaust mass dis-
charged (FI1G. 13). The curve of the characteristic variables of

Jun. 12, 2008

the engine speed n, load L, 350% mass fraction burned
MFB50% and combustion noise S using the method 1s 1llus-

trated by full lines 1n the FIGS. 10 through 13.

[0086] FIG. 14 schematically shows the decision structure
for switching between the operation modes. In the exemplary
embodiment, the characteristic engine operation parameters
selected are the engine speed n, the engine charge L and the
temperature of the catalytic converter T .. The engine speed n
1s compared with an upper threshold value n__ . The engine
charge L 1s compared with a characteristic line-based upper
threshold value for the engine charge L__ that depends on the
engine speed n. The temperature of the catalytic converter T _
1s compared with a characteristic diagram-based lower
threshold value for the temperature of the catalytic converter
T that depends on the engine speed n and the engine charge
L. The comparative steps are identified by A, A, A,. I, inthe
comparative steps A, A,, A,, 1t 1s Tound that the engine speed
n, the engine charge L and the temperature of the catalytic
converter T each are in the second range of values that 1s
associated with the second mode of operation and 1s separated
from the first range of values by the respective one of the
thresholdvaluesn__,L__, T~ ,aninstructionis given to switch
or to remain 1n the second mode of operation associated with
the alternative diesel combustion method by means of an
&-link 1dentified by the reference character B. The second
mode of operation 1s denoted with the reference character

MOD?2.

[0087] Ascanbeseen irom FIG. 15, an injection timing t,..
1s calculated 1n an electronic control unit ECU on the basis of
the engine speed n, the engine charge L. and other engine
operation parameters without feedback about the actual com-
bustion location. The desired value for the ratio fresh air mass
to mert gas mass v_within the cylinder or a desired value A _for
the air/fuel ratio A 1n the exhaust 1s computed on the basis of
the engine operation point. The actual value v, or A, of the ratio
fresh air mass to inert gas mass in the cylinder or of the air/fuel
ratio A in the exhaust 1s further determined or calculated using
measurement techniques. A correction value At,.. for the
desired value ol injection timing t. . 1s determined on the basis
of the difference between the desired values v, A, and the
actual values v, A, of the ratio fresh air mass to 1nert gas mass
within the cylinder or of the air/fuel ratio A 1n the exhaust. IT
the actual value v, or A, of the ratio fresh air mass to inert gas
mass 1n the cylinder or of the air/fuel ratio A 1n the exhaust 1s
smaller than the desired value v_ or A_ of the ratio fresh air
mass to mert gas mass of the air mass or of the air/fuel ratio A
in the exhaust, the mjection timing t.. 1s advanced by an
additive correction for example. If, by contrast, the actual
value v, or A, of the ratio fresh air mass to inert gas mass or of
the air/fuel ratio A 1s greater than the desired value v_or A_of
the ratio fresh air mass to nert gas mass 1n the cylinder or of
the air/fuel ratio A 1n the exhaust, the injection timing t. 1s
retarded. The result of this process i1s a corrected 1njection
timing tz¢ x-

[0088] In the implementation variant illustrated 1n FIG. 16,
the mjection timing t.¢  1s calculated through a combustion
regulator R, that takes into consideration actual values t,
about the actual combustion situation. In an electronic control
unmit ECU, a desired value t,_ for the combustion situation 1s
determined from the engine speed n and the engine charge L.
A desired value v_or A _Tor the ratio fresh air mass to inert gas
mass 1n the cylinder or of the air/fuel ratio A 1n the exhaust 1s
prescribed on the basis of the operating condition of the
engine. The actual value v, or A, of the ratio fresh air mass to
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inert gas mass in the cylinder or of the air/fuel ratio A 1n the
exhaust 1s determined continuously or discontinuously. A
correction factor At _ for the desired value of the combustion
situation t . 1s calculated on the basis of the difference
between the desired values v, A_ and the actual values v, A,
and the desired value t __ for the combustion situation 1s cor-
rected dynamically, for example additively. If the actual value
v,, A, ol the ratio fresh air mass to 1nert gas mass in the cylinder
or of the air/fuel ratio A 1n the exhaust 1s smaller than the
desired value v_or A of the ratio fresh air mass to inert gas
mass 1n the cylinder or of the air/fuel ratio 1n the exhaust, the
demanded desired value t . for the combustion situation 1s
corrected by being advanced. If the actual value v, or A, 1s
greater than the desired value v, or A_ of the ratio fresh air
mass to inert gas mass in the cylinder or of the air/fuel ratio A
in the exhaust, the demanded desired value t . for the com-
bustion situation 1s corrected by being retarded. In the regu-
lator of the combustion situation, the corrected desired value
t,. x 18 compared with the actual value t,; of the combustion
situation and a corrected desired value tzs . 1s calculated
therefrom for injection timing.

[0089] The dynamic correction of mnjection timing by com-
paring the actual values v, or A, with the desired values v_or A _
of the ratio fresh air mass to 1nert gas mass 1n the cylinder or
of the air/fuel ratio A 1n the exhaust permits to avoid, 1n
dynamic engine operation, a difference between the resulting
transient and the corresponding stationary combustion noise
due to transiently occurring differences of the cylinder charge
with respect to the stationary desired value.

[0090] The wording of the patent claims filed together with
the application 1s a mere proposal and without prejudice for
obtaining a larger patent protection. The applicant reserves
the right to claim further features which hereto before have
only been disclosed 1n the specification and/or the drawings.
[0091] Backreferences used in the dependent claims are
directed to further complement the subject matter of the main
claim with the features of a respective one of the dependent
claims; they are not to be understood as obviating the right of
achieving an independent, subject matter protection for the
teatures of the dependent claims that are referring back.
[0092] The subject matters of these dependent claims how-
ever also form independent inventions that comprise a design
independent of the subject matters of the previous dependent
claims.

[0093] The nvention 1s not limited to the exemplary
embodiment(s) of the specification. Numerous modifications
and changes, more specifically such varnants, elements and
combinations and/or materials that are e.g., inventive by com-
bining or varying discrete features or elements or method
steps 1n conjunction with those described 1n the general speci-
fication and embodiments as well as 1n the claims and con-
tained 1n the drawings and that lead, by combining the fea-
tures, to a novel subject matter or to novel method steps or
method step sequences, also as far as they concern methods of
manufacturing, imspecting and working, are possible without
departing from the scope of the invention.

1-20. (canceled)

21. A method of operating an internal combustion engine
which 1s switched at least between a first and a second mode

of operation as a function of at least one characteristic engine
operation parameter, involving the following steps:

selecting at least one characteristic engine operation
parameter,
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assoclating value ranges with each engine operation
parameter, at least one first value range being associated
with the first mode of operation and at least one second
value range being associated with the second mode of
operation,
comparing actual values of the selected characteristic
engine operation parameters with the value ranges, and

switching to the second mode of operation or remaining in
the second mode of operation when all the selected
characteristic engine operation parameters lie within the
second value range.

22. The method according to claim 21, wherein the engine
1s switched to the first mode of operation or remains 1n the first
mode of operation when at least one actual value of a selected
characteristic engine operation parameter lies within the first
value range.

23. The method according to claim 21, wherein at least one
threshold value for switching between the modes of operation
1s associated with each selected characteristic engine opera-
tion parameter, the first and the second range of values being
separated by said threshold value.

24. The method according to claim 21, wherein at least one
characteristic engine operation parameter 1s selected from a
group comprising engine speed, engine load, engine coolant
temperature, atmospheric pressure, temperature of an exhaust
gas after-treatment system, exhaust gas temperature upstream
of an exhaust gas after-treatment system, exhaust gas tem-
perature downstream of the exhaust gas after-treatment sys-
tem, speed of an engine speed change, speed of the engine
load change and actual transmission ratio of a driving train.

25. The method according to claim 21, wherein the internal
combustion engine 1s operated 1n the first mode of operation
with conventional diesel combustion and 1n the second mode
of operation with alternative diesel combustion.

26. The method according to claim 21, wherein a predeter-
mined fixed value 1s selected for at least one threshold value.

277. The method according to claim 21, wherein at least one
threshold value of at least one selected characteristic engine
operation parameter 1s determined as a function of at least one
other engine operation parameter.

28. The method according to claim 21, wherein at least one
threshold value has a hysteresis.

29. A method of operating an internal combustion engine
which 1s switched at least between a first and a second mode
of operation as a function of at least one characteristic engine
operation parameter, wherein switching occurs as a function
of a measured and/or calculated temperature before and/or
alter the exhaust after-treatment system.

30. A method of operating an internal combustion engine
comprising the following steps:

determining a desired value for injection timing and/or a

combustion situation,

determiming a desired value for a ratio fresh air mass to

inert gas mass inside a cylinder and/or for an air/fuel
ratio 1n an exhaust,

measuring or computing an actual value for a ratio fresh air

mass to ert gas mass inside the cylinder and/or for the
air/fuel ratio 1n the exhaust,

calculating a difference between the desired value and the

actual value of the ratio fresh air mass to 1nert gas mass
inside the cylinder or of the air/fuel ratio 1n the exhaust,
and

correcting a desired value of injection timing or the com-

bustion situation as a result of the difference between the
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desired value and the actual value of the ratio fresh air
mass to 1ert gas mass 1n the cylinder or of the air/fuel

ratio 1n the exhaust.

31. The method according to claim 30, wherein the desired
value for injection timing and/or for the combustion situation
1s corrected by being advanced 11 the actual value for the ratio
fresh air mass to 1nert gas mass inside the cylinder and/or the
air/fuel ratio in the exhaust 1s smaller than the desired value
for the ratio fresh air mass to inert gas mass or the air/fuel ratio
in the exhaust.

32. The method according to claim 30, wherein the desired
value for injection timing and/or for the combustion situation
1s corrected by being retarded 11 the actual value for the ratio
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fresh air mass to 1nert gas mass inside the cylinder and/or the
air/fuel ratio 1n the exhaust 1s greater than the desired value for
the ratio fresh air mass to inert gas mass or the air/fuel ratio in
the exhaust.

33. The method according to claim 30, wherein the desired
value for injection timing 1s determined by simple control—
without feedback on the actual combustion situation.

34. The method according to claim 30, wherein 1njection
timing 1s determined by regulation from the difference
between the desired value of the combustion situation and the
actual value of the combustion situation—using a combustion
regulator with feedback on the actual combustion situation.

S e ke e e
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