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USING CYLINDER FIRING HISTORY FOR
COMBUSTION CONTROL IN A SKIP FIRE
ENGINE

FIELD OF THE INVENTION

[0001] The present invention relates generally to skip fire
engine control. Various embodiments involve using a firing
history of a working chamber to help determine a combustion
control parameter, such as fuel compensation, air/fuel charge
and/or spark timing.

BACKGROUND

[0002] There are a wide variety of internal combustion
engines in common usage today. Most internal combustion
engines utilize reciprocating pistons with two or four-stroke
working cycles and operate at efficiencies that are well below
their theoretical peak efficiency. One of the reasons that the
efficiency of such engines is so low is that the engine must be
able to operate under a wide variety of different loads.
Accordingly, the amount of air and fuel that is delivered into
each cylinder typically varies depending upon the desired
torque or power output. For throttled engines it is well under-
stood that the cylinders are more efficient when they are
operated under specific conditions that permit full or near-full
load and optimal fuel injection levels that are tailored to the
cylinder size and operating conditions. Generally, the best
thermodynamic efficiency of an engine is found when the air
delivery to the cylinders is unthrottled. However, in engines
that control the power output by using a throttle to regulate the
flow of air into the cylinders (e.g., Otto cycle engines used in
many passenger cars), operating at an unthrottled position
(i.e., at“full throttle””) would typically result in the delivery of
more power (and often far more power) than desired or appro-
priate.

[0003] Over the years there have been a wide variety of
efforts made to improve the thermodynamic efficiency of
internal combustion engines. One approach that has gained
popularity is to vary the displacement of the engine. Most
commercially available variable displacement engines effec-
tively “shut down” some of the cylinders during certain low-
load operating conditions. When a cylinder is “shut down”, its
piston still reciprocates, however neither air nor fuel is deliv-
ered to the cylinder so the piston does not deliver any power
during its power stroke. Since the cylinders that are shut down
don’tdeliver any power, the proportionate load on the remain-
ing cylinders is increased, thereby allowing the remaining
cylinders to operate at an improved thermodynamic effi-
ciency. The improved thermodynamic efficiency results in
improved fuel efficiency.

[0004] Another engine control approach is often referred to
as “skip fire” control of the engine. In conventional skip fire
control, fuel is not delivered to selected cylinders based on
some designated control algorithm. Over the years, a number
of'skip fire engine control arrangements have been proposed,
however, most still contemplate throttling the engine or
modulating the amount of fuel delivered to the cylinders in
order to control the engine’s power output.

[0005] The assignee of the present application has filed a
variety of applications that involve skip fire control. For
example, U.S. Pat. No. 8,131,447 describes skip fire control
implementations that do not require substantial throttling. As

Sep. 18,2014

aresult, various described embodiments allow for the firing of
working chambers at near optimal conditions, thereby
improving fuel efficiency.

SUMMARY OF THE INVENTION

[0006] Various methods and arrangements for improving
combustion control for a working chamber in an engine are
described. In one aspect, an engine controller includes a firing
counter or recorder that stores a firing history for each work-
ing chamber. A combustion control module is used to help
determine a combustion control parameter, which is involved
in managing combustion in the working chamber. The deter-
mination of the combustion control parameter is based at least
in part on the firing history. The stored firing history may take
awide variety of forms, depending of the needs of a particular
application. In various embodiments, for example, the firing
history may indicate whether the working chamber was fired
or skipped and/or the conditions under which it was fired or
skipped. For example, the conditions that may be saved relat-
ing to the firings may include the cylinder air and fuel charge
as well as spark timing, cam phasing, etc. For the skips, the
information saved may relate to the type of deactivation for
the skips. The firing history may be used to help determine a
wide variety of combustion control parameters, such as spark
advance, injection timing, injection pulse width, fuel pres-
sure, ignition dwell time, valve lift, cam phasing, etc. The use
of firing history in this manner is particularly useful in skip
fire applications.

[0007] Various embodiments contemplate storing the indi-
vidual firing histories of some or all of the available working
chambers to help calculate a distinct level of fuel compensa-
tion for each working chamber. The calculation of the com-
bustion control parameter for a working chamber may take
into account other variables and inputs other than the firing
history of the working chamber, including but not limited to
engine temperature, manifold absolute pressure, air charge
and/or the firing histories of other working chambers in the
engine. In some implementations, the history of injection and
intake events for a working chamber is used in a modified fuel
port deposition and decay rate model in port injection
engines.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The invention and the advantages thereof, may best
be understood by reference to the following description taken
in conjunction with the accompanying drawings in which:
[0009] FIG. 1 is a block diagram of an engine controller
with a combustion control module according to a particular
embodiment of the present invention.

[0010] FIG. 2 is a flow diagram illustrating a method for
determining combustion control parameters according to one
embodiment of the present invention.

[0011] FIG. 3 is a flow diagram illustrating a method for
determining ignition timing or dwell according to one
embodiment of the present invention.

[0012] FIG. 4 is a flow diagram illustrating a method for
determining fuel puddle compensation values according to a
particular embodiment of the present invention.

[0013] FIG. 5 is a flow diagram illustrating a method for
generating distinct fuel puddle compensation values for mul-
tiple cylinders according to a particular embodiment of the
present invention.
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[0014] In the drawings, like reference numerals are some-
times used to designate like structural elements. It should also
be appreciated that the depictions in the figures are diagram-
matic and not to scale.

DETAILED DESCRIPTION

[0015] The present invention relates generally to mecha-
nisms and arrangements for determining combustion control
parameters, such as fuel delivery, ignition timing and spark
advance. More specifically, the firing history of individual
working chambers is used to improve estimates of one or
more combustion control parameters.

[0016] A combustion control parameter is any parameter,
setting or configuration that helps to manage combustion in
the working chamber. For example, well known combustion
control parameters include fuel compensation/delivery (e.g.,
the amount of fuel that is delivered to a working chamber or
injected into a corresponding intake port), fuel injection tim-
ing, injection pulse width, fuel pressure, cam phase, valve lift
and ignition dwell time. Calibration of the fuel pressure, fuel
injection timing and injection pulse width can help control the
amount of fuel that enters the working chamber. Cam phasing
and valve lift adjustment affect the timing of the opening and
closing of valves and thus affects the amount of air that is in
the working chamber, as well as the residual combusted gas
content. Spark timing and ignition dwell time relate to the
timing and energy of the spark that is used to initiate com-
bustion. If combustion control parameters are not set cor-
rectly, the air-fuel ratio or combustion in the working cham-
ber may be suboptimal, which can reduce engine
performance and/or increase the amount of undesirable pol-
lutants generated by the working chamber.

[0017] The proper setting of combustion control param-
eters for a working chamber depends on having an accurate
understanding of the temperature, residual gases and other
conditions in the working chamber. These conditions are
influenced by the firing history of the working chamber. For
example, the firing or skipping/deactivation of a working
chamber during a particular working cycle have different
effects on these conditions. Generally, in a conventional non-
skip fire engine, all of the working chambers are fired during
every engine cycle. Thus, conventional techniques for deter-
mining combustion control parameters generally treat all of
the working chambers the same since they have more or less
the same history.

[0018] In skip fire engine approaches, however, the work-
ing chambers may have very different firing sequences and
conditions. With skip fire engine control, selected working
cycles of selected working chambers are fired or skipped to
deliver a desired torque. Each working chamber may have a
different, possibly irregular firing pattern e.g., it may be
skipped at a first firing opportunity, be fired at the next oppor-
tunity, and then be skipped or fired at the very next opportu-
nity. (The assignee of the present application has filed mul-
tiple applications involving skip fire engine operation,
including U.S. Pat. Nos. 7,954,474; 7,886,715; 7,849,835;
7,577,511, 8,099,224; 8,131,445; and 8,131,447, U.S. patent
application Ser. Nos. 13/004,839 and 13/004,844; and U.S.
Provisional Patent Application Nos. 61/639,500; 61/672,144;
61/441,765; 61/682,065; 61/677,888; 61/683,553; 61/682,
151; 61/682,553; 61/682,135; 61/682,168; 61/080,192;
61/104,222; and 61/640,646, each of which is incorporated
herein by reference in its entirety for all purposes.) Since each
working chamber may have a different firing history, each
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working chamber may have different features, such as differ-
ent temperatures (e.g., of the cylinder wall, piston, gases, etc.)
and amounts of exhaust or crankcase gases. Also, in port fuel
injected engines, the amount of fuel lingering in the intake
port of each cylinder will be different depending on how long
ago was the most recent injection As a result, the determina-
tion of combustion control parameters can be improved if the
firing history of the working chamber is taken into account.
[0019] Various implementations of the present invention
address one or more of the above issues. Referring initially to
FIG. 1, an engine controller 100 according to a particular
embodiment of the present invention will be described. The
engine controller 100 is arranged to operate an engine in a
skip fire manner and uses the firing history of each working
chamber to generate suitable combustion control parameters
for the working chamber. (In some embodiments, the firing
histories of one or more other working chambers are also used
to help determine the combustion control parameters.) In the
illustrated embodiment, the engine controller 100 includes a
firing counter 102 and a combustion control module 104.
[0020] The firing counter 102 is arranged to determine or
track a firing history for a particular working chamber. The
firing history may be determined in a wide variety of ways. In
some implementations, for example, the firing counter 102
counts the number of consecutive skips since the last fire. In
still other embodiments, the firing counter 102 counts the
number of skips and/or fires of the working chamber over a
predetermined number of past, consecutive firing opportuni-
ties. The firing history data is stored and then sent to the
combustion control module 104.

[0021] The combustion control module 104 is arranged to
determine one or more combustion control parameters based
on the firing history. Various implementations involve deter-
mining ignition timing, injection timing, ignition dwell time,
injection pulse width and/or cam timing in this manner. The
present invention, however, is not limited to these particular
parameters, and the described embodiment may be used to
generate any suitable combustion control parameter that
helps improve combustion and working chamber perfor-
mance. It should further be noted that the firing history may
be used more generally to adjust any parameter that affects
the operation of the working chamber.

[0022] Since skip fire engine control typically involves dif-
ferent firing sequences for different working chambers, the
firing counter 102 generally is arranged to track a distinct
firing history for each working chamber. The combustion
control module 104 then independently calculates desired
combustion control parameters for each working chamber
based on its respective firing history. As a result, for example,
if two working chambers have different firing sequences, the
combustion control module may determine that the two work-
ing chambers should have different fuel charges or different
spark timing, even during the same engine cycle.

[0023] There areawide variety of ways in which the engine
controller 100 may determine a combustion control param-
eter. By way of example, FIGS. 2-5 describe various opera-
tions for calculating a combustion control parameter that may
be performed by the engine controller 100, the firing counter
102 and/or the combustion control module 104. Referring
next to FIG. 2, a flow diagram of a method 200 for determin-
ing a combustion control parameter according to one embodi-
ment of the present invention will be described.

[0024] At step 202, one or more firing decisions are made
for a particular working chamber. A firing decision generally
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involves a firing command indicating that the working cham-
ber will be skipped or fired during a particular working cycle.
The firing command is then used to orchestrate the actual
operation of the associated working chamber. In some of the
aforementioned co-assigned patent applications, there are
references to engine controllers, engine control units or firing
timing determination units that generate firing sequences or
firing decisions. Any of these modules and functions may be
integrated into the illustrated embodiment.

[0025] The firing decisions are then stored to form a firing
history for the working chamber (step 204). Therefore, a
distinct firing history is generated for each working chamber.
At step 206, a number of skips is counted based on the firing
history of each working chamber. In various implementa-
tions, this number is the number of skips that have taken place
over a range of consecutive firing opportunities for the work-
ing chamber.

[0026] What is counted, how the firing history is repre-
sented or stored and/or the size of the range may vary widely,
depending on the needs of a particular application. In some
embodiments, for example, the firing commands are stored in
a distinct vector for each working chamber, although any
suitable data structure may also be used. In another embodi-
ment, a counter may be used to count a number of skips,
which resets after a fire has taken place or after a predeter-
mined number of consecutive firing opportunities has passed.
In other embodiments, the firing history for the working
chamber is represented in a manner that does not require
storing a number of skips or fires. An example of such a model
is one whose output represents relevant states of the cylinder
or a time history of the cylinder.

[0027] Atstep 208, the firing history is used to generate one
or more combustion control modifiers (e.g., a spark timing
modifier, a fuel mass modifier, an ignition timing or dwell
modifier, etc.) for each working chamber. Each combustion
control modifier is used to adjust a corresponding preliminary
estimate for a combustion control parameter, which was
determined using any suitable known technique (step 212).
This adjustment results in the calculation of a set of final
combustion control parameters (step 214) for the working
chamber. The engine controller is then arranged to operate the
working chamber in accordance with the final combustion
control parameters. Accordingly, in an eight cylinder engine,
it is possible for some or all of the cylinders to be operated
with different fuel charges, ignition timings or other combus-
tion control parameters due to their different firing histories.
[0028] In various embodiments, the combustion control
modifier or parameter for a particular working chamber is
based not only on the firing history of the working chamber,
but also on other engine parameters (step 210), or estimated
parameters. These parameters can include but are not limited
to engine temperature, manifold pressure, air charge and cam
position. Various implementations involve generating a com-
bustion control parameter or modifier for a particular working
chamber based not only on the firing history of that working
chamber, but also on the firing histories of one or more other
working chambers in the engine.

[0029] Inthe illustrated embodiment, a modifier and a pre-
liminary estimate are separately generated for a particular
working chamber and are then used together to determine a
final value for a combustion control parameter. It should be
appreciated, however, that any suitable technique may be
used to generate the final combustion control parameter value
based on the firing history of the working chamber. In some
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approaches, for example, a final value for the combustion
control parameter is generated directly from the firing history
and/or other engine variables and a separate modifier is not
calculated.

[0030] Experiments confirm that the described embodi-
ments can assist in setting improved combustion control
parameters, thus resulting in greater engine efficiency and
performance. Charts 1 and 2 describe the results of various
experiments reduced to tables that may be implemented as
compensation factors in the combustion control system.

CHART 1

Post-skip Fuel Compensation Table (Multiplier)

Number of Skips
1 2 3 4

RPM 900 Al A2 A3 A4

1250 A5 A6 A7 A8

1500 A9 Al0 All Al2

1750 Al3 Al4 Al3 Al6

2000 Al7 Al8 Al19 A20

2500 A21 A22 A23 A24

3000 A25 A26 A27 A28

CHART 2

Post-Skip Spark Timing Compensation Table (Adder)

Number of Skips
1 2 3 4

RPM 900 B1 B2 B3 B4

1250 B3 B6 B7 B8

1500 B9 B10 B11 B12

1750 B13 B14 B15 B16

2000 B17 B18 B19 B20

2500 B21 B22 B23 B24

3000 B25 B26 B27 B28

[0031] Chart 1 describes example fuel performance multi-
pliers for a working chamber depending on engine speed
(measured in RPM) and firing history (measured in the num-
ber of consecutive skips). Values A1-A28 were each found to
be in the range 0f 0.9 to 1.1. Chart 2 describes example spark
timing advance adjustments based on engine speed and firing
history. Values B1-B28 were each found to be in the range of
+/-10°. The adjustments resulted in superior engine perfor-
mance in terms of air-fuel ratio control and torque optimiza-
tion. It should be noted that the charts are provided only for
illustrative purposes and that the present invention also con-
templates a wide variety of implementations that may depart
from the approach described in the above charts. In some
embodiments, for example, the numbers of dimensions, the
choice of inputs and/or the value ranges may be different.

[0032] Referring next to FIG. 3, a flow diagram illustrating
a method 300 for determining ignition timing and ignition
dwell according to particular embodiment of the present
invention will be described. FIG. 3 describes a more specific
application of what is shown in FIG. 2. Some steps are similar
oridentical to what appears in FIG. 2, including steps 202 and
204. That is, in the illustrated embodiment, firing decisions
are also saved for each working chamber in any suitable
manner (e.g., by the counting of the number skips.) Similar to
step 212 of FIG. 2, base values forignition timing and ignition
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dwell are calculated for the working chamber using any suit-
able known technique (step 312). Similar to steps 208 and 210
and of FIG. 2, the correction of the base values may take into
account a wide variety of engine variables other than the firing
history, such as engine temperature, manifold pressure, air
charge and cam position (steps 308 and 310.).

[0033] Method 300 involves using a residual gas fraction
and temperature model (step 302) to determine the amount of
correction required for the base ignition timing and ignition
dwell estimates (step 304). The model takes into account the
cooling/heating and residual gas effects of a skip on a work-
ing chamber. The model may take into account a wide variety
of implementations and conditions. For example, in some
approaches and depending on the sequencing of the closing/
opening of the intake and exhaust values, exhaust gas may be
trapped in a working chamber. For such approaches, the
model may estimate that a skip of the working chamber
causes heating. In other approaches and/or under different
conditions, the model may estimate that cooling takes place
as aresult of a skip. Optionally, a wide variety of other engine
variables (e.g., engine temperature, manifold pressure, air
charge, cam position, etc.) are also taken into account by the
model. At step 306, final values for the ignition timing and
ignition dwell are calculated by applying the corrections
determined in step 308 to the base estimates determined in
step 312. The engine controller then orchestrates the ignition
timing and ignition dwell for the working chamber based on
the final values.

[0034] Referring next to FIG. 4, a flow diagram illustrated
a method 400 for determining a desired injected fuel mass
according to another embodiment of the present invention
will be described. The illustrated embodiment relates to the
calculation of Tau and X values. As is known in the art, Tau
and X generally relate to the deposition of fuel on a portin a
port injection engine. More specifically, in port injection
engines, fuel is delivered into a working chamber via a port
that leads from an intake manifold to the working chamber. It
is often presumed that a fraction of the delivered fuel, rather
than reaching the working chamber directly, instead is depos-
ited on a surface of the port and forms what is commonly
referred to as a puddle. X should be understood as any value
that helps indicate the fraction of the injected fuel that is
deposited in this manner. It is also assumed that the puddle
decays into the working chamber over time. Tau should be
understood as any value that helps indicate a rate of this
decay. There may also be a running estimate of the mass of the
puddle, which changes over time depending on Tau and X.
Tau, X and the puddle mass are then taken into account when
calculating the total amount of fuel mass that should be
injected. A more accurate fuel mass estimate can help
improve fuel efficiency and reduce undesirable pollutants in
the exhaust.

[0035] For optimal performance, it is believed that conven-
tional Tau-X models should be modified for skip fire appli-
cations. In a conventional, non-skip fire engine control sys-
tem, each working chamber is typically fired during every
engine cycle. As a result, a conventional Tau-X model
assumes fairly consistent Tau-X values over multiple working
cycles. However, in a skip fire engine approach, a particular
working chamber may have a mixed sequence of fires and
skips that may change from working cycle to working cycle.
That is, fuel injection events or intake events for a working
chamber do not take place during every working cycle. The
present invention contemplates a modified fuel puddle model
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that takes into account the distinct firing history of each
working chamber. In some applications, for example, if there
is a skip and no intake event during a working cycle of a
particular working chamber, it may be desirable to set Tau to
a lower value or zero for that working cycle, because it is
assumed that there is little or no transfer of fuel from the
puddle into the working chamber.

[0036] It should be appreciated that the described embodi-
ments are not limited to the conventional Tau-X model and
that the described embodiments may be applied to any suit-
able model used to compensate for puddle dynamics. The
present application further contemplates models that take into
account factors or variables that are generally not addressed
in a traditional Tau-X model. Consider a puddle that has
formed on the port for a particular working chamber. Con-
ventional Tau-X models do not take into account the possi-
bility that fuel may move from the puddle into other working
chambers. The described embodiments may be modified to
take into account such factors.

[0037] Referring again to FIG. 4, the flow diagram illus-
trates one example technique for determining a desired
injected fuel mass using Tau-X values. At step 402 a skip fire
firing sequence is generated. The firing sequence includes a
series of firing commands that each indicate how a selected
working chamber should be operated (e.g., skipped or fired.)
The firing sequence may be generated in any suitable manner.
For example, the aforementioned co-assigned patent applica-
tions describe a variety of mechanisms (ECUs, engine con-
trollers, firing timing determination modules, sigma delta
converters, etc.) that can be used to generate a suitable skip
fire firing sequence.

[0038] At step 404, it is determined whether a selected
firing command, which is used to operate a selected working
chamber during a selected working cycle, would involve a
fuel injection event. If so, a value is determined that indicates
a desired fuel mass for the working chamber (step 410). This
calculation may be performed in any suitable manner that is
known in the art or described in the aforementioned co-
assigned patent applications. If there is no injection event
(e.g., in a case where the working chamber is skipped and
there is no combustion), then the value for the desired deliv-
ered fuel mass is set to zero (steps 408 and 410).

[0039] At step 406, a determination is also made as to
whether the selected firing command involves an intake
event. If an intake event is involved, the Tau-X values are
updated (step 414). Any suitable method known in the art may
be used to calculate or update the Tau-X values. If an intake
event is not involved, then the Tau value is set to zero or a
suitable predetermined value (step 416.) In some embodi-
ments, for example, there is a predetermined value that rep-
resents the evaporation rate that applies for a puddle in the
event of a skip of a corresponding working chamber. In step
416, the Tau value may be set to this evaporation rate.

[0040] At step 412, a desired amount of fuel to be injected
into the working chamber is calculated. The calculation is
based at least in part on the Tau-X and desired fuel mass
values calculated in steps 410 and 414. Any value represent-
ing a puddle mass estimation (e.g., from earlier iterations of
method 400) is updated using the Tau-X values (step 418).
The update may depend on whether there was an injection
event. In the illustrated embodiment, for example, if there was
no injection event, it is assumed that there is no addition to the
puddle mass, since no additional fuel was injected or depos-
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ited on the port. The updated puddle mass is then used when
method 400 is repeated for another working cycle.

[0041] Referring nextto FIG. 5, an example method 500 for
performing injected fuel mass calculations for multiple work-
ing chambers will be described. While FIG. 4 describes a
process for generating an injected fuel mass calculation for a
single working chamber during a selected working cycle,
FIG. 5 indicates how the process may be performed indepen-
dently for multiple working chambers. In this particular
example, distinct Tau-X and injected fuel mass calculations
are made for each of cylinders 1 through N.

[0042] At step 502, a base fuel mass calculation is made.
(For example, step 502 of FIG. 5 may correspond to step 410
of FIG. 4.) Additionally, it is determined independently for
each working chamber whether an injection event will take
place during the selected working cycle (step 504 of FIG. 5
and step 404 of FIG. 4). For each working chamber, a correc-
tion for the base fuel mass calculation of step 502 is per-
formed (step 506) based on calculated Tau and X values (e.g.,
as previously discussed in connection with step 412 of FIG.
4.) At step 508, the corrected base fuel calculation is used to
determine the amount of fuel to inject into the corresponding
working chamber. (This step corresponds to step 412 of FIG.
4) Since each working chamber may have a different firing
pattern involving different sequences of skips, fires, intake or
injection events, each working chamber may have distinct
Tau and X values and different fuel injection amounts, even
during the same engine cycle. Selected amounts of fuel are
then injected for each working chamber based on the afore-
mentioned calculations (step 508).

[0043] It should be appreciated that the operations and
parameters used to calculate Tau, X and the desired injected
fuel mass may vary widely, depending on the needs of a
particular application. By way of example, the present inven-
tion also contemplates Tau-X models in which it is assumed
that fuel still evaporates from the fuel puddle, even when there
is no intake event. In some implementations, Tau is therefore
non-zero under such conditions and/or is lower than it would
be if there was an intake event. The rate of evaporation may
depend on a variety of factors, such as intake manifold con-
ditions (e.g., manifold absolute pressure, manifold tempera-
ture, etc.), the number of working chambers fired, etc.
[0044] Although the figures of the application illustrate
various distinct modules and submodules, it should be appre-
ciated that in other implementations, any of these modules
may be combined or rearranged as appropriate. The function-
ality of the illustrated modules may also be incorporated into
modules described in the aforementioned co-assigned patent
applications. For example, some of these patent applications
refer to an engine control unit (ECU). Various implementa-
tions contemplate incorporating any of the described engine
controllers into the ECU. Additionally, it should be under-
stood that any of the features or functions described in the
prior co-assigned patent applications may be incorporated
into the embodiments described herein.

[0045] The described embodiments work well with skip
fire engine operation. Skip fire engine operation generally
involves directing firings such that at least one selected work-
ing cycle of at least one selected working chamber is deacti-
vated and at least one selected working cycle of at least one
selected working chamber is fired. Individual working cham-
bers are sometimes deactivated and sometimes fired. In some
embodiments, working chambers are fired under close to
optimal conditions. That is, the throttle may be kept substan-
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tially open and/or held at a substantially fixed positioned even
through some variations in a desired torque output. In some
embodiments, during the firing of working chambers the
throttle is positioned to maintain a manifold absolute pressure
greater than 70, 80, 90 or 95 kPa.

[0046] The invention has been described primarily in the
context of controlling the firing of 4-stroke piston engines
suitable for use in motor vehicles. However, it should be
appreciated that the described skip fire approaches are very
well suited for use in a wide variety of internal combustion
engines. These include engines for virtually any type of
vehicle—including cars, trucks, boats, construction equip-
ment, aircraft, motorcycles, scooters, etc.; and virtually any
other application that involves the firing of working chambers
and utilizes an internal combustion engine. The various
described approaches work with engines that operate under a
wide variety of different thermodynamic cycles—including
virtually any type of two stroke piston engines, diesel
engines, Otto cycle engines, Dual cycle engines, Miller cycle
engines, Atkinson cycle engines, Wankel engines and other
types of rotary engines, mixed cycle engines (such as dual
Otto and diesel engines), radial engines, etc. It is also believed
that the described approaches will work well with newly
developed internal combustion engines regardless of whether
they operate utilizing currently known, or later developed
thermodynamic cycles. The described embodiments can be
adjusted to work with engines having equally or unequally
sized working chambers.

[0047] Although only a few embodiments of the invention
have been described in detail, it should be appreciated that the
invention may be implemented in many other forms without
departing from the spirit or scope of the invention. The illus-
trated embodiments sometimes describe specific operations
and values to be used in various calculations. It should be
understood that the present invention also contemplates
approaches in which the described embodiments are modified
to use different operations, inputs, calculation methods and
values. In some embodiments and in the claims, there is a
discussion of X and Tau. However, it should be appreciated
that the embodiments should not be limited to conventional
definitions or uses of X and Tau, and X and Tau may be
understood to mean any suitable values relating to an amount
or fraction of fuel deposited to form a puddle and a decay rate
of the puddle, respectively. Therefore, the present embodi-
ments should be considered illustrative and not restrictive and
the invention is not to be limited to the details given herein.

What is claimed is:

1. An engine controller for an internal combustion engine
operated in a skip fire manner, the engine controller compris-
ing:

a firing counter that stores a firing history of a working

chamber in the engine; and

a combustion control module that is arranged to determine

acombustion control parameter that helps manage com-
bustion in the working chamber wherein the determina-
tion of the combustion control parameter is based at least
in part on the firing history.

2. An engine controller as recited in claim 1 wherein the
combustion control parameter is selected from the group
consisting of injection timing, injection pulse width, fuel
pressure, ignition dwell time, valve lift and cam phasing.

3. An engine controller as recited in claim 1 wherein the
firing history indicates at least one selected from the group
consisting of 1) a number of consecutive skips since a fire; 2)
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a number of skips over a plurality of consecutive working
cycles of the working chamber; and 3) a number of fires and
skips over a plurality of consecutive working cycles of the
working chamber.

4. An engine controller as recited in claim 1 wherein:

the firing counter is arranged to store a plurality of firing

histories for a plurality of working chambers, respec-
tively; and

the firing counter is arranged to store a distinct firing his-

tory for each working chamber.

5. An engine controller as recited in claim 4 wherein the
firing histories indicate that the working chambers were oper-
ated in a skip fire manner such that selected working cycles of
selected working chambers are skipped and selected working
cycles of selected working chambers are fired and wherein
individual working chambers are sometimes skipped and
sometimes fired.

6. An engine controller as recited in claim 1 wherein:

the combustion control module is arranged to apply a

model that determines puddle dynamics of a puddle that
forms on an intake port of the working chamber wherein
the model takes into account the firing history and is
used to help determine the combustion control param-
eters.

7. An engine controller as recited in claim 6 wherein the
combustion control module is arranged to help determine an
amount of fuel to deliver to the working chamber based on a
calculation of X and Tau, X representing a fraction of injected
fuel that forms a puddle on an intake port for the working
chamber and Tau indicating a rate of decay of the deposited
fuel into the working chamber.

8. An engine controller as recited in claim 7 wherein the
combustion control module is further arranged to assign a first
value to Tau if there was an intake event during a selected
working cycle of the working chamber and to assign a second,
different value to Tau if there was no intake event during the
selected working cycle.

9. An engine controller as recited in claim 7 wherein the
combustion control module is further arranged to calculate
the fuel delivery amount, X and Tau independently for each of
the plurality of working chambers.

10. An engine controller as recited in claim 1 wherein the
calculation of the amount of fuel to deliver to the working
chamber is further based on one of the group consisting of 1)
engine temperature; 2) manifold absolute pressure; 3) air
charge; 4) cam timing; and 5) firing histories of other working
chambers in the plurality of working chambers.

11. An engine controller as recited in claim 1 wherein when
the firing history indicates more skips, the combustion control
module is arranged to selectively perform one selected from
the group consisting of: 1) increase the amount of fuel deliv-
ered to the working chamber; and 2) decrease the amount of
fuel delivered to the working chamber based on the firing
history.

12. An engine controller as recited in claim 1 wherein when
the firing history indicates more skips, the combustion control
module is arranged to perform one selected from the group

Sep. 18,2014

consisting of: 1) further advance spark timing based on the
firing history; and 2) further retard spark timing.

13. An engine controller as recited in claim 1 wherein the
firing history includes a parameter that helps indicate at least
one selected from the group consisting of: 1) whether the
working chamber was fired or skipped; and 2) conditions
under which the working chamber was fired or skipped.

14. A method for manipulating a combustion control
parameter for a working chamber of an engine, the method
comprising:

storing a firing history for the working chamber; and

determining a combustion control parameter that is used to

help manage combustion in the working chamber
wherein the determination of the combustion control
parameter is based at least in part on the firing history.

15. A method as recited in claim 14 wherein the combus-
tion control parameter is selected from the group consisting
of'injection timing, injection pulse width, fuel pressure, igni-
tion dwell time, valve lift and cam phasing.

16. A method as recited in claim 14 wherein the firing
history indicates at least one selected from the group consist-
ing of 1) a number of consecutive skips since a fire; 2) a
number of skips over a number of consecutive working cycles
of the working chamber; and 3) a number of fires and skips
over a plurality of consecutive working cycles of the working
chamber.

17. A method as recited in claim 14 further comprising:

storing a plurality of firing histories for a plurality of work-

ing chambers, respectively; and

storing a distinct firing history for each working chamber.

18. A method as recited in claim 14 wherein the firing
histories indicate that the working chambers were operated in
a skip fire manner such that selected working cycles of
selected working chambers are skipped and selected working
cycles of selected working chambers are fired and wherein
individual working chambers are sometimes skipped and
sometimes fired.

19. A method as recited in claim 14 further comprising:

determining an amount of fuel to deliver to the working

chamber based on a fuel puddle model calculation of X
and Tau, X representing a fraction of injected fuel that
forms a puddle on an intake port for the working cham-
ber and Tau indicating a rate of decay of the deposited
fuel into the working chamber.

20. A method as recited in claim 19 further comprising:

assigning a first value to Tau if there was an intake event

during a selected working cycle of the working chamber
and assigning a second, different value to Tau if there
was no intake event during the selected working cycle.

21. A method as recited in claim 19 further comprising:

calculating the fuel delivery amount, X and Tau indepen-

dently for each of the plurality of working chambers.

22. A method as recited in claim 14 further comprising:

selectively adjusting the amount of fuel delivered to the

working chamber based on the firing history wherein the
firing history indicates a sequence of skips and fires.
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