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INTERNAL COMBUSTION ENGINE
CONTROL

FIELD OF THE INVENTION

This invention relates to internal combustion engine con-
trol and, more particularly, to control of engine air/fuel ratio.

BACKGROUND OF THE INVENTION

To maintain a desirable internal combustion engine air/
fuel ratio, such as the stoichiometric ratio, the amount of fuel
delivered to the engine is determined in response to an
estimated or measured engine cylinder inlet air mass. Mass
airflow sensors are available for measuring cylinder inlet air
mass directly under steady state conditions characterized by
substantially no intake manifold filling or depletion, but are
not generally responsive enough to provide for accurate
cylinder inlet air mass information under transient condi-
tions characterized, for example, by significant time rate of
change in engine intake manifold air pressure. Speed density
approaches are sufficiently responsive to provide accurate
cylinder inlet air mass information during even severe
engine transient conditions, and therefore are known to be
useful as a supplement to mass airflow sensor-based
approaches during transient conditions. However, conven-
tional speed density approaches suffer shortcomings in inlet
air mass measurement accuracy under certain engine oper-
ating conditions. Inaccurate engine cylinder inlet air mass
measurement can lead to deviations in engine air/fuel ratio
away from a desired air/fuel ratio, such as the stoichiometric
ratio, leading to increased engine emissions and reduced
engine performance. It would be desirable to resolve the
accuracy shortcomings in conventional speed density based
engine air/fuel ratio control approaches.

The speed density approaches provide engine cylinder
inlet air mass m as a function of engine intake manifold
pressure MAP, for example using the ideal gas law, which
may be expressed as

m=MAP * V * VE/R *T)

in which V is cylinder volume, VE is volumetric efficiency,
R is the ideal gas constant, and T is air temperature. While
the ideal gas law includes an air temperature term, the
volumetric efficiency term applied with the ideal gas law to
determine engine inlet air mass is conventionally determined
using static calibration parameters. While such engine
parameters as engine valve timing and engine cylinder port
geometry, on which VE depends, do not change substan-
tially during engine operation, other parameters on which
VE depends, such as engine cylinder combustion tempera-
ture, can change significantly during engine operation,
resulting in substantial open-loop engine air/fuel ratio error.
VE is typically calibrated at a calibration combustion tem-
perature. However, when the actual combustion temperature
varies away from such calibration temperature, the heating
of the fuel and air entering cylinder causes a gas expansion
not comprehended by the VE calibration, resulting in a
significant variation in the actual engine air/fuel ratio away
from a desirable ratio. It would be desirable to compensate
for such effects that drive actual volumetric efficiency away
from calibration values, to improve engine air/fuel ratio
control accuracy.

SUMMARY OF THE INVENTION

The present invention overcomes the shortcomings of
conventional air/fuel ratio control by compensating directly
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for volumetric efficiency variations due to change in com-
bustion temperature away from calibration temperatures.

More specifically, a steady state volumetric efficiency is
calibrated under substantially constant combustion tempera-
ture conditions, and is modified by a combustion tempera-
ture dynamic volumetric efficiency gain. The gain is calcu-
lated as a function of the difference between the calibration
combustion temperature and the current combustion tem-
perature to account for the significant effect of such tem-
perature difference on volumetric efficiency.

In yet a further aspect of this invention, the gain is
modified as a function of an estimated or measured engine
airflow rate. As airflow rate increases, the variation in
combustion temperature away from a calibration tempera-
ture tends to perturb VE away from its calibration values by
a smaller amount due to the higher mass of intake air and
fuel resident in the cylinder for less time. The potential for
VE to be perturbed by such a combustion temperature
variation increases with decreasing airflow rate, as a smaller
mass of intake air and fuel is exposed to the cylinder or
combustion chamber for more time. Such effects are com-
pensated in accord with this aspect of the present invention.

In yet a further aspect of this invention, a thermal model
is provided for determining combustion temperature. More
specifically, steady state combustion temperature is deter-
mined by applying sensed operating parameters to a steady
state combustion temperature model. Heat transfer proper-
ties of the engine are applied to generate a thermal lag model
of the relationship between steady state combustion tem-
perature and combustion temperature under transient con-
ditions. The thermal lag model, in yet a further aspect of this
invention, includes a dynamic time constant indicating the
combustion temperature thermal lag. The dynamic time
constant varies with the engine operating level, such as
indicated by engine airflow rate. The lag between combus-
tion temperature under steady state and transient conditions,
which varies in magnitude inversely with engine operating
level, such as indicated by airflow rate, is thereby accounted
for. The difficulties associated with direct measurement of
combustion temperature are avoided through such further
aspect of this invention. :

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be best understood by reference to the
preferred embodiment and to the drawings in which:

FIG. 1 is a general diagram of an internal combustion
engine and engine control hardware in accord with the
preferred embodiment;

FIGS. 2-6 are computer flow diagrams illustrating a flow
of controller operations for providing engine control opera-
tions of the preferred embodiment; and

FIGS. 7-9 are graphical illustrations of representative
parameter relationships for the carrying out of the operations
of FIGS. 2-6.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, an internal combustion engine 10
receives inlet air through throttle bore 12 in which a con-
ventional throttle valve 14 rotates to control the rate at which
inlet air is received into intake manifold 18. The valve 14
may be a butterfly or rotary valve the rotational position of
which corresponds to the degree that admission of inlet air
is restricted through the bore. The rotational position of the
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valve 14 is transduced by sensor 16 which may be a
conventional rotary potentiometer, having an output signal
TPS indicating the rotational position.

The absolute pressure of air in the intake manifold 18 is
transduced by conventional pressure transducer 20 and
output as signal MAP. The temperature of inlet air in the
manifold is transduced by conventional temperature sensor
22 and output as signal MAT. The engine 10 operates to
rotate an output shaft 30, such as a conventional crankshaft,
the rate of rotation of which is transduced by conventional
sensor 32, which may be a Hall effect or variable reluctance
sensor positioned in proximity to a plurality of spaced teeth
or notches (not shown) provided about the circumference of
the shaft 30 so that the field transduced by the sensor 32 is
measurably disrupted by passage of the teeth or notches. The
transducer outputs a periodic output signal RPM which is
decoded using teeth or notch spacing information to indicate
relative angular position and rate of rotation of the shaft 30,
as is generally understood in the art.

Engine cylinder combustion gas products are exhausted
from the engine cylinders (also referred to herein as com-
bustion chambers) through exhaust gas conduit 34 for proper
treatment thereof. A portion of exhaust gas is recirculated
through pipe 36 to the engine intake manifold 18. The
restrictiveness of the pipe 36 is varied through controlled
positioning of EGR valve 38 so that a desirable dilution of
the engine inlet air is provided to reduce certain engine
exhaust gasses, such as oxides of nitrogen NOx.

Conventional engine controller 38, such as a commercial
single-chip microcontroller including such elements as a
central processing unit, read only memory unit, random
access memory unit, and input-output unit is provided for
receiving the sensor and transducer output signals and for
generating, through execution of a series of operations
stored in controller read only memory in the form of
software instructions, a plurality of output signals providing
for engine control and diagnostics functions. For example,
controller output signal FUEL is output by the controller to
a fuel controller 40 indicating a desired cylinder fuel injec-
tion quantity, to be described. The fuel controller 40 includes
a single-chip microcontroller or equivalent processor or
control circuitry of a conventional type for receiving the
command FUEL and for generating timed injector com-
mands PW to be issued to individual engine fuel injectors
prior to the intake event for the corresponding engine
cylinder, as is generally known in the art.

Controller 38 also issues output command signal EGR to
EGR valve 38 for providing a degree of restrictiveness of the
EGR pipe 36 as a function of such parameters as MAP and
TPS, to provide a desirable dilution of the engine intake air.
Other engine control and diagnostic commands, such as
ignition timing commands and signals indicating fault con-
ditions in a plurality of engine systems, are issued by
controller in any conventional manner.

The specific control operations providing for the volu-
metric efficiency correction in accord with this invention are
illustrated in FIGS. 2-6. Such operations are to be executed
periodically while the engine is operating. For example, the
operations of FIGS. 2-6 may be stored in the form of a series
of controller instructions in non-volatile memory, such as
read only memory. The instructions are then executed in a
step-by-step manner at a predetermined frequency, or upon
occurrence of a periodic engine event, such as upon passage
of each tooth or notch in crankshaft 30 past sensor 32 of FIG.
1.

To set up such controller operations, a start-up routine is
stored in read only memory and is executed each time power
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is applied to turn on controller 38. The operations of such
start-up routine are illustrated generally in FIG. 2. The
routine of FIG. 2 starts at a step 100 upon application of
power to start the controller 38, and proceeds to a next step
102 to carry out conventionally known controller initializa-
tion operations, such as including setting up pointers,
counters, and flags to pre-established initial values, and
clearing volatile memory devices, such as random access
memory devices.

The routine next moves to a step 104 to enable interrupts
used to trigger execution of time-based and event-based
operations. The interrupts are used to temporarily suspend
current controller operations and to redirect controller activ-
ity to interrupt service routines which include operations that
are to take place following some passage of time or follow-
ing some event. Several time-based interrupts are enabled at
the step 104 to occur following corresponding predeter-
mined time periods. Several event-based interrupts are also
enabled to occur following events, including crankshaft
events which correspond to a passage of a crankshaft tooth
or notch past sensor 32 of FIG. 1.

After enabling interrupts at the step 104, the routine of
FIG. 2 continuously executes background operations, which
may generally be described as relatively low priority opera-
tions including certain maintenance and diagnostic opera-
tions. FIG. 3 illustrates such operations in general form, is
initiated at the step 106 of the routine of FIG. 2, and begins
at a step 120. The background operations proceed to a next
step 122 to carry out conventional controller or system
diagnostics operations, and then to a step 124 to carry out
conventional controller and system maintenance operations,
such as are generally known in the digital control art.

The routine next determines whether a volumetric effi-
ciency VE update time has elapsed since either the controller
was powered-up or since the last time VE update operations
were carried out. Generally, the VE value used in the
generation of cylinder inlet air mass under at least transient
operating conditions is corrected in accord with a compen-
sation factor periodically generated while the controller is
operating. The correction factor accounts for temperature of
the intake air mass and the deviation in such temperature
away from calibration temperature, and accounts for heating
of the intake air mass as it passes through to the engine
cylinders. Further, the compensation factor of the present
embodiment accounts for combustion chamber temperature
and the degree of deviation of the combustion chamber
temperature away from calibration temperature through a
modelling of the combustion chamber temperature and a
modelling of the heat transfer between the combustion
chamber s of the engine and the intake air and fuel charge
received therein.

In this embodiment, the compensation factor changes
with engine conditions and parameters, requiring that the
compensation factor be periodically updated, such as fol-
lowing the update time described at the step 126, which may
be about 100 milliseconds in this embodiment. Accordingly,
at the step 126, if such update time has elapsed since the last
update of the compensation factor, a step 128 is executed to
carry out update operations illustrated by the routine of FIG.
4. Following such operations, or if the update time has not
elapsed at the step 126, the background operations of this
embodiment are completed, and the routine of FIG. 3 -
proceeds to a step 130 to return to FIG. 2, at which time the
background operations will be restarred for continuous
execution thereof, as described.

Referring to FIG. 4, a series of operations for updating a
volumetric efficiency compensation factor are illustrated,















