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[57] ABSTRACT

An adaptive dilution mixture control system for internal
combustion engines including an apparatus for measur-
ing a combustion force within a combustion chamber
communicating with an apparatus for calculating the
real-time work output of the engine from the measured
combustion force, and an apparatus for controlling the
variable dilution of the fuel-air mixture delivered to the
combustion chamber to achieve a desired work output,
the controlling apparatus responsive to the real-time
work output. The apparatus for controlling the variable
fuel-air mixture dilution includes a compensator for
comparing the real-time work output and other engine
parameters to an adaptive optimizing control model,
and calculating the desired work output. Also included
is a fuel injection system, and an exhaust recirculation
valve to vary the dilution of the fuel-air mixture to
achieve the desired work output. The adaptive optimiz-
ing control model is adapted to change over time based
on a change in engine conditions.

23 Claims, 3 Drawing Sheets
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ADAPTIVE DILUTION CONTROL SYSTEM FOR
INCREASING ENGINE EFFICIENCIES AND
REDUCING EMISSIONS

BACKGROUND OF THE INVENTION

This invention relates to a dilution control system
that utilizes closed-loop adaptive control based on real-
time engine work output to increase engine efficiencies
and reduce emissions.

Control of internal combustion engines is currently
premised on the reading of various engine operating
parameters such as engine speed, intake manifold pres-
sure, coolant temperature, throttle position, and exhaust
oxygen concentration. These parameters are used in
conjunction with specific, predetermined base maps
calibrated by a baseline engine to select the ignition
timing, fuel injector duration, and exhaust gas recircula-
tion (“EGR”) of the engine so that the engine achieves
maximum efficiency and minimum emissions as deter-
mined by the baseline engine.

Base map control is simple and can be very effective
for new engines. This control, however, has drawbacks
as the engine ages and deposits build up in the combus-
tion chambers and on the valves. More importantly,
with emissions standards now requiring an automobile
to remain within strict emissions limits for at least the
first 100,000 miles, base map control cannot maintain
the engine at or near its maximum efficiency and mini-
mum emissions operating point for the required mile-
age.

Many experimental engine control systems use base
map control to vary fuel-air mixture dilution, which
reduces emissions. However, due to the complexities of
running an engine heavily diluted, these control systems
are not capable of maintaining maximum efficiency. For
this reason, these systems often sacrifice maximum effi-
ciency to maintain the low emissions required for at
least the first 100,000 miles.

The current strict emissions standards require engine
control systems to improve engine efficiencies of inter-
nal combustion engines. Research indicates that to in-
crease such efficiencies, internal combustion engines
must operate with a fuel-air mixture heavily diluted
with excess air, exhaust gases, or a combination of both.
This produces more efficient combustion, while also
reducing pumping losses at part throttle conditions. The
current strict emissions standards also require that inter-
nal combustion engines meet the emissions criteria for at
least the first 100,000 miles. Therefore, an engine con-
trol system adaptable to changing engine conditions
over the life of the engine is needed so that the engine
can operate at maximum efficiency and minimum emis-
sions for at least the first 100,000 miles.

Present engine control systems, and more specifi-
cally, dilution control systems, do not adequately con-
trol internal combustion engines so that maximum effi-
ciency and reduced emissions are achieved for the re-
quired mileage. For example, U.S. Pat. No. 4,543,934
provides a fuel-air mixture dilution control system by
monitoring cycle-to-cycle fluctuations of the angular
position of peak combustion pressure of each engine
cylinder. This control system determines an air/fuel
ratio at which engine stability changes between stable
and unstable conditions. A controller attempts to con-
tinuously operate the engine at the engine stability
point, leaning the fuel-air mixture until the engine be-
comes unstable, and enriching the fuel-air mixture until

10

20

35

40

45

50

60

65

2
the engine becomes stable again. This stability point is
often beyond the point of maximum efficiency and is
often also beyond the point of minimum emissions.

Other control systems, such as the system disclosed in
U.S. Pat. No. 4,736,724, control the air/fuel ratio by
measuring the burn duration of each engine cylinder.
The duration is compared to an adaptive engine map
that determines the lean limit for the engine at a specific
speed and load. The engine is then controlled to operate
at the most dilute point possible for a desired engine
stability, but this point is often beyond the point of
maximum efficiency, and is often beyond the point of
minimum emissions.

U.S. Pat. No. 4,621,603 discloses three different
methods of controlling the level of fuel-air mixture
dilution using pressure ratio management. The first
system controls the amount of diluent at a specified
value as a function of engine speed and load. The sec-
ond system controls the amount of diluent to adjust the
burn rate or combustion time. The third system controls
the amount of diluent using cycle-to-cycle variability as
both a method to balance fuel delivery to each combus-
tion chamber, and as a method of stability control. Pres-
sure ratio management allows for a simplified algo-
rithm, but does not supply the engine controlier with
enough information for complete engine control be-
cause taking pressure readings only at specific points
allows the controller only to estimate engine stability,
and therefore, this system suffers the same limitations of
the previously mentioned systems.

Alternatively, the system of U.S. Pat. No. 4,621,603
could be used at a specific air/fuel ratio that is calcu-
lated according to base maps, but even with an adaptive
algorithm, the pressure ratio does not give enough in-
formation to allow the system to provide both maxi-
mum efficiency and minimum emissions for at least the
first 100,000 miles. The system in U.S. Pat. No.
4,621,603, for example, would have extreme difficulty
calculating the engine mean effective pressure if spark
timing varies by large amounts. Such a calculation is
necessary for an engine to achieve maximum efficiency
at highly dilute mixtures and minimum emissions for at
least the first 100,000 miles.

SUMMARY OF THE INVENTION

The closed-loop adaptive dilution mixture control
system for an internal combustion engine comprises an
apparatus for measuring a combustion force within at
least one combustion chamber, such as a pressure sen-
sor, the measuring apparatus communicating with an
apparatus for calculating the real-time work output of
the engine from the measured combustion force, and an
apparatus for controlling a variable dilution of the fuel-
air mixture delivered to the combustion chamber to
achieve a desired work output, the controlling appara-
tus being responsive to the real-time work output. The
real-time work output of the engine can be most accu-
rately estimated by calculating the indicated mean ef-
fective pressure (“IMEP”) of the combustion chamber
by using pressure sensor data.

The apparatus for controlling the variable dilution of
the fuel-air mixture includes a compensator for compar-
ing the real-time work output and a plurality of other
engine parameters to an adaptive optimizing control
model, and calculating the desired work output based
on the real-time work output and other engine parame-
ters. The compensator also calculates the fuel-air mix-
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ture dilution required to achieve the desired work out-
put. The apparatus for controlling the variable dilution
of the fuel-air mixture also includes a fuel injector sys-
tem and an EGR valve to provide the required fuel-air
mixture dilution as determined by the compensator.

The real-time work output and other engine parame-
ters are also fed into a parameter filter which analyzes
the inputs and calculates compensator performance
data. If the compensator is operating below an accept-
able level, the adaptive optimizing control model is
adjusted for the change in engine conditions due to
factors, for example, such as weather, altitude, and
engine wear. The adaptive optimizing control model
allows the dilution control system to operate the engine
at maximum efficiency and reduced emissions for at
least a first 100,000 miles of a vehicle.

BRIEF DESCRIPTION OF THE DRAWINGS
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FIG. 1is a schematic front view of the adaptive dilu- 20

tion control system of the invention;

FIG. 2 is a flow chart depicting the operation of the
adaptive dilution control system; and

FIG. 3 is another schematic view of the adaptive
dilution control system.

FIG. 4 is a block diagram of a subroutine describing
the adaptive optimizing control.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

As shown in FIG. 1, the adaptive dilution control
system 10 of the invention controls the dilution of the
fuel-air mixture 43 delivered to an internal combustion
engine 20 generally comprising at least one cylinder 50
having a reciprocating piston 52 attached to a connect-
ing rod 54, actuating a crankshaft 56. The piston 52 and
cylinder 50 form a combustion chamber 58 having at
least one intake valve 60 intermittently connecting the
combustion chamber 58 to an intake manifold 64. A
swirl control valve (not shown) may also be included in
the intake stream of the fuel-air mixture 43 so that pre-
cise control of combustion chamber swirl and an in-
crease in the dilution limit of the engine 20 may be
achieved. More specifically, increased swirl at low
speeds and engine loads allows for more efficient mix-
ing of the fuel-air mixture 43, and thus more efficient
combustion of dilute mixtures.

The combustion chamber 58 also includes at least one

exhaust valve 62 intermittently connecting the combus-

tion chamber $8 to an exhaust manifold 66, which may
include a wide band exhaust oxygen sensor 30 for mea-
suring air/fuel ratio in addition to simplifying warm-up
or limp-home modes. The combustion chamber 58 is
further equipped with a spark plug 46, and the intake
manifold 64 is further equipped with a fuel injector 42,
such as a fuel atomizer or an ultrasonic fuel injector.
The engine may also include an exhaust gas catalyst 48,
such as a three-way catalyst, disposed within the ex-
haust manifold 66 to assist the control system 10 in
reducing emissions.

The adaptive dilution control system 10 of the inven-
tion includes an apparatus for measuring the combus-
tion force within the combustion chamber 58, commu-
nicating with an apparatus for calculating the real-time
work output of the engine 20, and an apparatus for
controlling the variable dilution of the fuel-air mixture
43 delivered to the combustion chamber 58, the.control-
ling apparatus responsive to the real-time work output.
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4
Each of these components are more fully described
below.

The operation of the adaptive dilution control system
10 is depicted in the flow chart of FIG. 2. Step 2-1
requires the measurement of the combustion force by
the measuring apparatus, such as a pressure sensor 12
shown in FIG. 1. The pressure sensor 12 may be, for
example, a spark plug ring-type pressure sensor or a
port mounted pressure sensor. The combustion force
may be measured by the pressure sensor 12 at each
power stroke of piston 52 or at every certain number of
power strokes of piston 52.

A plurality of pressure signals from the pressure sen-
sor 12 are fed into the high-speed analog to digital con-
verter 14 of the control system 10 and the resulting
signal is read by the apparatus for calculating the real-
time work output of the engine, such as a digital signal
processor (“DSP”) 16. The DSP uses the signals from
the converter 14 and any additional signals received
from a high-accuracy crankshaft encoder 18, when such
an encoder device is included in the engine 20, to calcu-
late the indicated mean effective pressure (“IMEP”) of
the combustion chamber 58, as required by Step 2-2.
IMEP is an accurate approximation of the real-time
work output of the engine 20. The DSP 16 also uses
pressure sensor 12 signals to detect engine knock, mis-
fire, and peak pressure position data.

The DSP 16 calculates the IMEP by using the equa-
tion :

IMEP= [ (Pdv)

where P is combustion chamber 58 pressure and dv is
the change in combustion chamber 58 volume. Alterna-
tively, the DSP 16 can calculate the real-time work
output of the engine by calculating the mean effective
pressure (“MEP”) of the combustion chamber 58, by
using a plurality of torque readings from a torque sensor
68 using the equation

MEP=27 T/Vd

assuming a 4-stroke engine, where T is the engine
torque, and Vd is the displaced volume of the engine.

The combustion force can also be measured by a
speed fluctuation sensor (not shown, but similar to the
crankshaft encoder 18) and a plurality of its readings
can be used to calculate the MEP of the engine 20 by
the equation

MEP « I A;’ )/Vn
where I is the engine inertia, Aw is the fluctuation in
engine speed and Vn is the stroke displacement.
Additional engine sensors are included in the adapt-
ive control system 10 of the invention. For example,
these sensors may include an air mass flow sensor 22,
intake manifold absolute pressure sensor 26, engine
coolant temperature sensor 28, and exhaust gas oxygen
sensor 30. A special accelerator pedal position sensor 24
can also be included to provide driver inputs beyond
wide open throttle when the engine 20 operates at a
highly dilute fuel-air mixture. The accelerator pedal
position sensor allows the control system 10 to reduce
dilution and provide increased power output by allow-
ing a richer fuel-air mixture into the combustion cham-
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ber 58. The accelerator pedal position sensor would be
more responsive if the throttie 73 was replaced by a
microprocessor controlled “fly-by-wire” system, in-
cluding the accelerator pedal position sensor 24 and a
throttle plate controller (not shown), which is well
known in the automobile industry. Signals from sensors
22-30 are read through a low-speed muitiplexed analog
to digital converter 32 and fed into a microprocessor 34
of the control system 10, as required by Step 2-3 of FIG.
2.

The microprocessor 34 uses these sensor signals to
control an idle air control driver 36 and an air valve 38,
the fuel injector driver 40 and a fuel injector 42, and the
ignition system 44 and at least one spark plug 46. The
ignition system 44 may be a high powered ignition sys-
tem that would allow for a more complete ignition of
highly dilute fuel-air mixtures. Such an ignition system
could also optimize spark timing to provide maximum
brake torque timing or peak pressure at approximately
fifteen degrees after top center of the piston 52 to fur-
ther optimize combustion. The micro processor 34 also
controls flow of exhaust gas through an exhaust gas
recirculation manifold 74, using an EGR driver 78, and
EGR motor 76, to accurately adjust the EGR valve 75.

The apparatus for controlling the variable dilution of
the fuel-air mixture includes a compensator 70 for com-
paring the real-time work output, accurately approxi-
mated by IMEP or MEP, of the engine 20 and addi-
tional engine parameters, as read by sensors 22-30, via
the microprocessor bus 72, to an adaptive optimizing
control model programmed into the compensator 70, as
shown by Step 2-4 of FIG. 2. The adaptive optimizing
control model is dependent upon the type of vehicle
(not shown) utilizing the adaptive control system 10 and
is achieved through experimentation with such type of
vehicle to determine the optimum operating parameters
for maximum engine efficiencies and minimum emis-
sions.

More specifically, the compensator 70, in conjunction
with the adaptive optimizing control model, calculates
the required dilution by utilizing predetermined effi-
ciency and stability coefficients. The efficiency coeffici-
ent (“EC”) is used to make decisions regarding tra-
deoffs between engine efficiency and minimum emis-
sions. The stability coefficient (“SC”) is used to make
decisions as to the extent that desired work output can
be reduced while maintaining driveability of the vehi-
cle. Both coefficients are mapped within the adaptive
optimizing control model in a speed-load matrix to
allow each coefficient to be varied at different engine
operating points.

The SC is determined using empirical data from base
line testing of the particular engine incorporating the
control system 10. For example, the SC is based upon
the coefficient of variation (COV) of IMEP. Thus,

COVimep (%)=standard deviation of IMEP)/mean
(MEP) x 100.

Typically, as the dilution of the fuel-air mixture is
increased, the COV increases. This is tolerable until the
COV exceeds approximately 5 to 10 percent. It is well
known in the automotive industry that as the EGR rate
increases, the COV increases at both moderate and fast
burn rates. In addition, as EGR is increased, NOx emis-
sions are reduced, but eventually the selected operating
limit or limits are reached. The value used for the SC
will initially be set to a minimum value to obtain the best
possible stability and driveability. As the compensator
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70 is tested, the SC value may need to be varied to allow
for further reductions in NOx emissions at certain oper-
ating points.

The EC for the control system 10 is a ratio from 1.0
to 0.0, where 1.0 instructs the compensator 70 to maxi-
mize efficiency by diluting only with excess air, and a
value of 0.0 instructs the compensator 70 to minimize
emissions by dilution with only exhaust gas. The EC is
initially set at 1.0, and as the compensator 70 is tested,
the EC value may need to be decreased so that the
control system 10 may further reduce emissions at cer-
tain operating points. ;

Obtaining the proper adaptive optimizing control
model, stability coefficients, and efficiency coefficients
to pass federal emissions requirements for at least the
first 100,000 miles requires testing of specific engine and
drivetrain combinations. However, with proper re-
search, it is possible to develop an adaptive optimizing
control model that could adapt to different engines and
drivetrains.

Step 2-5 of FIG. 2 shows that the compensator 70
then calculates the desired work output, or desired
IMEP or MEP, that meets the desired emissions and
efficiency criterion associated with the calculated
IMEP or MEP, and other engine parameters read by
sensors such as engine sensors 22-30. After the desired
work output is calculated, the compensator 70 calcu-
lates the dilution and the air/fuel ratio required to
achieve the desired work output, as shown in Steps 2-6
and 2-7. Step 2-8 indicates that the compensator 70 of
the microprocessor 34 sends a signal to the fuel injec-
tion drivers 40 to set the fuel injection duration neces-
sary for the desired work output. If additional dilution is
required, as shown in Step 2-9, the compensator 70 of
the microprocessor 34 will send a signal to the EGR
driver 78 to adjust the EGR valve 75, as described in
Step 2-10, so as to allow the necessary exhaust into the
intake manifold 64. It is noted that fuel-air mixture dilu-
tion may be accomplished by either adjusting the fuel
injector 42 or the EGR valve 75, or both.

Further efficiencies and reduced emissions can also
be achieved by using stepper motor control of the EGR
valve 75 to provide precise EGR metering. And, the
microprocessor 34 can also calculate fuel consumption
for increased engine optimization. A lean combustion
oxygen sensor 30 may be included in the control system
10 to confirm the changes in dilution and to provide a
back-up control for fuel-air mixture dilution in the event
of compensator 70 failure.

To maintain maximum efficiency for a specific engine
load the compensator 70 will increase the air/fuel ratio
as needed. If further reductions in NOx are required, as
determined by the compensator 70, EGR will be in-
creased via EGR valve 75. If the IMEP of the engine
becomes erratic, or reduces to less than zero, then mis-
fire is occurring due to high levels of dilution. At that
point the dilution must be reduced to maintain proper
driveability of the vehicle. For specific engine load
conditions, it may not be possible to provide the desired
work output with a lean air/fuel ratio due to lack of
driveability. At that point the compensator 70 will re-
turn the fuel-air mixture 43 to a stoichiometric mixture
and adjust dilution only with EGR. As maximum work
output is required, EGR will be reduced to a minimum
or zero level. To maintain low emissions at all times, it
may be necessary to reduce the maximum work output









