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ELECTRONIC CONTROL OF ENGINE FUEL
INJECTION BASED ON ENGINE DUTY CYCLE

TECHNICAL FIELD

The invention relates to fuel injection systems and,
particularly to controls for fuel injectors based on en-
gine operating conditions. In particular, in accordance
with the present invention, based on the engine duty
cycle or the operating history of the engine, the fuel
injection timing and/or quantity of fuel is controlled in
a manner which accommodates changing from one
operating mode or set of conditions to another.

BACKGROUND

Electronic fuel injection systems are well known in
the art. Generally, the electronic control is utilized to
determined the appropriate amount of fuel which is
injected, as well as the appropriate timing of the injec-
tion for most effective combustion of the injected quan-
tity. An electronic control module receives information
from various sensors which indicate the engine operat-
ing conditions, for example, the operator’s request
(throttle position), the vehicle speed, intake manifold
pressure, etc., and the amount of fuel is determined
based upon the received information. The appropriate
injection timing is also determined by the control mod-
ule based upon various operating conditions including
(in addition to those mentioned above) the fuel quantity
(fueling) to be injected. The fueling and timing are up-
dated periodically to correct or adjust the timing as the
operating conditions change. Typically, the electronic
control unit also includes maximum limits for timing
and fueling to ensure that the maximum rated loads of
various engine components are not exceeded.

It is constantly a goal to provide an improved control
system for engine fueling (i.e., fuel quantity) and timing
to make most efficient use of the fuel injected, thereby
improving the fuel economy. In addition, it is extremely
important to control fueling and timing to minimize
exhaust pollutants and meet increasingly stringent emis-
sions standards. Proper fueling and timing is also neces-
sary to prevent engine overloads thereby avoiding re-
pairs and improving the durability of the engine.

U.S. Pat. No. 4,379,332 to Busser et al. discloses an
electronic fuel injection system in which a plurality of
sensors provide operating information to an electronic
control unit, which then computes the fueling and tim-
ing operation of the fuel injectors. In determining the
fuel quantity parameter, the lesser of a full load fuel
quantity and a percent load fuel quantity is selected,
with the percent load fuel quantity determined by the
sum of a proportional component and an integral com-
ponent. The proportional component is calculated as a
function of the actual engine speed and a commanded
engine speed, and the integral component is related to a
cumulative speed error, with the speed error defined as
the difference between the commanded speed and ac-
tual speed signals. The timing is obtained by summing
first and second quantities, one of which is a function of
the actual engine speed and the calculated fuel quantity,
and the other is a function of air temperature. The
above proportional components, full load quantity, and
first and second timing quantities utilize two or three
dimensional surfaces (graphs or maps) which are inter-
polated for various inputs of the electronic contro! unit.
Thus, Busser et al. perform a series of computations and
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2
combine calculated and mapped values to arrive at final
calculated fuel injection quantity and timing values.

Often, it is difficult, if not impossible, to utilize com-
plex computations to achieve the most desirable fueling
and timing for a wide range of operating conditions,
particularly where emissions standards, fuel economy
and engine durability are important concerns The pri-
mary difficuity in utilizing formulae for calculating
fueling and timing resides in deriving a mathematical
relation which accurately models actual engine opera-
tion, and which can accommodate or evaluate trade offs
associated with economy, performance, emissions and
durability requirements. The use of three dimensional
graphs, maps or look-up charts can be particularly use-
ful where it is desired to select fueling and timing values
which are empirically known to be particularly suitable
for various sets of operating conditions. Utilizing maps
or tables, the engine fueling and timing can be selected
based upon known values which more optimally
achieve certain characteristics, e.g. performance, while
operating within other restraining characteristics, e.g.
emissions or economy. However, even utilizing maps or
tables, it is extremely difficult to include all possible sets
of operating conditions or to consider all factors rele-
vant to controlling fuel injection.

U.S. Pat. No. 4,368,705 to Stevenson et al. discloses
an engine control system in which a series of maps are
utilized to control the timing, with the map selection
based on the mode of operation of the engine. A timing
map selector is provided which receives signals from
various engine sensors and in response, selects a particu-
lar map for control of the timing. The timing is then
determined for the corresponding operating conditions
within the selected mapped timing relation. Thus, a
wider range of conditions or situations can be consid-
ered since separate maps are provided for different
operating modes.

In Stevenson et al., basically four operating maps are
provided. One map is utilized for initial engine opera-
tion to accommodate for operation of a cold engine. A
transient map is selected where the operator has made a
substantial change in the throttle position indicating the
operator desires significant acceleration or deceleration.
In addition, urban and highway maps are also provided.

However, the control system required for selecting a
particular map can be extremely complicated and it is
possible that certain conditions or driving habits could
cause an erroneous map selection. For example, in Ste-
venson et al. an urban condition detector generates a
signal upon concurrence of a throttle position change
signal and an engine speed change signal, and the signals
from the urban condition detector are then counted. If
the count exceeds a predetermined number during a
preset time period, an urban driving map is selected. A
highway map is selected where the count is below the
predetermined number. A nervous or fidgety driver
may often change speeds and throttle positions even
during highway driving, yet due to the urban detector,
an urban driving map may be selected.

Another difficulty with the Stevenson et al. arrange-
ment is that a slight change in operating conditions may
change the selected map which may cause a more dra-
matic change in the performance or response of the
engine than the change in conditions would warrant.
For example, where the count (by the urban detector)
of concurrent speed change and throttle position
change shifts from just below the predetermined num-
ber to just above the predetermined number, a signifi-
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cant change in the performance or response of the en-
gine could result (as the selected map changes) from
only a small change in engine operating conditions or
commands by the driver.

Whether a single map or a plurality of maps is uti-
lized, each map must accommodate a range of condi-
tions. For example in Stevenson et al., the highway/ur-
ban maps must accommodate speed change conditions
for the ranges on either side of the predetermined count
number, and the maps must therefore be somewhat
conservative in approaching performance limits to ac-
commodate constraints with regard to durability, econ-
omy or emissions. Thus, while the use of several maps is
advantageous in that additional factors may be ac-
counted for in selecting a map which is more desirable
for a determined mode of operation, each map must
nevertheless accommodate a range of conditions within
a particular mode. Furthermore, a small change in the
operating conditions may result in a determination that
the operational mode has changed resulting in a magni-
tude of response which is larger than the actual change
of operation.

As an illustration of the difficulty in accommodating
numerous different conditions and in selecting a correct
map, in determining whether the transient map is to be
utilized, the selector in Stevenson et al. simply deter-
mines whether a dramatic change has been requested,
not the magnitude of the change or its relation to previ-
ous engine operation (i.e., how the present operating
conditions compare to operating conditions over a re-
cent period of time). Thus, as long as the change is
above a certain predetermined value, such that it is
“dramatic,”” the response in selecting the transient
mapped values is the same regardless of how *“dra-
matic” or extreme the change is. Where the change is
only slightly below the predetermined value, the condi-
tion is treated as non-transient, even though it may be
very similar to conditions where the change is just
above the predetermined *‘dramatic” value which is
handled by the transient map.

Further, in Stevenson et al., the transient map is se-
lected only for a large or substantial change in throttle
position, and the urban map is selected only where
speed and throttle position change concurrently in suffi-
cient frequency. The steady highway map is selected
where throttle position change is not substantial, and
where throttle changes. are not accompanied by speed
changes of sufficient frequency. However, such a cate-
gorization by the map selector may result in selection of
an urban condition map where the operator has
changed the throttle position to accommodate for up-
grades and downgrades if it is accompanied by a con-
current speed change, even though such a condition
might more appropriately be treated as transient or
highway. In addition, a somewhat transient condition
may exist even when the throttle position is constant,
for example where the speed changes significantly as a
result of upgrades and downgrades, however the tran-
sient map would not be selected, since in Stevenson et
al. only a substantial change in throttle position is uti-
lized as a basis for selecting the transient map.

As demonstrated above, complicated systems have
been developed for controlling fuel injection to accom-
modate a variety of operating conditions. However, it
continues to be a goal to develop improved systems for
controlling fuel injection which can react to a wide
range of operating conditions, such that most effective
use can be made of the fuel while providing more opti-
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mal operation considering durability, performance,
emissions and economy requirements.

SUMMARY AND OBJECTS OF THE
INVENTION

1t is therefore an object of the present invention to
provide an improved electronic control system for con-
trolling fuel injection which controls the fuel quantity
and/or timing in response to a wide range of operating
conditions.

It is another object of the invention to provide an
electronically controlled fuel injection system which
utilizes a four dimensional map system. In particular, it
is an object of the present invention to select fuel injec-
tion values, for example, to control timing, in which
values are selected from at least two three-dimensional
maps in response to a plurality of sensed conditions. A
control variable is also calculated and utilized to inter-
polate between the values obtained from the two maps,
such that the control variable essentially acts as a fourth
dimensional variable.

It is a further object of the present invention to pro-
vide a fuel injection control system in which the timing
is adjusted to accommodate for transient conditions,
with both speed and fueling changes considered as fac-
tors in determining the amount of adjustment for a tran-
sient state.

It is another object of the invention to provide a fuel
injection control system in which the magnitude of
speed and/or fueling changes can be considered in de-
termining the amount of timing adjustment as compared
to a steady state condition.

It is a still further object of the present invention to
provide a fuel injection control system in which infor-
mation regarding the speed and/or fueling over a previ-
ous period of time is utilized in determining the timing
or timing change from a steady state condition. In par-
ticular, averaged timing and/or fueling values are cal-
culated for a previous predetermined time interval, and
compared with a present speed and/or fueling value to
provide speed difference and/or fueling difference val-
ues. After a change in conditions, the average value
(which continues to be updated) lags behind the instan-
taneous value such that not only is the instantaneous
magnitude of the change taken into consideration, but
also the amount of time it has been since such a change
has taken place. Thus, in accordance with the present
invention, recent operating history is considered in
determining the degree of transience.

It is yet another object of the present invention to
provide a fuel injection control system in which the
timing is determined with reference to steady state and
transient timing maps, with the timing value selected by
interpolating between the steady state and transient
timing maps based upon the degree of transience.

As a further object of the present invention, a vari-
able representative of the degree of transience is deter-
mined based upon one or both of fueling and speed
changes, with the changes evaluated based upon a com-
parison of the present fueling and speed data with speed
and fueling data of the recent engine operating history
(i.e., the averaged data over a preceding period of time).

These and other objects and advantages are achieved
in accordance with the present invention in which an
injection timing value is selected utilizing a pair of
three-dimensional maps. In particular, the engine speed
and fueling are utilized as inputs for each of the maps,
and timing value is then derived from each map for the
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speed and fueling values The timing value represents
the time relative to top dead center (TDC) at which the
injector solenoid closes, which in turn determines the
time at which fuel is injected. The timing is deter-
mined/measured in terms of angular positioning of the
camshaft or crankshaft.

In a preferred embodiment, one timing map is utilized
to correspond to steady state operation, and another is
utilized to correspond to more transient conditions. The
actual timing value which is utilized is dependent upon
a control variable which represents the degree of tran-
sience of the present operating conditions. In particular,
the control variable is determined, and utilized as an
interpolating factor which varies between zero and one,
with one representing the steady state operation for
which the steady state map value is utilized; zero repre-
senting transient conditions for which the transient map
is utilized; and values between zero and one utilized to
interpolate between the steady state and transient val-
ues.

The control variable is determined based upon
changes in the engine speed and/or changes in the fuel-
ing (fuel quantity). The speed and/or fueling changes
utilized for determining the control variable depend not
only upon the magnitude of the changes, but also the
amount of time which has elapsed since a speed and/or
fueling change has occurred. In particular, the instanta-
neous fueling and/or speed is compared with an aver-
age of fueling and speed values representing the recent
operating history of the engine. Since the average va-
lue(s) will gradually move to the new value for speed
and fueling, the difference will gradually diminish, such
that upon a change from one operating condition to
another, initially a larger transient indication will be
provided. However, after operating at the new operat-
ing conditions, the average will gradually assume that
of the new operating condition(s) and the control vari-
able correspondingly moves toward one (i.e., where the
change is from one substantially steady operating condi-
tion to a second substantially steady operating condi-
tion).

For example, if an engine has been operating steadily
at 1,000 rpm, and suddenly shifts to 2,000 rpm, the initial
speed difference will be 1,000 rpm. The speed differ-
ence can then be utilized to select a control variable
which is then utilized for interpolating between the
steady state and transient maps to provide fueling and-
/or timing commands to control fuel injection. If the
speed then remains at 2,000 rpm over a period of time,
the average speed will gradually rise to 2,000, such that
the speed difference will become zero and the timing
value gradually returns to the steady state map. Thus, in
response to a transient condition, for example a sudden
change of speed, the timing is adjusted in consideration
of not only the magnitude of the speed change, but also
as to the time elapsed since the speed change occurred.
In the present invention, a greater accommodation fora
transient condition is provided as soon as the transient
condition occurs, and, as a result of the averaging, the
shift towards the steady state map is gradual rather than
sudden. In addition, the amount of change in the timing
value in response to a transient state depends upon the
magnitude of the change (e.g., the magnitude of a speed
difference, for example), with a greater response (i.e.
more toward the transient map) for larger changes in
fueling and/or speed.

The control variable can be selected from a two di-
mensional map, with the speed difference as the first
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dimension input and the control variable as the second
dimension output. In addition, the control variable may
be selected from a three dimensional map if desired,
with the control variable selected based upon both a
speed difference and a fueling difference. The fueling
difference is obtained in a manner similar to the speed
difference, with the current fueling compared with the
averaged fueling over a previous predetermined period.
Thus, by using the control variable in interpolating
between steady and transient maps, not only can both
fueling and timing changes be considered, but also their
magnitudes and the time elapsed since the change(s)
have occurred. As a result, a distinction may be made
between situations where fueling is constant while
speed increases rapidly (for example, in a downhill situ-
ation) as compared to a situation where a speed increase
is accompanied by an increase in the fueling. Even
where a two-dimensional map is utilized, the present
invention can realize advantages in utilizing magnitude
and time considerations in determining the response to a
transient condition. The base value for the fueling can
also be determined utilizing a two map system, with the
fueling value interpolated between the maps depending
upon a control variable, with the control variable se-
lected based upon speed differences and/or fueling
differences.

Other objects and advantages of the present invention
will become apparent from the following detailed de-
scription when read in conjunction with the drawings,
in which.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates an electronically con-
trolled fuel injection system.

FIG. 2A and 2B are flow diagrams showing the basic
logic utilized in determining timing and fueling values.

FIGS. 3A and 3B illustrate graphs representing the
use of a pair of maps or tables for timing and fueling
values.

FIG. 4 illustrates a map for selecting the control
variable which is utilized for interpolating between
maps of FIGS. 3A and 3B.

FIG. 5 is a flow diagram illustrating the logic for
selecting the control variable.

FIG. 6 shows a map of a variety of engine operating
modes and illustrates the dependence of the control
variable on the operating mode.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

FIG. 1 schematically depicts the major components
of an electronically controlled fuel injection system.
For illustrative purposes, only one fuel injector 42 is
shown, however, it is to be understood that least one
injector is provided for each cylinder. The system in-
cludes a control system 10 which includes the control
logic and associated injector circuitry. The control
system controls injection for a standard compression
ignition or diesel engine 12 which includes an engine
block 14 and a plurality of cylinders, as shown for exam-
ple at 16. A piston 18 is reciprocable within the cylinder
16, with the piston connected in driving relation to a
crankshaft 20. The connection is effected by a rod 22
coupled to a crank 24 mounted on the crankshaft 20.
The rate at which the piston 18 reciprocates within the
cylinder 16 is directly related to the angular velocity or
rpm of the crankshaft 20.






























