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[57]

Integrated control of internal combustion engine fueling
including control of fuel injectors and control of purge valve
position to vary the rate at which fuel vapor trapped in a
canister is purged to an engine intake manifold, determines
the mass of purge vapor reaching the intake manifold,
estimates the mass of purge vapor reaching each engine
cylinder, and adjusts the engine cylinder fuel injection mass
in response thereto to provide an accurate overall cylinder
fueling insensitive to the purge rate, allowing the purge
control operations to be aggressively driven while ambitious
cylinder air/fuel ratio standards are maintained. Feedforward
purge control proactively adjusts purge control commands in
response to desired cylinder purge mass and to purge vapor
flow dynamics and feedback purge control trims the purge
control commands in response to a difference between the
desired cylinder purge mass and estimated cylinder purge
mass.

ABSTRACT

8 Claims, 4 Drawing Sheets

PURGE

1

VALVE
Wres i 48 h 12
/ S/
PRESSURE 52 1
SENSOR 8
Pv 18 — _—10
DRIVERS 24
42 | o
DEVICE
‘ﬂ 36
CHARCOAL
CANISTER FUEL SUPPLY CONTROLLER EOS
/ / | mAP

[ “

40 50



5,596,972

Sheet 1 of 4

Jan. 28, 1997

U.S. Patent

T "OId

d

09

dviN

SO3

WNdH

82 .
3A0IA3Q 9z '

INFWLYIHL 1 B8E

DILATVLIYD =h

ANIONT
ve 1
ol \]rw IT 8l
]! \ ﬁ
2l [ 0e

Mdd

EEra

7/

HITOYINOD

SHOLDArNI

Mdd

\vm

ov

)

4

Alddns 13nd

/

HI1SINVO
TVOJOHVYHO

14

saI(Y)

HOSNIS |/

SHIAHA
Ad
26 HOSN3S
F4NSS3Hd
gy —
INVA
I9HNd

\

44

HOdVA |

\

144

-



5,596,972

Sheet 2 of 4

Jan. 28, 1997

U.S. Patent

4

HITIOHLINOD 39HNd HALSINVO

1 |
| |
\NN i o - §
4 _ [
INTVA " _
ge 39HNd ! HH3 m
\ . o:\l HITIOHINOD Id | |1
1
SHOLOANNI —A | !
aERE BN 1103 i d ozl 8lLL 9Ll m
! /~ ™ N\ _
U | [ woLwwitsa SOINYNAQ HOLYINO WO !
SHIAEQ URTI JIVIS | 1HOJSNVHL | MO14 SSYN |= !
Mdd \ dd AQv3LS [1AOW | alodiNviN [dVANYW | Jound !
i
i [ |
s S R A S —— L, |
] l}
fury L Ad dvN Ad AL | "
baimd Ad | m
| 1
| ] i
401035400 HOLVHINTD |« ! aﬂmﬁ_\,.\_mm_w%m i
1and + = ONVWNOD T3nd | Wdd _“ !
do0O1-a3soT10, |PMd omd dOOT-N3dO , *—om | I
# ,/ A dviN b ___1
2ol 0oL Ad WdH dvW Ad

SO4



U.S. Patent Jan. 28, 1997 Sheet 3 of 4 5,596,972

(CYLINDER EVENT ——— 146

[ READINPUTSIGNALS J}— 148

|
[ DETERMINE Pv l_—150

]
CALCULATE CURRENT DESIRED PURGE | —132
PULSE WIDTH PWd AND PREDICT PWd( K+1)

1
| PURGE FEEDBACK CONTROL }——154

[ PURGE FEEDFORWARD CONTROL ——156

158
CALCULATE PURGE DUTY CYCLE
COMMAND Pdc I
¥
ESTIMATE PURGE FUEL | ___—160
PULSE WIDTH PFest

!

162
DETERMINE REQUIRED FUEL
PULSE WIDTH PWreq 1+

Y 164
[CALCULATE INJECTOR COMMAND FPW |
166
[GUTPUT Pdc, FPW COMMANDS 1—

\
(RETURND— 168

FI1G. 3

(PURGE FEEDBACK CONTROLY 180

|  ERR «P\tVd - PFest 182
[ REFERENCE CONTROL GAINS 184
[ FBDC <—Ki/EIgH +Kp *ERR 4166

RETURN 188

FIG. 4



U.S. Patent Jan. 28, 1997 Sheet 4 of 4 5,596,972

PURGE FEEDFORWARD 200
CONTROL
202
[ CALCULATE FFDC = f (MAP, RPM, Pv, 8V) +/

LIMIT FFDC

204

206

FIG. 5

ESTIMATE PURGE FUEL 220
PULSE WIDTH
1

CALCULATE MASS FLOW RATE OF TOTAL /—222
PURGE FLOW TO ENGINE, Mp N

1

CALCULATE MASS FLOW RATE OF PURGE 224
FUEL VAPOR TO INTAKE MANIFOLD, MANVAP

!

APPLY MANIFOLD TRANSPORT DYNAMICS TO DETERMINE | 226
PURGE FUEL MASS FLOW RATE TO CYLINDERS, MCYL

!

'| GENERATE PURGE FUEL MASS IN ONE _— 228
CYLINDER AT STEADY STATE, CYLVAP -

!

CONVERT TO EQUIVALENT 4—230
INJECTOR PULSE WIDTH, PFest

RETURN 282

FIG. 6

DETERMINE REQUIRED 250
FUEL PULSE PULSE WIDTH

Y

252
[REFERENCE OPEN LOOP FUEL COMMAND PWol

READ EOS 254

| GENERATE CLOSED-LOOP FUEL COMMAND PWcl}—"

[ PWreq = PWol + PWel 4~ 258

FIG. 7 >

256




5,596,972

1
INTEGRATED FUELING CONTROL

FIELD OF THE INVENTION

This invention relates to automotive internal combustion
engine fueling control and, more particularly, to engine fuel
delivery control integrating control of canister purge and
control of cylinder fuel injection.

BACKGROUND OF THE INVENTION

Automotive evaporative emissions control systems are
known in which fuel vapor from a fuel supply are trapped in
a charcoal canister so as to not be released to the atmosphere.
Fuel vapors can be rapidly generated under severe automo-
tive vehicle operating conditions. The canister should be
maintained in a condition providing for capture of even
rapidly generated fuel vapors by periodically purging the
vapors trapped therein. Canister purge may be provided by
applying engine intake manifold vacuum to the canister to
draw the trapped vapor out of the canister and into the
engine intake manifold where it is combined with engine
intake air. The purged vapor has a significant effect on
engine air/fuel ratio, and can perturb air/fuel ratio away from
a desirable ratio, reducing engine performance and increas-
ing engine emissions. Accordingly, it has been proposed to
control the purge rate by positioning a purge valve in the
vapor conduit between the engine intake manifold and the
canister and controlling the valve position. It has further
been proposed to reduce the purge rate when the purge vapor
may be influencing negatively engine air/fuel ratio. For
example, the engine air/fuel ratio may be determined as a
function of the oxygen content in engine exhaust gas. If the
determined air/fuel ratio deviates appreciably away from a
desired air/fuel ratio, purge rate may be adjusted. Accord-
ingly, maintenance of the canister can be compromised by
other engine control operations. Further, the correction in
purge rate is only made reactively, after the air/fuel ratio
deviation and the corresponding emissions and performance
penalties have been incurred. Under conditions in which
purge rate, engine intake air rate, or engine fueling rate
change rapidly, repeated deviations in air/fuel ratio may
result from such reactive engine air/fuel ratio control.

The concentration and flow of purge vapor can vary
significantly. A single purge valve position command can be
associated with a wide range of actual delivered purge fuel
vapor mass to the engine cylinders. To provide for precision
control of the purge mass actually reaching the engine, it has
been proposed to estimate the purge vapor flow passing
between the canister and the engine based on a measurement
of vapor concentration, and to adjust purge valve position in
response thereto. However, vapor flow rate is dependent on
vapor concentration and can vary significantly depending on
variation in flow restrictiveness and during engine transient
maneuvers. Estimates of purge flow rate fail to account for
such factors as varying restrictiveness of the purge line, and
certain transient conditions. Further, the mass of fuel vapor
reaching the engine, such as the engine intake manifold, may
not correspond exactly to the mass of fuel vapor actually
reaching the engine cylinders due, for example, to vapor
transport dynamics in the engine. As a result, the mass of
purge vapor entering engine cylinders can only roughly be
approximated. If aggressive purge control is desired, an
engine air/fuel ratio control penalty must then be paid. As
described, closed-loop engine air/fuel ratio control relying
on exhaust gas oxygen sensor information may relieve this
penalty under certain operating conditions. But if precise
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engine air/fuel ratio control is required under all engine
operating conditions, maintenance of the canister may be
compromised by reducing purge rate below that required to
provide a canister with sufficient reserve capacity. Such
compromise can increase system susceptibility to vapor
release to the atmosphere. It has further been proposed to
vary purge rate as a function of engine intake mass airflow
rate, which again can compromise canister maintenance, for
example, by reducing purge rate below a desired rate in
response to changes in engine intake mass airflow rate.
Accordingly, current purge control proposals suffer short-
comings in purge control accuracy, canister maintenance,
and engine air/fuel ratio control accuracy.

It would therefore be desirable to determine the precise
mass of purge fuel vapor entering individual engine cylin-
ders, to correct the purge command in response thereto, and
to provide for cylinder fuel injection in response to the
determined vapor mass entering the cylinders so that accu-
rate engine air/fuel ratio control under all operating condi-
tions need not be compromised by the purge control opera-
tions necessary to maintain a canister capable of trapping
vapors produced under even severe operating conditions.

SUMMARY OF THE INVENTION

The present invention provides a desirable integrated
engine fueling control wherein a precise measure of the
mass of fuel vapor entering each engine cylinder is deter-
mined, the purge rate is adjusted in response thereto, and
engine fuel injector control is proactively adjusted in
response to the precisely measured vapor mass to maintain
accurate purge rate control to an uncompromised desired
purge command without perturbing engine air/fuel ratio
away from a desired ratio.

More specifically, purge vapor concentration and pressure
are directly measured at or near the engine, and the mass rate
of purge fuel vapor determined as a function thereof. A fuel
injector pulse width reduction is determined as a function of
the mass rate so that the total delivered fuel quantity to the
cylinder is precisely that necessary for accurate air/fuel ratio
control. In accord with a further aspect of this invention,
vapor transport dynamics between the engine intake mani-
fold and individual engine cylinders are modeled and the
model applied to the determined mass rate of purge fuel
entering the engine to estimate the flow to individual engine
cylinders. The cylinder fuel injection command is then
reduced by the determined mass rate of purge fuel entering
the corresponding cylinder. In accord with a further aspect
of this invention, the mass rate of purge fuel is fed back to
a closed-loop control which adjusts the purge rate command
applied to the purge valve to drive the actnal mass rate
controllably toward the desired rate. In accord with yet a
further aspect of this invention, a feedforward control
responsive to vapor concentration and purge pressure and
temperature adjusts the purge valve command to that com-
mand necessary to provide a desired purge mass to the
engine in a feedforward arrangement, to proactively account
for vapor flow rate, vapor transport dynamics and concen-
tration variations.

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 schematic of the integrated fuel control
hardware of the preferred embodiment of this invention;
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FIG. 2 is a control diagram illustrating the control process
of the preferred embodiment; and

FIGS. 3-7 are diagrams illustrating a flow of operations
for carrying out the integrated fuel control for the hardware
of FIG. 1.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, internal combustion engine 10
receives intake air through intake air bore 12 in which is
disposed intake air valve 14, such as a conventional throttle
valve for restricting passage of intake air through the intake
air bore 12 to intake manifold 18 downstream of intake air
valve. Intake manifold absolute air pressure is transduced by
pressure transducer 16 into output signal MAP. Engine fuel
pump 36 draws fuel from fuel supply 34 and provides
pressurized fuel to at least one conventional fuel injector 38
which is electronically controlled to meter fuel to engine
cylinder intake passages (not shown).

Fuel vapor evaporating from the fuel supply 34 is guided
through vapor conduit 42 which opens into conventional
high efficiency charcoal canister 40 in which the vapor is
maintained. Purge conduit 20 is provided between intake
manifold 18 and the canister 40. Purge valve 22, such as a
conventional electronically controlled solenoid valve, is
disposed in the purge conduit 20. When the valve 22 is
electrically driven to an open position, the canister 40 is
exposed to intake manifold vacuum, drawing trapped fuel
vapors out of the canister 40, through the conduit 20 and into
intake manifold 18 for mixing with intake air and distribu-
tion via the manifold 18 to engine cylinder intake passages
(not shown) where the mixture of intake air and purged
vapor is further combined with injected fuel for admission to
engine cylinders (not shown). The inventors intend that any
precision vapor control valve mechanization may be pro-
vided in conduit 20 for controlling the passage of purge
vapor to the engine intake manifold 18, including linear
precision solenoid valves, and solenoid valves placed in
parallel vapor paths, both of which parallel paths are open to
the intake manifold 18 on a first end and are open to the
vapor passing out of the canister 40 on a second end
opposing the first end. A mass airflow sensor (not shown) of
a conventional design, such as a commercially-available
thick film or hot wire type mass airflow sensor, may be
provided in intake air bore 12 for transducing the mass of
intake air passing thereby into sensor output signal MAF.

The concentration of the fuel vapor is transduced by
acoustic vapor concentration sensor 44, such as an acoustic
vapor concentration sensor corresponding to the sensor
described in U.S. Pat. No. 5,343,760, assigned to the
assignee of this application, and hereby incorporated herein
by reference. The sensor 44 is positioned in the conduit 20
in proximity to the engine 10 so that the concentration
information provided thereby most closely represents the
concentration of vapor entering the engine intake manifold
18. Generally, the resonant frequency of the sensor 44 is
dependent on the concentration of the particular vapor
resident therein. The purged vapor is passed through a sense
chamber of the sensor 44 and the resonant frequency wres
determined by the sensor signal processing approach as
described in the incorporated reference. The resonant fre-
quency is communicated as the sensor output signal ores, so
that the vapor concentration may be determined as a func-
tion of wres, such as by applying the determined frequency
to the equation (8) of the incorporated reference, to yield
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fuel vapor concentration information. In addition to the
concentration, an estimate of the purge flow rate through the
purge conduit 20 is required, for accurate integrated engine
fueling control, as provided for in accord with this invention.
Accordingly, pressure transducer 48, such as a conventional
pressure transducer generally known in the art, is provided
in conduit 20 for transducing vapor pressure passing through
the conduit 20 into output signal Pv. In an alternative
embodiment of this invention, a flow sensor is provided in
conduit 20 to measure purge flow rate directly.

The mixture of injected fuel, purged vapor and intake air
is admitted to engine cylinders for combustion therein, for
rotating at least one engine output shaft, such as crankshaft
28, having a series of teeth or notches circumferentially
disposed about the shaft. A conventional Hall effect or
variable reluctance sensor 30 is positioned so the teeth or
notches of the crankshaft 28 pass the sensor as the shaft
rotates with sufficient proximity to the sensor to measurably
disrupt the sensor magnetic field. The disruptions may be
transduced into sensor output signals variations provided as
analog signal RPM, which indicates the rate of rotation and
relative position of the crankshaft 28. The frequency of
signal RPM is proportional to the rate of rotation of the
crankshaft (which is also referred to herein as engine speed).
For an N cylinder, four stroke engine, an engine cylinder
event will be detected from the signal RPM for every 720/N
degrees of crankshaft rotation, and a cylinder event interrupt
will be generated indicating the cylinder event. The engine
cylinder combustion products are exhausted out of engine 10
via exhaust gas conduit 24 in which is disposed at least one
zirconia oxide sensor 26 for sensing exhaust gas oxygen
content, and for outputting signal EOS indicating the
exhaust gas oxygen content. Temperature transducer 46,
such as a conventional thermistor or thermocouple is pro-
vided in conduit 20 at a suitable location near the engine 10
to indicate the temperature of vapor passing through conduit
20 and being substantially insensitive to temperature from
other sources. The transducer outputs signal Tv indicating
purge vapor temperature.

Controller 50, such as a conventional sixteen bit micro-
controller of a suitable, commercially available design is
provided including such generally known elements as a
central processing unit, read only memory unit, random
access memory unit, and input/output unit. The controller S0
receives input signals from sensors, including signals cres,
Pv, Tv, RPM, EOS, and MAP, and, through execution of a
series of controller operations, issues a series of control,
diagnostic, and maintenance signals, including actuator
commands and indicator excitation signals, for carrying out
general engine control operations. Such operations include,
in accord with this invention, operations for providing an
integrated control of engine fueling including control of
purge fuel vapor delivery coordinated with control of engine
fuel injectors.

More specifically, controller 50 issues purge control pulse
width command PPW to purge valve driver 52 such as a
conventional current control circuit for driving the solenoid
of purge valve 22 at the duty cycle specified by a command
Pdc, to be described, for precise control of the amount of
fuel vapor delivered to the engine intake manifold 18.
Additionally, fuel injector drive command FPW is output by
controller 50 to fuel injector driver 54 of any conventional
design to issue a timed injector drive current signal to
control the time of opening of individual injectors when
such injectors are to be activated to fuel respective engine
cylinders as is generally understood in the art. The injectors
are positioned to deliver the fuel quantity to the engine
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intake air passages (not shown) to be combined with the
purge fuel vapor quantity and mixed with engine intake air
metered by intake air valve 14, the combination for delivery
to engine cylinders. A precise engine cylinder air/fuel ratio
is provided through the approach of this invention without
compromising efficient and aggressive purge scheduling,
resolving the need for maximum purging of trapped fuel
vapors under extreme driving conditions and the need for
precise engine cylinder air/fuel ratio for maximum engine
emissions treatment efficiency and engine performance, as is
generally understood in the art.

A control structure for carrying out such integrated fuel-
ing control is diagrammed in FIG. 2. The structure includes
a canister purge controller 104 for generating purge valve
commands using feedforward and feedback controllers and
for estimating the actual mass of purge vapor reaching
individual engine cylinders expressed, for convenience in
this embodiment, as an equivalent fuel injector pulse width.
The structure further includes a fuel injector command
generator 100 and corrector 102 and provides for a fuel
injector command reduction to account for the measured
fuel vapor quantity reaching individual engine cylinders.
FIGS. 3-7 provide specific details of the control functions
diagrammed in FIG. 2.

Referring specifically to FIG. 2, a desired purge pulse
width PWd(k) for the current “kth” sampling event, for
driving the purge valve 22, is provided from a schedule of
pulse widths stored in controller read only memory as a
function of current engine operating conditions, such as
indicated by engine speed, engine load, engine temperature,
purge vapor concentration, or as a dynamic function of time.
Pwd(k+1) is also predicted as a desired purge pulse width at
the next sampling event by predicting engine operating
conditions such as intake manifold pressure and engine
speed at the next sampling event, for example as described
in U.S. Pat. No. 5,094,213, assigned to the assignee of this
application. The desired pulse width may be referenced, for
example, from a stored schedule of pulse widths as a
function of the predicted engine operating conditions.
PWd(k) and PWd(k+1) are expressed as pulse widths rep-
resenting the equivalent fuel injector pulse width required to
deliver such an amount of fuel to the engine. Such units of
pulse width provide for correlation of the desired purge with
fuel injector commands for the purpose of the integrated
fueling control of this embodiment. PWd(k) and PWd(k+1)
are provided to feedforward controller 112 for determining
a feedforward purge duty cycle command as a function of
vapor concentration pv, and signals MAP, RPM, and Pv. The
feedforward purge duty cycle command is limited to a
predetermined upper limit value corresponding to a maxi-
mum open position of the solenoid by limiter 114.

An estimate of actual purge provided to the engine, also
expressed as an equivalent to an injector pulse width com-
mand, to be described, is subtracted from PWd to form purge
pulse width error ERR, which is applied to feedback con-
troller 110, such as of a proportional-plus-integral design for
driving ERR controllably toward zero. The PI controller 110
issues control command duty cycle FBDC to be summed
with the output FFDC of feedforward controller 112 and
limiter 114, forming purge valve command signal Pdc, in the
form of a duty cycle command at which to open the purge
valve 22 of FIG. 1 for precision vapor control in accord with
this invention. The command Pdc is applied to purge valve
driver 52 and is also applied to purge mass flow calculator
116 for calculating MANVAP, the mass flow rate of fuel
vapor being purged into the engine intake manifold, as a
function of Tv, Pv, MAP, pv, and Pdc. MANVAP is then
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applied to an intake manifold transport dynamics model 118,
to be described, to determine MCYL, the mass flow rate of
vapor passing from the intake manifold to the engine cyl-
inders, as a function of MANVAP, manifold filling constant
1, and vapor concentration pv. MCYL is applied to steady
state estimator 120 for estimating PFest, the mass of vapor
trapped in an individual cylinder expressed, for conve-
nience, as an equivalent fuel injector pulse width. The steady
state estimator 120 relies on engine speed RPM and a slope
of a fuel injector characteristic curve, Kinj. As described,
PFest is fed back as an estimate of actual cylinder fuel vapor
mass to feedback controller 110 for closed-loop correction
of the purge duty cycle command.

Open loop fuel command generator 100 receives input
signals including MAP and RPM and generates an open loop
fuel command PWol, in the form of an injector pulse width
command, such as may be generated from a calibrated
relationship between engine cylinder intake air mass and
desired engine cylinder air/fuel ratio. Cylinder intake air
mass may be determined using MAP and RPM in a con-
ventional speed density approach or may be measured using
a mass airflow sensor across the engine intake air bore 12
(FIG. 1). Further, in this embodiment, cylinder intake air
mass may be calculated through a model-based approach,
such as that detailed in U.S. Pat. Nos. 5,423,208, 5,293,553,
or 5,094,213, assigned to the assignee of this application.
The desired air/fuel ratio may be the stoichiometric ratio.
Closed-loop fuel corrector 102 receives signal EOS and
determines, through any standard closed-loop fuel control
technique, such as that described in U.S. Pat. No. 4,625,698,
assigned to the assignee of this application, a signed, closed-
loop correction pulse width PWcl, to be combined with
PWol to form a required engine cylinder fuel pulse width
PWreq, representing the amount of fuel required in the
engine cylinder to provide for a desired cylinder air/fuel
ratio. PWreq is reduced by the injector pulse width repre-
sented by PFest, in accord with an important aspect of this
invention, to provide for the desired cylinder air/fuel ratio
without compromising the desired purge schedule. An injec-
tor offset Koff, obtained from the fuel injector mass of fuel
per cylinder versus base pulse width characteristic, is added
to the difference between PWreq and PFest to form the
injector command FPW, which is provided in the form of a
pulse width for application to fuel injector driver 54 for
producing a timed injector drive signal applied to one of the
injectors 38 corresponding to the next cylinder of engine 10
to be fueled, as is generally understood in the art.

The series of operations for carrying out the integrated
fueling control of this embodiment represented by the con-
trol structure of FIG. 2 and using the hardware of FIG. 1 are
illustrated in FIGS. 3-7. Such operations may be periodi-
cally carried out in a step by step manner by controller 50
together with the hardware elements of FIG. 1, while the
engine is operating. For example, following each engine
cylinder event in which an engine cylinder undergoes a
combustion event, or, in an alternative embodiment of this
invention, following passage of a predetermined period of
time, such as about 12.5 milliseconds, a standard controller
interrupt is generated, suspending any ongoing controller
operations so that a series of stored interrupt service opera-
tions may be carried out. The last of such operations include
operations to reset the cylinder event or timer interrupt to
recur at the time of the next cylinder event or timer period,
and operations to resume carrying out of any suspended
operations. The interrupt service operations may include
standard engine intake air control and spark timing control
operations, and standard diagnostic and maintenance opera-















