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(57) Abstract: A method for operating an engine with a fuel reformer is presented. In one embodiment a method for operating an
engine by injecting a gaseous tfuel and a liquid fuel to at least an engine cylinder is presented. The mixture of an engine cylinder
may be diluted with EGR and a fraction of gaseous fuel may be increased relative to a fraction of liquid fuel injected to a cylinder
in response to an operator tip-out.
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METHOD FOR IMPROVING TRANSIENT ENGINE OPERATION

Field
[0001] The present description relates to a method for improving fuel control of
an engine. The method may be particularly useful for controlling fuel to an engine

that may operate using two fuels.

Background and Summary

[0002] An engine may be operated with charge dilution to lower engine emissions
and improve fuel economy. Charge dilution can reduce engine pumping work and
cylinder combustion temperature, thereby improving engine operation. However, if
an engine is operated at a high level of charge dilution and there is a rapid change in
operating conditions (e.g., a change in engine load), the engine may suffer poor
combustion stability and/or misfire, thereby causing poor drivability and/or increasing
engine emissions.

[0003] The inventors herein have recognized the above-mentioned disadvantages
and have developed a method for improving engine operation during transient
operating conditions. One embodiment of the present description includes a method
for operating an engine, comprising: operating an engine by injecting a gaseous fuel
and a liquid fuel to at least an engine cylinder; diluting a mixture of at least an engine
cylinder; and increasing a fraction of gaseous fuel relative to a fraction of liquid fuel
injected to a cylinder in response to an operator tip-out.

[0004] By increasing injection of a gaseous fuel during a transient engine
operating condition it may be possible to reduce engine misfires when the engine is

operating at a higher dilution level. Further, an engine may be operated at higher
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dilution levels to improve fuel economy and emissions, at least under some
conditions, when combustion stability can be improved during transient engine
operating conditions. Increasing combustion stability can reduce the possibility of
poor combustion stability and/or engine misfires, thereby improving drivability and/or
decreasing engine emissions.

[0005] The present description may provide several advantages. Specifically, the
approach may allow an engine to operate at higher charge dilution levels. As such,
engine efficiency may be improved by the following method. Further, the method
may reduce engine emissions during transient operating conditions.

[0006] The above advantages and other advantages, and features of the present
description will be readily apparent from the following Detailed Description when
taken alone or in connection with the accompanying drawings.

[0007] It should be understood that the summary above is provided to introduce in
simplified form a selection of concepts that are further described in the detailed
description. It is not meant to identify key or essential features of the claimed subject
matter, the scope of which is defined uniquely by the claims that follow the detailed
description. Furthermore, the claimed subject matter is not limited to implementations

that solve any disadvantages noted above or in any part of this disclosure.

Brief Description of the Drawings

[0008] The advantages described herein will be more fully understood by reading
an example of an embodiment, referred to herein as the Detailed Description, when
taken alone or with reference to the drawings, wherein:

[0009] Figure 1 is a schematic diagram of an engine;

[0010] Figure 2 is a flow chart for an engine dilution routine;
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[0011] Figure 3 is a flow chart for an engine knock control routine;

[0012] Figure 4 is an example plot of a simulated engine operating map;

[0013] Figure 5 is a simulated example plot of signals of interest operating an
engine by the methods of Fig. 2 and 3;

[0014] Figure 6 is a flow chart for transient engine control with reformate;

[0015] Figure 7 is a simulated example plot of signals of interest of an engine
operating with reformate by the method of Fig. 6;

[0016] Figure 8 is a flow chart for engine air-fuel control with reformate;

[0017] Figure 9 is an example plot of air-fuel related signals of interest operating
an engine with reformate by the method of Fig. §;

[0018] Figure 10 is a flow chart for a reformate prioritization; and

[0019] Figure 11 is an example plot of simulated signals of interest when use of

reformate is prioritized by the method of Fig. 10.

Detailed Description

[0020] The present description is related to operating an engine with a fuel
reformer. In one embodiment, the engine may be configured with variable valve
timing and spark ignition as is illustrated in Fig. 1. The fuel reformer may allow the
engine to operate with higher charge dilution (e.g., leaner or with additional EGR) and
with higher density cylinder mixtures. Figs. 2 and 3 show routines of example
dilution and knock control routines that may be used to take advantage of reformate
produced by the fuel reformer. Figs. 4 and 5 show example engine operating regions
and signals of interest when operating an engine with reformate. Figs. 6-9 show
example routines and engine air-fuel signals of interest when operating an engine with

reformate. Figs. 10-11 show an example routine and engine signals of interest when
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prioritizing reformate use for improving operation of an engine and conserving
reformate.

[0021] Referring to Figure 1, internal combustion engine 10, comprising a
plurality of cylinders, one cylinder of which is shown in Figure 1, is controlled by
electronic engine controller 12. Engine 10 includes combustion chamber 30 and
cylinder walls 32 with piston 36 positioned therein and connected to crankshaft 40.
Combustion chamber 30 is shown communicating with intake manifold 44 and
exhaust manifold 48 via respective intake valve 52 and exhaust valve 54. Each intake
and exhaust valve may be operated by an intake cam 51 and an exhaust cam 53.
Alternatively, one or more of the intake and exhaust valves may be operated by an
electromechanically controlled valve coil and armature assembly. The position of
intake cam 51 may be determined by intake cam sensor 55. The position of exhaust
cam 53 may be determined by exhaust cam sensor 57.

[0022] Intake manifold 44 is also shown coupled to the engine cylinder having
fuel injector 66 coupled thereto for delivering liquid fuel in proportion to the pulse
width of signal FPW from controller 12. Fuel is delivered to fuel injector 66 by a fuel
system including fuel tank 91, fuel pump (not shown), fuel lines (not shown), and fuel
rail (not shown). The engine 10 of Figure 1 is configured such that the fuel is injected
directly into the engine cylinder, which is known to those skilled in the art as direct
injection. Alternatively, liquid fuel may be port injected. Fuel injector 66 is supplied
operating current from driver 68 which responds to controller 12. In addition, intake
manifold 44 is shown communicating with intake plenum 42 via optional electronic
throttle 62. Throttle plate 64 controls the flow of air through electronic throttle 62. In

one example, a low pressure direct injection system may be used, where fuel pressure
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can be raised to approximately 20-30bar. Alternatively, a high pressure, dual stage,
fuel system may be used to generate higher fuel pressures.

[0023] Gaseous fuel may be injected to intake manifold 44 by way of fuel injector
89. In another embodiment, gaseous fuel may be directly injected into cylinder 30.
Gaseous fuel is supplied to fuel injector 89 from storage tank 93 by way of pump 96
and check valve 82. Pump 96 pressurizes gaseous fuel supplied from fuel reformer 97
in storage tank 93. Check valve 82 limits flow of gaseous fuel from storage tank 93 to
fuel reformer 97 when the output of pump the 96 is at a lower pressure than storage
tank 93. Fuel reformer 97 includes catalyst 72 and may further include optional
electrical heater 98 for reforming alcohol supplied from fuel tank 91. Fuel tank 91
may be configured to hold alcohol or a mixture of gasoline and alcohol. In some
embodiments, alcohol may be separated from a gasoline/alcohol mixture before
entering fuel reformer 97. Fuel reformer 97 is shown coupled to the exhaust system
downstream of catalyst 70 and exhaust manifold 48. However, fuel reformer 97 may
be coupled to exhaust manifold 48 and located upstream of catalyst 70. Fuel reformer
97 may use exhaust heat to drive an endothermic dehydrogenation of alcohol supplied
by fuel tank 91 and to promote fuel reformation.

[0024] Distributorless ignition system 88 provides an ignition spark to
combustion chamber 30 via spark plug 92 in response to controller 12. Universal
Exhaust Gas Oxygen (UEGO) sensor 126 is shown coupled to exhaust manifold 48
upstream of catalytic converter 70. Alternatively, a two-state exhaust gas oxygen
sensor may be substituted for UEGO sensor 126.

[0025] Converter 70 can include multiple catalyst bricks, in one example. In
another example, multiple emission control devices, each with multiple bricks, can be

used. Converter 70 can be a three-way type catalyst in one example.
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[0026] Controller 12 is shown in Figure 1 as a conventional microcomputer
including: microprocessor unit 102, input/output ports 104, read-only memory 106,
random access memory 108, keep alive memory 110, and a conventional data bus.
Controller 12 is shown receiving various signals from sensors coupled to engine 10, in
addition to those signals previously discussed, including: engine coolant temperature
(ECT) from temperature sensor 112 coupled to cooling sleeve 114; a position sensor
134 coupled to an accelerator pedal 130 for sensing force applied by foot 132; a
measurement of engine manifold pressure (MAP) from pressure sensor 122 coupled
to intake manifold 44; an engine position sensor from a Hall effect sensor 118 sensing
crankshaft 40 position; a measurement of fuel reformer tank pressure from pressure
sensor 85; a measurement of fuel reformer tank temperature from temperature sensor
87; a measurement of air mass entering the engine from sensor 120; and a
measurement of throttle position from sensor 58. Barometric pressure may also be
sensed (sensor not shown) for processing by controller 12. In a preferred aspect of the
present description, engine position sensor 118 produces a predetermined number of
equally spaced pulses every revolution of the crankshaft from which engine speed
(RPM) can be determined.

[0027] In some embodiments, the engine may be coupled to an electric
motor/battery system in a hybrid vehicle. The hybrid vehicle may have a parallel
configuration, series configuration, or variation or combinations thereof.

[0028] During operation, each cylinder within engine 10 typically undergoes a
four stroke cycle: the cycle includes the intake stroke, compression stroke, expansion
stroke, and exhaust stroke. During the intake stroke, generally, the exhaust valve 54
closes and intake valve 52 opens. Air is introduced into combustion chamber 30 via

intake manifold 44, and piston 36 moves to the bottom of the cylinder so as to
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increase the volume within combustion chamber 30. The position at which piston 36
is near the bottom of the cylinder and at the end of its stroke (e.g. when combustion
chamber 30 is at its largest volume) is typically referred to by those of skill in the art
as bottom dead center (BDC). During the compression stroke, intake valve 52 and
exhaust valve 54 are closed. Piston 36 moves toward the cylinder head so as to
compress the air within combustion chamber 30. The point at which piston 36 is at
the end of its stroke and closest to the cylinder head (e.g. when combustion chamber
30 is at its smallest volume) is typically referred to by those of skill in the art as top
dead center (TDC). In a process hereinafter referred to as injection, fuel is introduced
into the combustion chamber. In a process hereinafter referred to as ignition, the
injected fuel is ignited by known ignition means such as spark plug 92, resulting in
combustion. During the expansion stroke, the expanding gases push piston 36 back to
BDC. Crankshaft 40 converts piston movement into a rotational torque of the
crankshaft. Finally, during the exhaust stroke, the exhaust valve 54 opens to release
the combusted air-fuel mixture to exhaust manifold 48 and the piston returns to TDC.
Note that the above is shown merely as an example, and that intake and exhaust valve
opening and/or closing timings may vary, such as to provide positive or negative
valve overlap, late intake valve closing, or various other examples.

[0029] Referring to Figure 2, a flow chart for an engine dilution control routine is
shown. At 202, routine 200 determines engine operating conditions. Engine
operating conditions may include but are not limited to engine speed; engine load
(e.g., engine load may be expressed at the amount of air charge of engine cylinders
divided by the theoretical maximum air charge that a cylinder may hold at a defined

pressure); ambient temperature, pressure, and humidity; and engine torque request
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(e.g., desired engine torque). Routine 200 proceeds to 204 after engine operating
conditions are determined.

[0030] At 204, routine 200 determines the available amount of reformate (e.g., Ho,
CH4, and CO). In one embodiment, the amount of available reformate may be
determined from the temperature and pressure of a reformate storage tank (e.g.,
element 93 of Fig. 1). Thus, the amount of available reformate may be determined
from the ideal gas law (e.g., pV=nRT where p is the absolute pressure of a gas, V is
the volume of gas, n is the number of moles of the gas, R is the gas constant, and T is
the gas temperature). However, the reformate tank may contain a mixture of
vaporized ethanol and reformate. Therefore, it may be desirable to determine what
fraction of gas held in the reformate tank is vaporized ethanol and what fraction of gas
is reformate and then determine the partial pressures of the gases to determine the
amount of available reformate.

[0031] In one example, the concentration of reformate stored in the reformate tank
may be determined after the engine has been operated solely by injecting liquid fuel
and operating the engine under substantially stoichiometric conditions. In particular,
the amount of reformate stored in the fuel tank may be determined after the engine
controller adapts to air and fuel conditions so that there is substantially no error
between the desired engine air amount and the actual engine air amount, and so that
there is substantially no error between the desired liquid fuel amount and the actual
engine fuel amount. After errors have been adapted out of the control system when
the engine is operated solely with liquid fuel, the engine is operated under
substantially the same stoichiometric conditions. Further, the cylinder air amount is
increased based on the volume of gaseous fuel injected to the engine (note that

gaseous injectors meter gas based on volume rather than mass), assuming the gaseous
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fuel is composed of solely reformate or some other proportion of reformate (e.g., 50%
reformate / 50 % vaporized ethanol). In one embodiment, if the injected gaseous fuel
is comprised solely of reformate, the adjustments of gaseous fuel and cylinder air
amount adjustment result in a substantially stoichiometric air-fuel mixture which is
reflected in the exhaust gas oxygen concentration. During such conditions, an
adaptive fuel control multiplier has a value of 1. Note that the adaptive multiplier is a
multiplier to fuel and/or cylinder air charge that adjusts injector timing and/or throttle
position so that the air-fuel ratios of engine cylinders are substantially stoichiometric.
However, if the injected gaseous fuel is comprised of vaporized ethanol or of a
mixture of vaporized ethanol and reformate, the adaptive fuel control multiplier may
approach a value of 0.33. The adaptive fuel controller may approach 0.33 because the
volume based stoichiometric air-fuel ratio of reformate is three times greater than that
of vaporized ethanol. As a result, the fraction of reformate may be determined from
the adaptive fuel multiplier and interpolating between 0.33 (ethanol) and 1
(reformate). Then the partial pressures of each gas and the ideal gas law may be used
to determine the amount of reformate stored in the reformate tank.

[0032] In an alternative example, the method described in U.S. Patent 6,644,097
may be used to determine the content of the gaseous fuel mixture. After determining
the amount of reformate available, routine 200 proceeds to 206.

[0033] At 206, routine 200 determines the amount of fuel reformer output at the
present operating conditions. In one example, the fuel reformer output may be
determined from empirical data based on the temperature of the fuel reformer and the
flow rate of fuel into or through the fuel reformer. In particular, a map of fuel
reformer output may be stored in memory. The map may be indexed based on fuel

reformer temperature and fuel flow rate into or through the fuel reformer.
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[0034] In one example, the temperature of the fuel reformer may be measured by
a thermocouple or thermistor. In an alternative embodiment, fuel reformer
temperature may be inferred from engine temperature, engine speed, spark timing,
and engine mass flow rate. For example, empirical data representing fuel reformer
temperature may be stored in a table indexed with engine speed and engine mass flow
rate. Data may be extracted from the table and then modified by engine temperature
and engine spark timing. In one example, when engine spark is retarded from
minimum spark for best torque (MBT) or from knock limited spark, fuel reformer
output of reformate may be increased in relation to the number of angular degrees
spark is retarded from MBT or knock limited spark.

[0035] The fuel flow rate to the fuel reformer may be determined by from the duty
cycle of a valve or injector or from the opening duration of a valve or injector that
supplies fuel to the fuel reformer. In an alternative embodiment, the fuel flow rate to
the fuel reformer may be determined from a fuel flow meter. The fuel reformer
output map may then be indexed by the fuel flow rate and the fuel reformer
temperature to determine the rate that the fuel reformer outputs gaseous fuel.

[0036] In an alternative embodiment, the gaseous fuel injector may be deactivated
and the fuel reformer tank pressure may be monitored over a period of time to
establish the rate of pressure rise in the tank, thereby indicating the fuel reformer rate
of gaseous fuel generation. The rate that reformate is produced may be determined
from the rate of pressure change in the reformate storage tank and the ideal gas law.
In particular, V-dp/dt = dn/dt-RT may be solved for dn/dt. Further, as previously
discussed, the partial pressures of reformate and vaporized ethanol may be determined
from an adaptive fuel parameter so that the amount of pressure increase attributable to

reformate may be determined. In this way, the rate of fuel reformer output may be

10
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determined. After the fuel reformer output rate is determined, routine 200 proceeds to
208.

[0037] At 208, routine 200 judges whether the amount of available reformate is an
amount that is less than predetermined first threshold amount of reformate. Since
reformate is stored in a tank, the predetermined amount of reformate may be
expressed as a mass of reformate stored in the reformate storage tank. The mass of
available reformate may be determined based on temperature and the partial pressure
of reformate stored in the reformate storage tank. In one embodiment, the
predetermined amount of reformate is a mass of reformate used to execute one or
more engine operations at a desired rate of reformate use. For example, the
predetermined amount of reformate may be expressed as the mass of reformate used
to accelerate a vehicle at a specified rate for a specified amount of time when the
desired amount of reformate is injected to the engine at present engine operating
conditions. In another example, the predetermined amount of reformate may be
expressed as the mass of reformate used to cold start the engine one or more times
when the desired amount of reformate is injected to the engine. In still another
example, the predetermined amount of reformate may be expressed as the mass of
reformat used to operate the engine at a particular load for a particular amount of time
when the desired amount of reformate is injected to the engine. It should also be
mentioned that the predetermined amount of reformate may vary depending on engine
operating conditions. For example, if ambient temperature is low, the predetermined
amount of reformate may be set to a first level. If ambient temperature is higher, the
predetermined amount of reformate may be set to a second level, the second level

higher than the first level. By adjusting the predetermined amount of reformate to

11
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different levels, it is possible to conserve reformate when ambient temperature is low
when it may be more difficult to produce reformate.

[0038] In one embodiment, a desired amount of reformate at particular engine
operating conditions may be empirically determined based on combustion stability
and engine emissions. Combustion stability and engine emissions may be related to
the state of engine actuators such as EGR valves, camshaft timing, valve lift, fuel
injection timing, engine speed, and engine load. Increasing charge dilution may
increase engine efficiency and produce lower emissions because increased cylinder
charge dilution may lower peak cylinder pressures and permits the engine to operate
with less throttling. However, higher levels of cylinder charge dilution may cause
combustion instability and increased engine emissions. Therefore, a gasoline fueled
engine may be limited to between 5% and 25% dilution to reduce the possibility of
engine misfires and reduced combustion stability. Injecting reformate to engine
cylinders may improve combustion stability such that cylinder charge dilution may be
increased.  Reformate increases combustion flame speed, thereby improving
combustion stability when cylinder contents are highly dilute. Thus, cylinder charge
dilution may be increased when reformate is combusted in engine cylinders as
compared to when an engine is operated solely with gasoline or ethanol. As such,
additional EGR or leaner air-fuel ratios may be tolerated by the engine without a
decrease in combustion stability when reformate is added to cylinder air-fuel
mixtures.

[0039] The desired amount of reformate may be based on an amount of reformate
that provides a specific level of combustion stability and a level of emissions.
Therefore, the amount of reformate combusted by an engine may vary depending on

engine speed and load. In addition, it may be that use of additional reformate further

12
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improves combustion stability and emissions at a first engine operating condition
(e.g., a first engine speed and load); however, it may be desirable to use less reformate
at the first engine operating condition than an amount of reformate that provides a
higher level of combustion stability during some conditions so that fuel economy may
be increased or so that reformate may be conserved for engine operating conditions
where reformate may have greater benefit (e.g., engine operating conditions where
lower amounts or reformate provide greater levels of combustion stability, lower
emissions, and greater fuel economy). Thus, the desired amount of reformate at the
present engine operating conditions may depend on a variety of factors. Therefore,
the desired amount of reformate may be empirically determined and stored in memory
of an engine controller. In one example, the desired amount of reformate is stored in
a table that is indexed by engine speed and load.

[0040] If the available amount of reformate is less than the threshold amount of
reformate at the present engine operating conditions, routine 200 proceeds to 210.
Otherwise, routine 200 proceeds to 220. In another embodiment, if the available
amount of reformate is less than the threshold amount of reformate or if the available
amount of reformate is less than an amount of reformate desired to operate the engine
under the present operating conditions for a predetermined amount of time, routine
200 proceeds to 210. Otherwise, routine 200 proceeds to 220. Thus, in one
embodiment, routine 200 may proceed to 210 if the available amount of reformate is
less than the threshold amount of reformate and if there is less than a predetermined
amount of reformate stored in the reformate storage tank as reserve.

[0041] At 220, routine 200 judges whether or not to conserve reformate at the
present engine operating conditions. In one example, routine 200 may judge to use

less reformate than is presently being produced by the fuel reformer when introducing

13
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additional reformate to the engine air-fuel mixture provides less benefit than an
engine operating condition that provides increased benefits for adding additional
reformate to the cylinder air-fuel mixture. For example, if at low to medium engine
load (e.g., 0.2-0.4) and low engine speed (e.g., 700 RPM), the fuel reformer outputs X
grams of fuel and the engine consumes 0.95-X fuel to provide a desired level of
combustion stability and emissions, 5% of the amount of fuel produced by the fuel
reformer may be added to storage rather than marginally improving combustion
stability and emissions. The 5% may then be used at higher engine speeds and loads
(e.g., 0.35-0.6 load and 1500-3500 RPM) to improve engine emissions and fuel
economy when the engine may use reformate to greater benefit.

[0042] In another example, reformate may be conserved to an amount that a
permits the engine to be restarted one or a predetermined number of times. For
example, if the level of liquid fuel in the liquid fuel tank is below a threshold amount,
the threshold amount a minimum liquid fuel amount where operation of the fuel
reformer is allowed, then reformate stored in the reformate tank may be stored and
used solely for restarting the engine. In another example, reformate may be stored
until the engine is operated above a predetermine engine load when fuel reformer
operating conditions are such that fuel reformer efficiency is low. Thus, reformat
may be stored and used for selected conditions. If routine judges to conserve
reformate, routine 200 proceeds to 222. Otherwise, routine 200 proceeds to 226.
[0043] At 222, routine 200 reduces the amount of reformate injected to the engine
to an amount less than the desired amount of reformate. In one embodiment,
reformate may be reduced by an empirically determined predetermined fraction. For
example, if fuel reformer efficiency is low at the present engine operating condition

and the engine has been operating at the operating condition for more than a

14
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predetermined amount of time, the amount of reformate injected to the engine may be
reduced by a predetermined amount (e.g., 10%, 20%, 50%) to conserve reformate.
Further, the amount that reformate injected to the engine is reduced may be scalable
as engine and fuel reformer operating conditions vary. For example, operating an
engine and fuel reformer at a particular set of operating conditions may initially result
in a reduction of 10% in reformate injected to the engine. However, if the engine and
fuel reformer continue to operate at the same conditions for more than a
predetermined amount of time, the amount of reformate injected to the engine may be
reduced by 20%, for example. Note that the amount of reformate used may be
reduced to zero. Routine 200 proceeds to 224 after the amount of reformate injected
to the engine is decreased.

[0044] At 224, routine 200 adjusts actuators to account for the reduction of
reformate so that combustion stability and engine emissions may not deteriorate more
than a desired amount. Cylinder charge dilution may be reduced by adjusting
camshaft timing (e.g., valve timing), valve lift, and/or EGR valve position. Further,
spark timing and fuel injection timing may also be adjusted in response to reducing
the amount of reformate injected to the engine. Routine 200 proceeds to exit after
adjusting actuators.

[0045] At 226, routine 200 supplies the desired amount of reformate to the engine.
Since it may be judged that there is sufficient reformate to operate the engine as
desired, reformate is injected to the engine at the desired amount. In another example,
it may be desirable under some engine operating conditions to use more reformate
than the desired amount. Under these conditions it is also possible to increase the
amount of reformate injected to the engine to an amount greater than the desired

amount. For example, it may be desirable to extract additional heat from engine
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exhaust during some engine operating conditions to reduce temperatures of exhaust
after treatment devices. By increasing the use of reformate and increasing the amount
of fuel delivered to the fuel reformer, it may be possible to extract additional heat
from engine exhaust. In another example, the amount of gaseous injected to the
engine may be increased to a level greater than the desired reformate flow rate when
the amount of reformate stored in the reformate storage tank exceeds a second
threshold amount. Thus, the amount of reformate stored in the reformate storage tank
may be regulated by injecting additional reformate to the engine when the amount of
stored reformate is greater than a second threshold amount.

[0046] At 228, routine 200 adjusts engine actuators to increase cylinder charge
dilution up to a level where engine combustion stability and emissions are at a desired
level. As discussed at 208, the desired level of charge dilution may be empirically
determined and stored in engine controller memory. Cylinder charge dilution may be
varied by adjusting camshaft timing (e.g., valve timing), valve lift, and EGR valve
position according to engine speed, engine load, and amount or reformate injected to
the engine. Further, during some conditions the amount of reformate consumed may
be increased by retarding cylinder spark advance so that the engine operates less
efficient, during a cold start for example. After adjusting actuator operation to
account for the amount of reformate injected to the engine, routine 200 proceeds to
exit.

[0047] At 210, routine 200 judges whether reformate production is limited by the
amount of liquid fuel in the liquid fuel storage tank. In one embodiment, operation of
the fuel reformer may be limited or inhibited when an amount of liquid fuel in the
liquid fuel storage tank is less than a predetermined level. For example, if the amount

of fuel stored in the liquid fuel storage tank is less than twenty-five percent of storage
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capacity, reformate output may be reduced by ten percent. And, if the amount of fuel
stored in the liquid fuel storage tank is less than twenty percent of storage capacity,
fuel reformer output may be reduced by twenty-five percent. Note that fuel reformer
output may be reduced to zero under some conditions. If routine 200 judges to reduce
the rate of reformate production, routine 200 proceeds to 218. Otherwise, routine 200
proceeds to 212.

[0048] At 212, routine 200 judges whether or not to increase fuel reformer output.
In one example, routine 200 may increase fuel reformer output when engine
efficiency is reduced by less than a predetermined amount at the requested engine
torque demand. Engine efficiency reduction may be estimated based on the amount
of spark retard and by the additional fuel consumed by operating the engine at less
than MBT or knock limited conditions. In one embodiment, engine efficiency loss
may be empirically determined by operating the engine on a dynamometer and
adjusting spark timing while maintaining a desired engine torque by increasing engine
air flow and fuel. The empirically determined efficiency loss may be stored within
engine controller memory and indexed by spark retard, engine speed, and engine load.
When routine 212 judges to increase the amount of reformate produced by the fuel
reformer, routine 200 proceeds to 214. Otherwise, routine 200 proceeds to 214.
[0049] At 214, engine operation is adjusted to increase fuel reformer output. In
one example, routine 200 may increase fuel reformer output by increasing the amount
of liquid fuel (e.g. alcohol) delivered to the fuel reformer. The amount of liquid fuel
delivered to the fuel reformer may be regulated by controlling a pump or by
controlling a position of a valve. Further, fuel reformer output may be increased
during some conditions by increasing engine spark retard and increasing engine air

flow so as to increase the efficiency and temperature of the fuel reformer. After
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adjusting engine operation to increase fuel reformer output routine 200 proceeds to
216.

[0050] At 216, engine actuators are adjusted so that cylinder charge dilution is at a
level less than that which provides a desired level of combustion stability and engine
emissions when the desired amount of reformate is available at the present engine
speed and load. In one embodiment, the state of actuators may be controlled
according to output of one or more actuator tables that contain empirically determined
states for actuators that may be used to adjust cylinder charge dilution. The tables
may be indexed by the amount of reformate injected to the engine, the amount of
available reformate, engine speed, and engine load. Actuator state control tables may
be provided for EGR valves, camshaft timing, and valve lift. After the state of engine
actuators has been adjusted to dilute cylinder charge to a level less than that supported
when the desired amount of reformate is available, routine 200 proceeds to exit.
[0051] At 218, engine actuators are adjusted so that cylinder charge dilution is at a
level less than that which provides a desired level of combustion stability and engine
emissions when the desired amount of reformate is available at the present engine
speed and load. Further, since the amount of reformate may be limited in response to
the amount of available liquid fuel, cylinder charge dilution may be further lowered.
If the amount of reformate injected to the engine is zero, then cylinder charge dilution
is set at a level suitable for gasoline or a mixture of gasoline and alcohol (e.g.,
ethanol). In one embodiment, the state of actuators may be controlled according to
output of one or more actuator tables that contain empirically determined states for
actuators that may be used to adjust cylinder charge dilution. The tables may be
indexed by the amount of available reformate, the amount of reformate injected,

engine speed, and engine load. Actuator state control tables may be provided for
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EGR valves, camshaft timing, and valve lift. After the state of engine actuators has
been adjusted to dilute cylinder charge to a level less than that supported when the
desired amount of reformate is available, routine 200 proceeds to exit.

[0052] Referring now to Fig. 3, a flow chart for an engine knock control routine is
shown. Routine 300 has several elements in common with routine 200 of Fig. 2. In
particular, 202-214 are identical to 302-314. Therefore, the description of these
elements is omitted for the sake of brevity. Further, 220, 226, and 222 are the same as
320, 326, and 322 so the description of these elements is also omitted for brevity.
[0053] Injecting gaseous ethanol or reformate may reduce the tendency for engine
knock (e.g., automatic ignition of end gases after a spark ignition event) because both
alcohol and reformate have higher octane numbers than gasoline. In addition,
reformate has a higher octane number than alcohol. Therefore, cylinders may be
operated under different conditions (e.g., at different pressures) depending on the type
of gaseous fuel that is injected to the engine.

[0054] In one embodiment, cylinder air charge may be increased and spark timing
advanced when gaseous alcohol is solely injected with or without liquid fuel. The
amount of cylinder charge and spark advance that may be tolerated by the engine for a
given fuel charge fraction of alcohol before onset of engine knock may be empirically
determined. For example, an engine may be operated on a dynamometer and engine
air charge may be increased and spark advanced while the fraction of fuel charge
comprising alcohol is held substantially constant until knock ensues. The engine air
amount may then be stored in memory of the engine controller so that cylinder air
amount for a desired fuel fraction of alcohol is known. Cylinder air amount may be
adjusted by opening or closing an air inlet throttle position, adjusting valve timing by

way of a cam indexer, adjusting valve lift, and increasing boost pressure from a
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turbocharger or compressor by way of a vane or waste gate indexer. Further, spark
advance for a given engine or cylinder air amount, and fuel fraction comprising
alcohol, may also be empirically determined and stored in memory.

[0055] Likewise, engine or cylinder air amount and spark advance may be
empirically determined when at least a portion of gaseous fuel injected to the engine
is comprised of reformate. Since reformate has a higher octane number than alcohol,
the engine may be able to tolerate higher cylinder charge amounts and higher cylinder
pressures when reformate is combusted in the cylinders. Accordingly, actuators such
as the throttle, valve timing (e.g., camshaft position), valve lift, and boost pressure
may be set to positions that increase cylinder air charge when the amount of reformate
injected to the engine increases. During some conditions actuators may be adjusted to
increase the cylinder air amount to levels greater than when vaporized alcohol is
injected to engine cylinders.

[0056] At 328, routine 300 adjusts engine actuators to decrease the possibility of
engine knock when the engine is operated with a desired amount of reformate. If it is
determined that a desired amount of reformate is available, then the tendency of the
engine to knock may be reduced by injecting reformate to the engine at higher engine
loads. As such, the engine may be operated with higher cylinder pressures without
inducing knock.

[0057] In one example, the amount of gaseous alcohol or reformate is increased as
the engine torque demand increases. Further, the amount of cylinder air charge may
be increased to a level that supports the desired engine torque. In one example,
cylinder air charge may be increased by adjusting actuators as the fraction of
reformate in the cylinder fuel charge increases. Cylinder air amount may be increased

by increasing a throttle opening area, increasing boost pressure, adjusting intake and
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exhaust valve timing, and/or adjusting valve lift. After adjusting actuator operation to
account for the amount of reformate injected to the engine, routine 300 proceeds to
exit.

[0058] At 324, routine 300 adjusts actuators to limit cylinder air charge to a level
that is less than the level of cylinder air charge when the desired amount of reformate
is available. In one example, at a particular engine speed, the engine load may be
limited in response to the amount of reformate available and to an amount of cylinder
air charge that is less than an amount that may produce a cylinder pressure greater
than a peak cylinder pressure. When less reformate than a desired amount of
reformate is available to inject to engine cylinders, cylinder air charge may be limited
by adjusting actuators that may affect the amount of cylinder air charge. For example,
the throttle opening may be limited to a predetermined amount, boost pressure may be
limited to a predetermined amount, spark advance may be limited to a predetermined
amount, camshaft timing may be limited to a predetermined amount, and valve lift
may be limited to a predetermined amount. In one embodiment, the cylinder air
amount may be limited to an amount related to the available amount of reformate. In
another embodiment, where the gaseous mixture is comprised of reformate and
alcohol, the cylinder air charge may be limited to a predetermined amount that is
related to the fractions of alcohol and reformate comprising the gaseous fuel. For
example, if the amount of reformate in the gaseous mixture is greater than the amount
of alcohol, then the cylinder air charge amount may be limited to a level greater than
if solely liquid fuel is injected to the engine, but less than an amount than when a
desired amount of reformate is available to the engine. Thus, the amount of cylinder
air charge varies from an amount when the engine is operated by solely injecting

gasoline to cylinders to an amount of air charge when the engine is operated with a
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desired amount of reformate. In one embodiment, the percent increase in cylinder air
amount may be proportional to the amount of reformate injected to the engine. After
adjusting actuators to a level where the cylinder air charge is reduced along with the
propensity of engine knock as compared to when the engine is operated with a desired
amount of reformate, routine 300 proceeds to exit.

[0059] At 316, engine actuators are adjusted so that cylinder air charge that is less
than that which is available when the engine is operated with a desired amount of
reformate. In one embodiment, the state of actuators may be controlled according to
output of one or more actuator tables that contain empirically determined states for
actuators that may be used to adjust cylinder air amount. The tables may be indexed
by the amount or percentage of desired reformate available, available reformate (e.g.,
the amount of reformate stored in the reformate storage tank), engine speed, and
engine torque demand. Actuator state control tables may be provided for throttle
position, camshaft timing, spark timing, and valve lift. After the state of engine
actuators has been adjusted to limit cylinder charge to a level less than that supported
when the desired amount of reformate is available, routine 200 proceeds to exit.
[0060] At 318, engine actuators are adjusted so that cylinder air charge is at a
level less than that which provides all available engine torque at the present engine
speed. Further, since the amount of reformate may be limited in response to the
amount of available liquid fuel, cylinder charge may be further lowered to conserve
reformate. If the amount of reformate injected to the engine is zero, then cylinder air
charge dilution is set at a level suitable for liquid injection of gasoline or a mixture of
gasoline and alcohol (e.g., ethanol). In one embodiment, the state of actuators may be
controlled according to output of one or more actuator tables that contain empirically

determined states for actuators that may be used to adjust cylinder air charge. The
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tables may be indexed by the amount of available reformate, engine speed, and engine
load. Actuator state control tables may be provided for EGR valves, camshaft timing,
and valve lift. After the state of engine actuators has been adjusted to limit cylinder
air charge to a level less than that supported when the desired amount of reformate is
available, routine 300 proceeds to exit.

[0061] Referring now to Fig. 4, plot 400 illustrates an example engine map
defined by engine torque and engine speed. Areas 402-406 are shown merely for
illustration purposes and are not meant to limit the scope or breadth of this
description. The Y-axis represents engine torque and increases from bottom to top.
The X-axis represents engine speed and increases from left to right.

[0062] Area 402 represents part load conditions when it may be desirable to
operate an engine with higher levels of charge dilution. In this area, the engine may
be operated at higher dilution rates because less than full engine torque is requested
and because the charge dilution may increase fuel economy and reduce engine
emissions.

[0063] Area 404 represents low load engine operation when less charge dilution
may be desirable because combustion stability may be reduced. In addition, when the
engine is operated in this region, the engine may produce less heat so that the fuel
reformer efficiency is reduced. In this region, it may be desirable to heat the fuel
reformer by an electrical heater so that reformate is available.

[0064] Area 406 represents engine operation at higher engine loads. In this
region, it may be desirable to increase the amount of reformate combusted in engine
cylinders to control engine knock. Engine knock is produced by the spontaneous
combustion of cylinder end gases after a spark ignition has occurred. The cylinder

gases may automatically ignite because both cylinder temperature and pressure
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increase in the cylinder after the air-fuel mixture in the cylinder is ignited. In this
engine operating region, the fuel reformer efficiency may increase as the engine
exhaust temperature increases.  Higher exhaust temperatures may improve
gasification of liquid fuels and may further increase the reformer catalyst efficiency.
[0065] Referring now to Fig. 5, is a simulated example plot of signals of interest
when operating an engine by the methods of Fig. 2 and 3. The first plot from the top
of the figure represents a desired engine torque 514. The Y-axis arrow indicates a
direction of increasing torque. Desired engine torque may be determined from a pedal
position sensor or from a combination of inputs. For example, desired engine torque
may be a function of a pedal position and a hybrid controller torque request.

[0066] The second plot from the top of the figure represents EGR amount 516 or
another cylinder charge dilution constituent. The Y-axis arrow indicates a direction
of increasing EGR. The EGR amount 516 may be internally sourced by adjusting
valve timing or externally sourced by routing exhaust gases to the intake manifold. In
an alternative example, the charge dilution may be formed using water.

[0067] The third plot from the top of the figure represents flow rate of reformate
to the engine. The Y-axis arrow indicates a direction of an increasing reformate flow
rate to the engine. Dotted line 518 represents the desired reformate flow rate to the
engine at the present operating conditions. Solid line 520 represents the requested or
commanded reformate flow rate to the engine.

[0068] The fourth plot from the top of the figure represents the available
reformate amount 526 in the fuel system. The Y-axis arrow indicates a direction of an
increasing amount of available reformate. The available reformate amount 526 in the

fuel system may be determined from the temperature and pressure of the reformate
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storage tank and from sensing the oxygen concentration in the exhaust gases as
discussed above.

[0069] The fifth plot from the top of the figure represents a cylinder charge
actuator command 528. The cylinder charge actuator may be an intake throttle,
turbocharger waste gate actuator, a cam timing actuator, valve lift actuator, or other
devices that may adjust cylinder air charge. The Y-axis arrow indicates a direction of
actuator movement that increases cylinder air charge. The X-axis of each of the four
plots represents time and increases from the left to the right.

[0070] At time zero, indicated by the Y-axis of each plot, desired engine torque is
low and increases slightly by the time of vertical marker 500. Further, from time zero
to vertical marker 500, engine EGR amount 516, cylinder charge actuator command
528, and available reformate amount 526 are also at low levels. The desired
reformate flow rate 518 is initially higher than the commanded reformate flow rate
520 while the available amount of reformate is below a first threshold indicated by
horizontal line 524. The first threshold level 524 may vary depending on operating
conditions. For example, the first threshold level 524 may be decreased when engine
temperature is warm (e.g. engine temperatures greater than 50 °C) during a start so
that reformate may be available during idle after engine start. The first threshold level
524 may be lowered during while the engine is warm because it may be expected that
the fuel reformer will have capacity to reform fuel shortly after engine start. The first
threshold level 524 may be raised during an engine cold start so that reformate may be
conserved for engine starting rather idle. The first threshold level 524 may be raised
during cold engine conditions (e.g. engine temperatures less than 20 °C) because it

may be expected that it will take a longer time period before reformate is produced by
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the fuel reformer. Therefore, it may be desirable to conserve the available reformate
for higher priority maneuvers.

[0071] In this example, the amount of available reformate amount 526 begins low
and starts to increase before the time indicated by vertical marker 500. The rate of
reformate production may increase with increasing engine exhaust temperature or by
activating an electric heating element within the fuel reformer. In addition, pressure
within the reformate storage tank may be adjusted by activating and deactivating a
pump located between the fuel reformer and the reformate storage tank. In one
example, the pump may be activated when pressure in the fuel reformer exceeds a
threshold pressure.

[0072] From time zero to vertical marker 500, the cylinder charge actuator
command 528 is at a position which adds little or no additional air to the base cylinder
air charge amount. In one example, valve timing may be set during the illustrated
conditions such that intake valve opening timing is set to a duration that is a shorter
crankshaft angle duration than when a substantial amount of reformate is available. In
another example, boost pressure from a turbocharger or supercharger may be reduced
by opening a waste gate or positioning a vane control.

[0073] During the time period between vertical marker 500 and 502, desired
torque 514 continues to increase, including one step like increase. EGR amount 516
or cylinder charge dilution also increases as the engine is in a part throttle condition.
Desired reformate flow rate 514 also increases during this time so that engine
combustion remains stable as cylinder charge dilution increases. In addition, the
available reformate amount 526 also continues to increase. In one example, the
available reformate amount 526 increases as the fuel reformer temperature increases.

Further, the cylinder charge actuator command 528 is adjusted to increase the cylinder
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air charge capacity. In one example, the cylinder air charge capacity may be
increased as a function of available reformate amount 526. In particular, the cylinder
air charge capacity may be increased as the available reformate amount 526 increases.
By increasing the cylinder air charge capacity, additional air and/or EGR may be
inducted into engine cylinders. In this way, the cylinder charge capacity may be
increased as the available reformate amount increases so that the engine may be
operated at higher loads. It should also be noted that during some conditions, the
cylinder dilution may be increased without increasing the cylinder charge capacity so
that the engine may be operated less throttled. During such conditions, reformate may
be supplied to the engine such that the reformate improves combustion stability as
compared to when no reformate is supplied to the engine at similar dilution levels.

[0074] During the time period between vertical marker 502 and 504, desired
torque 514 continues to increase, including another step like increase. Further, the
available reformate amount 526 increases above a second threshold indicated by
horizontal marker 522. When available reformate amount 526 is above the second
threshold, the commanded reformate flow rate 520 may be increased above the
desired reformate flow rate 518. During this time, the requested reformate flow rate
to the engine 520 may be increased above the desired reformate flow rate 518 so that
the amount of liquid fuel inject to the engine may be decreased and a substantially
stoichiometric air-fuel mixture combusted. In addition, when fuel reformer output is
high, additional flow from the reformate storage tank to the engine may be useful to
purge gaseous fuel from the reformate storage tank that includes alcohol rather that
reformate. For example, if the fuel reformer is producing reformate at a high rate and
the amount of stored reformate is greater than a predetermined amount, the rate at

which gaseous fuel flows to the engine may be increased beyond the desired rate so
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that the contents of the reformate storage tank are evacuated at a higher rate. In this
way, reformate may be substituted for vaporized alcohol in the reformate storage tank.
It should be noted that the second available reformate threshold 522 may be adjusted
depending on operating conditions. For example, the second available reformate
threshold amount 522 may be reduced when the rate at which reformate is produced
exceeds a threshold.

[0075] During the time period between vertical marker 504 and 506, desired
torque 514 is at the highest level in the plot. The amount of EGR amount 516 or
charge dilution is reduced during this period so that the additional engine torque may
be produced by the engine. In addition, the desired reformate flow rate 518 is
increased so as to reduce the possibility of engine knock at higher cylinder loads.
And, since the amount of available reformate is greater than the first threshold 524,
and less than the second threshold 522, the commanded reformate flow rate 520 may
be adjusted to match the desired reformate flow rate 518. If the gaseous fuel injected
to the engine is comprised of a portion of alcohol, the flow rate of gaseous fuel from
the reformate storage tank to the engine may be increased to compensate for the
reduction in reformate. The cylinder charge actuator command 528 is also adjusted to
increase the cylinder charge capacity. However, if reformate was not available or if
less reformate was available, then the cylinder charge actuator command 528 would
be adjusted to a position that allows a reduced cylinder charge. Thus, the cylinder
charge actuator command 528 may be adjusted in response to the available reformate
amount 526. For example, as the available reformate amount 526 increases, the
cylinder charge actuator command 528 may be adjusted to increase the cylinder

charge capacity.
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[0076] During the time period between vertical marker 506 and 508, desired
torque 514 is reduced. In addition, the available reformate amount 526 falls to a level
less than the first threshold indicated by 524. Further, the requested reformate flow
rate 520 from the reformate storage tank to the engine is reduced in response to the
available reformate amount 526 being below the first threshold level. In concert with
the reduced reformate flow rate, the cylinder charge actuator command 528 is
adjusted to reduce the cylinder charge capacity. During some conditions it may be
possible to reduce the level of available reformate stored in the reformate storage tank
even when the fuel reformer is operating at full capacity because the engine may
consume reformate at a rate higher than the fuel reformer produces reformate.

[0077] During the time period between vertical marker 508 and 510, desired
engine torque 514 trends lower, but available reformate amount 526 increases above
the first threshold 524. As a result, the requested reformate flow rate to the engine
520 is increased as is the cylinder charge capacity, which is increased by adjusting the
cylinder charge actuator command 528. When the engine torque demand 514 goes
from high load conditions to engine idle conditions, less reformate may be used to
operate the engine. As such, the available reformate amount 526 stored in the
reformate storage tank may be increased.

[0078] During the time period between vertical marker 510 and 512, desired
engine torque 514 increases and the available reformate amount 526 is once again
greater than the second threshold 524. Therefore, the requested reformate flow rate to
the engine 520 may be increased to a level greater than the desired reformate flow rate
to the engine 518. In addition, the cylinder charge actuator command 528 may be

adjusted to increase the cylinder charge capacity.
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[0079] Referring now to Fig. 6, a flow chart of a method for controlling an engine
during transient conditions is shown. At 602, engine operating conditions are
determined. Engine operating conditions may include engine temperature, engine
intake manifold pressure, engine speed, engine throttle position, transmission gear, as
well as other engine operating conditions.

[0080] At 604, routine 600 judges whether or not reformate is available. In one
embodiment, reformate may be judged as available when a pressure in a reformate
storage tank is greater than a threshold pressure. In other embodiments, reformate
may be judged available when pressure in the reformate storage tank is greater than a
threshold and when the fuel reformer outputs reformate at a rate greater than a
threshold rate. In still another embodiment, reformate may be judged available when
a pressure in the reformate storage tank is greater than a threshold, when the fuel
reformer outputs reformate at a rate greater than a threshold, and when an amount of
liquid fuel stored in a storage tank is greater than a predetermined amount. If it is
judged that reformate is available routine 600 proceeds to 608. Otherwise, routine
600 proceeds to 606.

[0081] At 606, routine 600 limits the amount of cylinder charge dilution. By
limiting cylinder charge dilution, combustion stability may improved during driver
tips-outs (e.g., releases an accelerator pedal) because less EGR is in the intake
manifold and because the cylinder air amount is a higher portion of the cylinder
mixture. If reformate is not available to inject to the engine is response to a change in
accelerator pedal position or desired engine torque, the steady state level of cylinder
charge dilution may be limited to a level that is less than if reformate is available to
inject to engine cylinders during a tip-out. In one example, cylinder charge dilution is

limited to a level that does not result in cylinder misfire in the event of a tip-out or
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reduction of desired engine torque. Thus, the cylinder charge dilution level is set to a
level that is less than an amount that results in higher engine efficiency and stable
combustion. For example, if an engine cylinder is capable of operating at a level of
30% EGR charge dilution and 24% thermal efficiency, the engine may be limited to a
level of 24% EGR charge dilution and 23% thermal efficiency. By limiting the steady
state level of cylinder charge dilution, the engine may be capable of withstanding
transient changes in engine torque demand without misfiring. After cylinder charge
dilution is limited to a predetermined level, routine 600 exits.

[0082] At 608, the steady state cylinder charge dilution is increased as compared
to when the engine is operated without injecting reformate into the engine. The level
of dilution may be increased in response to the amount of available reformate. In
particular, level of dilution is increased in response to the rate of reformate production
by the fuel reformer and the amount of reformate stored in the reformate storage tank.
If the production rate of reformate is greater than a threshold amount and the amount
of reformate stored in the reformate storage tank is greater than a threshold amount,
the level of dilution in engine cylinders may be increased to a level that corresponds
to a dilution level when a desired amount of reformate is available. If the rate of
reformate production by the fuel reformer is less than a predetermined amount or if
the amount of reformate stored in the reformate storage tank is less than a
predetermined amount, then the level of dilution may be an amount greater than when
the engine is operated without reformate but less than an amount when the engine is
operated with the desired amount of reformate. In one embodiment, the level of
dilution may be adjusted based on the level of reformate stored in the reformate
storage tank. Thus, if the fuel reformer is reforming fuel at a rate greater than the

engine is using reformate, the amount of reformate stored in the reformate storage
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tank may increase to a level where the amount of reformate used by the engine is the
desired amount of reformate. However, if the fuel reformer is reforming fuel at a rate
that is less than the engine is using reformate, engine dilution may be decreased until
the engine is operating at a level of dilution appropriate for operating the engine
without reformate.

[0083] At 610, routine 600 judges whether or not there is a tip-out by the driver or
a reduction of the torque demand. For example, if the driver is operating the engine in
a region where cylinder charge is diluted by depressing the accelerator to a mid-
position, routine 600 may judge that there is a tip-out when the driver releases the
accelerator pedal or reduces the distance that the accelerator is depressed. In alternate
embodiments, a tip-out condition may be judged when a torque request to the engine
is decreased. For example, if the vehicle is a hybrid vehicle, a tip-out condition may
be indicated when a hybrid controller reduces engine torque demand when a battery
becomes fully charged. Thus, a tip-out may be judged under different operating
conditions and by different methods. If routine 600 judges that a tip-out is present,
routine 600 proceeds to 612. Otherwise, routine 600 proceeds to exit.

[0084] At 612, routine 600 increases the amount of reformate injected to the
engine. The injection of additional reformate may be initiated in response to a change
in the position of an accelerator pedal or torque demand. In addition, the duration of
adding additional reformate to the engine as well as the increase in the amount of
reformate injected to the engine may be a function of engine cylinder dilution level,
engine speed, and engine load prior to the change in accelerator position or engine
torque demand. In one example, the level of increase in reformate may be empirically
determined by operating the engine on a dynamometer and determining a level of

increase in reformate that provides for stable combustion and eliminates or reduces
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the possibility of cylinder misfire. Further, duration and amount of reformate injected
to engine cylinders may be related to the number of cylinder events that it takes to
reduce the level of EGR in the intake manifold. For example, if the engine is operated
at 3500 RPM and .45 load and there is a tip-out condition that reduces engine load to
.2, the duration and amount of reformate injected to the engine may be related to the
number of cylinder events that it takes to reduce the intake manifold of EGR to the
new level of EGR defined by the new or present engine speed and load. Thus, since
the number of cylinder events at 3500 RPM for a given amount of time is greater than
the number of cylinder events at 2500 RPM, the duration of the increase of injected
reformate may be shorter at 3500 RPM than when the engine is operated at 2500.
However, the rate of injecting gaseous fuel to the engine may be increased at 3500
RPM as compared to when the engine is operated at 2500 RPM and a tip-out occurs.
After EGR in the intake manifold is reduced, the amount of reformate injected to the
engine may also be reduced. Thus, upon a tip-out or reduction in engine torque,
reformate may be increased and then decreased as the engine reaches stabilized
operating conditions.

[0085] Engine spark advance may also be adjusted in response to the tip-out and
the location where reformate is injected to the engine. If reformate is injected directly
to engine cylinders, spark may be held constant, advanced, or retarded at a level less
than if reformate is injected to the intake manifold upstream of engine cylinders. If
reformate is injected upstream in the intake manifold upstream of engine cylinders,
spark may be initially retarded and then advanced as reformate reaches engine
cylinders. As the engine reaches stabilized operating conditions, spark may be
advanced or retarded to a level determined by the stabilized operating conditions.

After the amount of reformate injected to the engine is increased routine 600 exits.
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[0086] Referring now to figure 7, simulated example plot of signals of interest of
an engine operating with reformate is shown. The first plot from the top of the figure
shows throttle position 708. The throttle opening increases in the direction of the Y-
axis arrow.

[0087] The second plot from the top of the figure represents EGR amount 710 or
another cylinder charge dilution constituent. The Y-axis arrow indicates a direction
of increasing EGR. The EGR may be internally sourced by adjusting valve timing or
externally sourced by routing exhaust gases to the intake manifold. In an alternative
example, the charge dilution may be formed using water.

[0088] The fourth plot from the top of the figure represents the available
reformate amount 716 in the fuel system. The Y-axis arrow indicates a direction of an
increasing amount of available reformate. The available reformate amount 716 in the
fuel system may be determined from the temperature and pressure of the reformate
storage tank and from sensing the oxygen concentration in the exhaust gases as
discussed above.

[0089] The fourth plot from the top of the figure represents the reformate flow
rate 718 to the engine. The Y-axis arrow indicates a direction of an increasing rate of
reformate flow to the engine. The X-axis for each plot represents time and increases
from the left to the right.

[0090] At time zero, indicated by the Y-axis of each plot, engine throttle position
is low and increases slightly by the time of vertical marker 700. In addition, from
time zero to vertical marker 700, the amount of available reformate 716 increases
from a low amount to a level equivalent to a first threshold level indicated by
horizontal marker 714. Engine EGR amount 710 is also low during this time interval

because the amount of available reformate is low.
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[0091] During the time between vertical markers 700 and 702, throttle position
708 changes little but the available reformate amount 716 increases above the first
threshold indicated by line 714. When the available reformate amount 716 exceeds
the first threshold level 714, injection of reformate 718 to the engine begins. Further,
engine EGR amount 710 is increased as reformate becomes available to the engine.
Thus, by increasing reformate flow to the engine; the engine may tolerate higher
levels of charge dilution while maintaining a desired level of combustion stability.

[0092] At vertical marker 702, the throttle position 708 is changed in a step-like
manner. During such a throttle position change, it is possible that the engine will
begin to knock in response to increased cylinder temperatures and pressures. By
further increasing the reformate amount injected to the engine, it may be possible to
reduce the possibility of engine knock during a throttle tip-in (e.g., a command for
increased throttle opening or a greater torque request by way of a pedal or other
device). In one example, additional reformate may be injected to the engine when the
rate of change in throttle position exceeds a threshold. Further, the increase in
reformate flow 718 to the engine may be based on the present engine speed and load
as well as the rate of change in the throttle position 708. In particular, a control gain
or multiplier that adjusts reformate flow rate 718 may be changed in relation to the
change in throttle position 708 and engine operating conditions prior to the throttle
tip-in. After the initial higher rate of change in throttle position 708, the rate of
throttle change decreases. Accordingly, the increase in reformate flow to the engine
718 due to changing throttle position 708 is decreased and is gradually reduced to
zero. Note that the rate of change of a pedal sensor or other sensor may be substituted

for the rate of change of the throttle position 708.
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[0093] The change in throttle position 708 at 702 may be indicative of a higher
engine load and a part-throttle operating condition, whereas to the left of vertical
marker 700 may be considered idle or near idle. After the initial change in throttle
position 708, the throttle position 708 changes little but remains at a part throttle
condition. Since the engine is operating at a part throttle condition, and since the
amount of stored reformate is greater than first threshold 714, the EGR amount 710
diluting cylinder charge is increased. By increasing cylinder charge dilution, the
engine may operate more efficiently because engine pumping losses may be reduced.
Thus, the reformat amount injected to the engine 718 is adjusted in response to the
change in throttle position 708. At the same time, the amount of reformate injected to
the engine 718 is adjusted in response to engine speed and load. In this way, the flow
of reformate may be adjusted to account for a change in throttle position 708 as well
as a change in engine speed and load.

[0094] Similar changes in throttle position 708 occur at vertical markers 704 and
706. The reformate amount injected to the engine 718 is also increased at 704 and
706 to reduce the possibility of engine knock. In one example, it is possible to reduce
or eliminate the reformate amount injected to the engine when the available amount of
reformate is less than the first threshold indicated by 714. Further, a cylinder charge
actuator may be adjusted to reduce the cylinder charge capacity until reformate is
available to assist in engine knock control. In one embodiment, when reformate is
injected to the engine in response to an increase in throttle position, engine spark may
be advanced because the air-fuel mixture octane may increase as a result of injecting
an increased amount of reformate. Further, the amount of spark advance may be
related to the increase in reformate injected to cylinders. For example, if the amount

of reformate is increased by 10%, spark may be advanced by 3 crankshaft angle
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degrees. However, if the amount of reformate is increased by 25%, spark may be
advanced by 5 crankshaft angle degrees.

[0095] Referring now to Fig. 8, a routine for controlling an engine air-fuel ratio
mixture is shown. At 802, engine operating conditions are determined. Engine
operating conditions may include but are not limited to engine temperature, engine
speed, engine load, engine operating time since engine stop. After engine operating
conditions are determined routine 800 proceeds to 804.

[0096] At 804, routine 800 judges whether one fuel is to be injected to the engine
or two fuels. One fuel may be injected to the engine during predetermined operating
conditions. In one example, a single fuel may be injected to the engine when engine
speed and load are low. For example, when engine speed is at idle speed and when
engine load is less than 10% of full engine load. Two fuels may be injected to the
engine at partial engine loads and during higher engine loads when the propensity of
engine knock may be increased. In one example where the size of the fuel reformer is
reduced for packaging the reformer in a vehicle, reformat may be stored at
predetermined operating conditions while being consumed by the engine at other
engine operating conditions. However, for embodiments where reformate is always
available, the engine may operate using reformate all the time as reformate has a
higher energy content as compared to alcohol. If routine 800 judges to inject one fuel,
routine 800 proceeds to 810. Otherwise, routine 800 proceeds to 806.

[0097] At 806, routine 800 ramps injection of gaseous fuel to the engine. Since
there may be uncertainty as to the gaseous fuel composition, the gaseous fuel injection
begins at a low rate defined by the minimum injector pulsewidth. For example, the
shortest electrical pulse at which the injector provides a consistent rate of fuel

delivery. The introduction of gaseous fuel is increased at a low ramp rate until the
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composition of the gaseous fuel is determined. In one example, a single sensor that
senses H,, CO, or CH4 may be disposed in the gaseous fuel line to the engine or in the
gaseous storage tank. Since the reformer produces H,, CO, and CH4 in known even
molar quantities a single sensor sensing any one gas constituent may be used to
determine the overall concentration of reformate in the gaseous fuel system. For
example, the amount of reformate in the fuel system may be determined by sensing
the concentration of H» in the gaseous fuel system.

[0098] After the composition of fuel is determined, gaseous fuel injection may be
ramp at a second rate or gaseous fuel injection may be increased in a stepwise manner
to the desired gaseous flow rate. In one embodiment the engine controller may store
data representing the composition of the gaseous fuel when the gaseous fuel is
injected to the engine. The data may then be used to set the gaseous fuel flow rate to
the desired flow rate such that ramping of fuel may be shorter in duration or
eliminated. In such an embodiment, the fuel composition may only be used when the
fuel reformer stops adding gaseous fuel to the reformate storage tank before the time
gaseous fuel was last injected to the engine.

[0099] At the time injection of gaseous fuel begins, the injected amount of liquid
fuel is reduced so that the engine may continue to operate at a desired air-fuel ratio, a
stoichiometric air-fuel ratio for example. In one example, where the engine is
operated with alcohol as a substantial component of the liquid fuel (e.g., greater than
40% alcohol), it may be desirable to operate the engine substantially with reformate
(e.g., greater than 50% of the cylinder fuel charge fraction) and reduce the use of
liquid fuel since reformate has a higher heating value. If the gaseous fuel is
comprised substantially of reformate, the amount of liquid fuel injected to the engine

may be reduced by a mass equal to the mass of gaseous fuel injected. Likewise, if the
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gaseous fuel is comprised substantially of alcohol, the amount of liquid fuel injected
to the engine may be reduced by a mass equal to the mass of gaseous fuel injected to
the engine; however, if the composition of the gaseous fuel is improperly assumed,
the volume of fuel injected by the gaseous fuel injector may cause the air-fuel ratio of
engine cylinders to change in a rich or lean direction. Accordingly, the amount of
liquid fuel injected to the engine may be reduced at a ramp rate that is a fraction of the
ramp rate gaseous fuel is introduced to the engine. Note that the engine needs the
same mass of reformate as it needs alcohol, whether liquid or vapor, to a given
cylinder air charge. Therefore, it may be desirable to express the fueling in mass of
injected fuel rather than by volume of gas injected. The mass of fuel injected may be
determined by inferring or detecting the gaseous fuel composition.

[00100] At 808, routine 800 monitors the exhaust gas oxygen concentration to
estimate the engine air-fuel ratio. By monitoring the exhaust gas oxygen
concentration it is possible to determine the composition of the gaseous fuel. In one
example as described above, an adaptive fuel parameter may be used to estimate the
composition of reformate in the gaseous fuel mixture. As a result, the amount of
gaseous fuel may be increased or decreased as the exhaust gas oxygen deviates from a
desired amount. For example, gaseous fuel may be injected assuming that the
gaseous fuel composition is 100% reformate. By their physics, the gaseous injectors
inject volume (i.e. moles). If the gaseous fuel is 100% reformate, the exhaust gas
oxygen sensor indicates an oxygen concentration indicative of a substantially
stoichiometric air-fuel mixture. However, if the gaseous fuel is 0% reformate, the
gaseous fuel injector will deliver three times the fuel required for stoichiometric
combustion. Therefore, the injection of gaseous fuel is limited until it can be

ascertained that the fuel reformer is outputting reformate at a desired rate. If the
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gaseous injector are operated to inject 10% of the cylinder fuel charge in the form of
reformate, but 100% vaporized alcohol is injected instead, then the fuel delivered will
be 120% of the desired fuel and this error state will be indicated by the exhaust gas
composition sensor(s). In this way, the gaseous fuel composition can readily be
inferred. Once the fuel composition is inferred, then fuel injection can continue using
this new composition or gaseous fuel injection may be deactivated until the fuel
reformer is outputting reformate at the desired rate.

[00101] At 810, routine 800 judges whether or not the gaseous fuel mixture is
comprised of vaporized alcohol. In one example, routine 800 judges whether or not
alcohol is present in the gaseous fuel in response to the amount or volume of gaseous
fuel injected and the engine air-fuel ratio indicted from the exhaust gas oxygen
concentration. For example, if it is judged that the engine is operating with an air-fuel
mixture that is richer than anticipated if the engine were operating with gaseous fuel
comprised solely of reformate, it may be judged that alcohol is present it the gaseous
fuel mixture. If it is judged that alcohol is present routine 800 proceeds to 812.
Otherwise, routine 800 proceeds to §16.

[00102] At 812, routine 800 determines the fuel reformer efficiency and adjusts the
gaseous fuel flow rate. When it is determined from the exhaust gas oxygen sensor
and the gaseous fuel flow rate that the composition of gaseous fuel has changed, the
amount of gaseous fuel injected to the engine may be adjusted to compensate for the
change in fuel composition. For example, if the fuel reformer efficiency decreases
and the exhaust gas oxygen concentration is richer than expected, the amount of
injected gaseous fuel may be decreased. Further, since alcohol does not have the
same effect on charge dilution as reformate, the amount of gaseous fuel injected

during transient conditions or during periods when cylinder charge is diluted may be

40



WO 2011/126983 PCT/US2011/031097

increased to compensate for a lower fraction of reformate in the gaseous fuel mixture.
For example, if a gaseous fuel injected to the engine is comprised of 80% reformate,
the flow rate or injection duration of the gaseous fuel may be raised by 0.8 divided by
the desired flow rate of gaseous fuel. In this way, the desired amount of reformate
may be delivered to the engine even when the gases stored in the reformate tank are
not comprised solely of reformate.

[00103] Fuel reformer efficiency may also be determined at 812 from an adaptive
parameter that indicates the engine would be operating at a leaner or richer mixture if
fuel compensation were not provided. When injecting an amount of gaseous fuel
results in an adaptive fuel multiplier of 0.33, it may be determined that the gaseous
fuel is comprised of substantially all alcohol as the volumetric stoichiometric air-fuel
ratio for alcohol is 0.33 of that of reformate. When injecting an amount of gaseous
fuel results in an adaptive fuel multiplier of 1, it may be determined that the gaseous
fuel is comprised of substantially all reformate. Accordingly, the fuel reformer
efficiency may be determined after inserting the adaptive fuel multiplier into an
equation of a straight line that describes 0.33 as 0% efficiency and 1 as 100%
efficiency.

[00104] At 814, routine 800 may adjust fuel reformer output. If the fuel reformer
is operating at an efficiency that is less than desired, fuel reformer output may be
increased by retarding engine spark advance and increasing the mass flow rate
through the engine. For example, fuel reformer output may be increased by retarding
spark and opening the engine throttle, thereby increasing exhaust heat. Further,
routine 800 may decrease spark retard when fuel reformer efficiency is low and after
driver demand torque indicates that engine temperature is likely to increase in

response to the driver demand torque.
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[00105] In another example, an electric heater may be activated to increase the
efficiency of fuel reformer output. For example, it may be desirable to electrically
heat the fuel reformer when engine temperature is low after a cold engine start.
Further, it may be desirable to activate the electric heater during engine deceleration
or when the vehicle is descending a hill. Thus, the electric heater may be activated
when current is available from the vehicle electrical system (e.g., alternator) when
little exhaust energy is available. Further, during some conditions it may desirable to
retard engine spark and increase engine mass flow while also activating the electric
heater.

[00106] At 816, routine 800 adjusts actuators in response to the gaseous fuel
injected to the engine. Actuator adjustment may include and are not limited to
adjustment of spark timing circuitry, gaseous and liquid injection timing, and valve
timing and valve lift adjustments. For example, if it is determined that a greater
fraction of alcohol is injected than expected and less reformate is injected, engine
cams may be indexed such that less EGR is present in engine cylinders. Further, if
the exhaust gas oxygen concentration is less than expected the amount of gaseous fuel
injected to the engine may be decreased. In another example, cylinder charge may be
limited or decreased by adjusting a throttle, cam, and/or compressor boost pressure.
After actuators are adjusted routine 800 proceeds to exit.

[00107] At 818, routine 800 judges whether the injection of fuel during the
previous cylinder cycle of the cylinder scheduled to receive fuel was injection of a
single fuel or of two fuels. If two fuels were injected during the last cylinder cycle of
the cylinder scheduled to receive fuel, routine 800 proceeds to 820. Otherwise,

routine 800 proceeds to 824.
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[00108] At 820, routine 800 adjusts the amount of liquid fuel injected to engine
cylinders in response to the intake manifold pump down rate. Intake manifold volume
may be on the order of 1.5-2 times the engine displacement volume. Each time an
intake valve opens a portion of the intake manifold gases may be evacuated into a
cylinder. Therefore, after injection of gaseous fuel ceases to the engine, the intake
manifold contents are diluted from the level of when gaseous fuel is injected to the
engine. With each cylinder that evacuates a portion of intake manifold gases, gases in
the intake manifold become increasingly diluted with air. Consequently, additional
liquid fuel may be added to the engine at a rate that corresponds to the rate gaseous
fuel is evacuated from the intake manifold. In one example, the liquid fuel is
increased to the engine each time a cylinder inducts gases from the intake manifold
until a number of cylinders that evacuate the volume of the intake manifold have
inducted intake manifold gases. In an alternate embodiment, the amount of liquid fuel
injected increases for each engine cylinder that inducts intake manifold gases until
engine cylinders have evacuated the intake manifold. Note that these actions may be
eliminated/simplified by selecting fuel injection configurations that have little or no
intake stored fuel from cylinder event to cylinder event.

[00109] At 822, routine 800 adjusts actuators in response to the amount of gaseous
fuel remaining in the intake manifold. Actuator adjustment may include and are not
limited to adjustment of spark timing, gaseous and liquid injection timing, and valve
timing and valve lift adjustments. For example, if it is determined that a greater
fraction of alcohol is injected than expected and less reformate is injected, engine
cams may be indexed such that less EGR is present in engine cylinders. In addition,
actuators may be advanced or retarded at different rates depending on the fuel

composition. For example, cams may be indexed at a faster rate if reformate is a
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higher fraction of the amount of gaseous fuel injected to the engine because the cam
timing may be further advanced or retarded to provide additional internal EGR as
compared to when vaporized alcohol is the primary constituent of the gaseous fuel.
Further, if the exhaust gas oxygen concentration is less than expected, the amount of
gaseous fuel injected to the engine may be decreased. In another example, cylinder
charge may be limited or decreased by adjusting a throttle, cam, and/or compressor
boost pressure. After actuators are adjusted routine 800 proceeds to exit.

[00110] At 824, engine fueling is adjusted in response to engine torque demand
and engine speed. In particular, the amount of liquid fuel injected to the engine is
adjusted in response to engine speed and engine load (or torque demand). In one
example, an engine is operated with a substantially stochiometric air-fuel ratio.
However, at engine speeds where NOy increases, the engine may be operated with a
richer air-fuel mixture to reduce production of NOx. Conversely, when less engine
NOx is produced, the engine may be operated with a leaner air-fuel mixture to reduce
HC emissions. Routine 800 exits after the amount of liquid fuel injected to the engine
is set to provide a substantially stoichiometric air-fuel mixture.

[00111] Turning now to Fig 9, a simulated plot of air-fuel related signals of interest
operating an engine with reformate is shown. The first plot from the top of the figure
represents the timing of injection of two fuels. In particular, when signal 900 is low
(e.g. at the level of the X-axis), fuel injection is by way of a single fuel injector at
each engine cylinder that receives injected liquid fuel. When signal 900 is high (e.g.
at the level of 2 of the Y-axis), fuel injection is by way of two fuel injectors for each
engine cylinder. In particular, gaseous fuel is injected by a gaseous fuel injector and

liquid fuel is injected by a second injector.
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[00112] The second plot from the top of the figure represents flow of gaseous fuel
to the engine. Gaseous fuel may be comprised of reformate or of a combination of
reformate and vaporized alcohol. If the gaseous fuel is comprised of substantially all
reformate, a given volume of the gaseous fuel will produce an air-fuel mixture that is
leaner than if the same volume of vaporized alcohol is introduced to the engine under
similar conditions. As discussed above, reformate has a volume based stoichiometric
air-fuel ratio that is three times greater than that of vaporized ethanol. Thus, it may be
desirable to know the composition of fuel prior to injection. However, the
composition of gaseous fuel may change unexpectedly at times. For example, if the
efficiency of the fuel reformer increases or decreases, the composition of gaseous fuel
stored in the reformate fuel tank may likewise change. Therefore, it may be desirable
to ascertain the gaseous fuel composition before a large amount of gaseous fuel is
injected to the engine.

[00113] The third plot from the top of the figure represents the oxygen
concentration remaining in engine exhaust gases after combustion of air and fuel in
engine cylinders. Horizontal line 914 represents an exhaust oxygen concentration for
a stoichiometric air-fuel mixture after combustion. When exhaust gas oxygen trace
916 is above line 918, the engine air-fuel mixture is lean. When exhaust gas oxygen
trace 916 is under line 918, the engine air-fuel mixture is rich.

[00114] The fourth plot form the top of the figure represents the amount of liquid
fuel injected to the engine 920. The amount of liquid fuel injected to the engine 920
is related to the amount of air in the cylinder charge as well as the amount of gaseous
fuel injected to the engine. Further, since the volume based stoichiometric air-fuel

ratio of reformate is three times greater than that of vaporized ethanol, the amount of
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liquid fuel injected 920 may be adjusted in response to the composition of the gaseous
fuel.

[00115] The fifth plot from the top of the figure represents spark retard from
desired spark timing 922. For example, if gaseous fuel is injected to an engine and
the desired gaseous fuel is reformate, the engine may be able to tolerate more spark
advance than if the injected gaseous fuel is vaporized alcohol. Thus, if vaporized
alcohol is injected to the engine rather than reformate, spark may be retarded because
vaporized alcohol raises the octane of fuel injected to the cylinder less than reformate.
Alternatively, a cylinder charge actuator (e.g., camshaft) may be adjusted as a
function of the amount of reformate and/or alcohol detected in the gaseous fuel
mixture.

[00116] At time zero, indicated by the Y-axis of each plot, a single fuel is injected
to the engine (e.g., alcohol, gasoline, or a mixture of gasoline and alcohol) as
indicated by trace 900 up to the time illustrated by vertical marker 902. During the
time period between time zero and vertical marker 902, the engine exhaust exhibits an
oxygen level that indicates substantially stoichiometric combustion.

[00117] At the time of vertical marker 902, gaseous fuel is injected to the engine.
Simultaneously, the amount of liquid fuel injected to engine cylinders is reduced in
expectation that the gaseous fuel will richen the cylinder air-fuel mixture. In one
example, the gaseous fuel is initially estimated to be comprised of substantially all
reformate. In another example, the gaseous fuel is initially estimated to be comprised
of substantially all vaporized alcohol. In yet another example, a portion of the
gaseous fuel is estimated to be comprised of reformate while the remaining portion of
gaseous fuel is estimated as vaporized alcohol. Further, one or more memory

locations in the engine controller may be used to make an initial estimate of the
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gaseous fuel composition. In particular, the memory locations are configured to
contain an estimate of the fraction of reformate in the gaseous fuel. The estimate is
based on the volume of gaseous fuel injected to the engine and exhaust gas oxygen
concentration feedback from an oxygen sensor as described above. Further, the
gaseous fuel composition is based on the injection of gaseous fuel during an engine
operating interval during which gaseous fuel was injected to the engine, the operating
interval before the present interval of gaseous injection and before an interval when
liquid fuel was solely injected to fuel the engine.

[00118] As shown in the second plot from the top of Fig. 9, the amount of gaseous
fuel injected to the engine is ramped in so that the exhaust gas oxygen concentration
changes slowly rather than in a stepwise manner. By ramping in injection of gaseous
fuel, the possibility of large excursions in exhaust gas concentration may be reduced.
For example, as show in Fig. 9, the engine exhaust gas concentration starts to go lean
(e.g., above stoichiometric indicator line 918) indicating that the injection of liquid
fuel 920, based on the estimated gaseous fuel composition, has been reduced too
much. Therefore, the engine controller recognizes the lean condition in response to
the oxygen sensor output and then increases the amount of liquid fuel injected.
Alternatively, the engine controller can increase the amount of gaseous fuel injected
to the engine if desired.

[00119] At the time of vertical marker 904, the injection of gaseous fuel is ceased
and the injection of liquid fuel increases to a level necessary for stoichiometric
combustion. In one example, where gaseous fuel is injected to the intake manifold, it
takes a number of cylinder intake events to evacuate the gaseous fuel from the intake

manifold. Therefore, the amount of liquid fuel injected to the engine is increased at a
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rate related to the evacuation of gaseous fuel from the intake manifold as may be
solved by a pump-tank differential equation.

[00120] At the time of vertical marker 906, gaseous fuel is again injected to engine
cylinders at a desired rate based on engine operating conditions. For example, at a
particular engine speed and load, a specific gaseous fuel flow rate may be injected to
the engine. The amount of liquid fuel injected to the engine may be reduced based on
the gaseous fuel flow rate and the gaseous fuel composition. For example, if the
gaseous fuel is comprised of a higher concentration of reformate, the amount of liquid
fuel injected to the engine may be reduced more/less than if the gaseous fuel is
comprised of a higher concentration of vaporized alcohol. In addition, as indicated by
the fifth plot from the top of the figure, cylinder spark may be retarded from an
amount that would be desirable if gaseous fuel were comprised of substantially all
reformate. In this way, spark advance may be controlled as a function of the
concentration of reformate or alcohol in the gaseous fuel.

[00121] At the time between vertical marker 908 and vertical marker 910, a single
liquid fuel is injected to the engine cylinders. Again, the amount of liquid fuel
injected may increase at a rate related to evacuation of gaseous fuel from the intake
manifold. In addition, spark is returned to a spark advance desired when only liquid
fuel is injected to engine cylinders at the present engine operating conditions.

[00122] At the time between vertical marker 910 and 912, gaseous fuel is again
injected to the engine and the amount of liquid fuel injected to engine cylinders is
again reduced. The injection of liquid fuel may be reduced at a rate that is related to
the rate of filling of the intake manifold with gaseous fuel. After vertical marker 912,
injection of the gaseous fuel is stopped and the amount of liquid fuel injected to the

engine is increased.
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[00123] In an alternate example, the gaseous flow rate is set so that the desired
amount of reformate is injected to the engine. For example, if the gaseous fuel is
comprised of 80% reformate and 20% vaporized alcohol, the amount of gaseous fuel
injected may be regulated to the desired reformate flow rate divided by 0.8. Thus, the
overall gaseous flow rate is increased so that the desired amount of reformate is
delivered to the engine. The amount of liquid fuel injected to the engine between
marker 906 and marker 908 is reduced based on the composition of the gaseous fuel
and the gaseous fuel flow rate. As a result, the engine exhaust gases exhibit an
oxygen concentration that is indicative of a substantially stoichiometric air-fuel
mixture.

[00124] Referring now to Fig. 10, flow chart for a reformate prioritization is
shown. At 1002, routine 1000 determines engine operating conditions. Engine
operating conditions may include but are not limited to engine speed; engine load
(e.g., engine load may be expressed at the amount of air charge of engine cylinders
divided by the theoretical maximum air charge that a cylinder may hold at a defined
pressure); ambient temperature, pressure, and humidity; and engine torque request
(e.g., desired engine torque). Routine 1000 proceeds to 1004 after engine operating
conditions are determined.

[00125] At 1004, routine 1000 determines the available amount of reformate, the
desired rate of reformate consumption, and first and second threshold amount of
reformate at the present or current engine operating conditions. The available amount
of reformate may be determined as described for 204 of Fig. 2. The desired amount
of reformate may be determined as described for 208 of Fig. 2.

[00126] The first and second threshold amounts of reformate consumption may be

described as an amount of reformate used to carry out a number of predefined engine
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operations at present engine operating conditions. For example, the first threshold
amount of reformate may be an amount of reformate to accelerate the vehicle at base
conditions (e.g., no grade, loaded with two passengers and no cargo) from the present
speed to another predefined engine speed within a predetermined time period. The
second threshold amount of reformate may be the first amount of reformate increased
by a factor of three so as to increase an available number of maneuvers that can be
performed with stored gaseous fuel.

[00127] In another example, the first threshold amount of reformate may be an
amount of reformate used to operate the engine at a vehicle speed with a level of
cylinder dilution that provides a predetermined rate of fuel consumption for a
predetermined amount of time. The second threshold amount in this example may be
the first threshold amount increased by a predetermined factor, four for example.
[00128] In still another example, the first threshold amount of reformate may be
the amount of reformate that is produced by the fuel reformer over a defined time
period (e.g., 10 minutes). In still another example, the first threshold amount of
reformate consumption may be the amount of reformate that is produced by the fuel
reformer over a predefined time period (e.g., two minutes) plus an additional amount
of reformate. For example, if the reformate storage tank is capable of storing 100 cm’
of gaseous fuel at a pressure of 10 bar. The first threshold amount of reformate may
be 100 cm’ of reformate at a pressure of 4 bar. In this example, the second threshold
amount of reformate may be 100 cm’ of reformate at a pressure of 8 bar.

[00129] In addition, the first and second threshold amounts of reformate may be
adjusted. For example, the first and second threshold amounts may be adjusted for
engine operating conditions, fuel reformer operating conditions, desired engine fuel

consumption rate, and atmospheric conditions.
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[00130] In another example, the first threshold amount of gaseous fuel stored in the
reformate storage tank may be fixed at a constant value. In still another example, the
first and second threshold amounts of gaseous fuel stored in the reformate storage
tank may be a function of the amount of reformate in the stored gaseous fuel. For
example, if the gaseous fuel is comprised of substantially reformate the first threshold
amount of gaseous fuel may be set to a first amount. If the gaseous fuel is comprised
of reformate and vaporized alcohol, the first threshold amount of gaseous fuel may be
set to a second amount, the second amount greater than the first amount. The second
threshold amount of reformate may be adjusted in a similar manner. In this way, the
first and second threshold amounts of gaseous fuel may be adjusted so that the amount
of reformate stored in the reformate tank is substantially the same even though the
gaseous fuel includes vaporized alcohol. Routine 1000 proceeds to 1006 after
determining the available amount of reformate, desired rate of reformate
consumption, and the first and second threshold amounts of reformate.

[00131] At 1006, routine 1000 judges whether or not an amount of gaseous fuel
stored in the reformate storage tank is less than the first threshold. If routine 1000
judges an amount of stored reformate is less than a first threshold, routine 1000
proceeds to 1014. Otherwise, routine 1000 proceeds to 1008.

[00132] At 1008, routine 1000 judges whether or not the amount of gaseous fuel
stored in the reformate storage tank is greater than a second threshold. In one
example, the second threshold amount of gaseous fuel stored in the reformate storage
tank may be an amount greater than the first threshold by predetermined factor (e.g., 3
times the first threshold amount). In another example, the second threshold amount of
gaseous fuel stored in the reformate storage tank may vary with operating conditions.

For example, the second threshold amount of gaseous fuel stored in the reformate
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storage tank may be reduced to 65% of the storage tank capacity when the fuel
reformer is producing gaseous fuel at a rate greater than a predetermined amount. In
still another example, the second threshold amount of reformate or gaseous fuel stored
in the reformate storage tank may be a related to the desired rate of reformate use.
For example, if the desired rate of reformate use is a first amount, the second
threshold amount of gaseous fuel stored in the reformate storage tank may be a first
amount. If the desired rate of reformate is a second amount, greater than the first
desired rate of reformate use, the second threshold amount of gaseous fuel stored in
the reformate storage tank may be increased to a second amount, greater than the first
amount when the desired rate of reformate use is a first amount.

[00133] If routine 1000 judges an amount of stored reformate is greater than the
second threshold amount of reformate, routine 1000 proceeds to 1010. Otherwise,
routine 1000 proceeds to 1018.

[00134] At 1010, routine 1000 increases the rate of gaseous fuel consumption
above a desired rate of reformate consumption. In one example, when the gaseous
fuel is comprised of reformate and vaporized alcohol, the amount of gaseous fuel
injected to the engine is increased to the engine to a level such that the amount of
reformate contained in the gaseous fuel injected to the engine is substantially equal to
the desired rate of reformate use. In another example where the gaseous fuel is
comprised of substantially all vaporized alcohol, the rate of injection of gaseous fuel
may be increased above the desired rate of reformate use so that the vaporized alcohol
can be evacuated from the reformate storage tank and replaced with reformate.
Routine 1000 proceeds to 1012 after adjusting the reformate use.

[00135] At 1012, routine 1000 injection of liquid fuel is adjusted in response to

increasing or decreasing injection of gaseous fuel. When the amount of gaseous fuel
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injected to an engine is changed, and the new amount of gaseous fuel comprises a
lesser or greater portion of the cylinder air charge, the amount of injected liquid fuel
may be adjusted to compensate for the change in gaseous fuel. In one example, the
amount of liquid fuel reduction may be a function of the gaseous fuel composition and
the volume of gaseous fuel injected. For example, if the gaseous fuel is comprised
substantially of alcohol and injected at a first volumetric flow rate, the amount of
liquid fuel injected to the engine may be reduced by a first amount. On the other
hand, if the gaseous fuel is comprised substantially of reformate and injected at the
first volumetric flow rate, the amount of liquid fuel injected to the engine may be
reduced by a second amount, less than the first amount.

[00136] In another example when the amount of gaseous fuel injected is decreased,
the amount of liquid fuel injected to the engine may be increased at a rate that
corresponds to a rate at which the intake manifold is evacuated of gaseous fuel.
Further, the amount of increase in liquid fuel injection amount may be related to the
fuel type and concentration of fuel type in the gaseous fuel mixture. For example, if
the gaseous fuel is comprised of solely reformate, the amount of liquid fuel may be
increased by a first amount for each cylinder intake event at a particular engine
operating condition. On the other hand, if the gaseous fuel is comprised of solely
vaporized alcohol, the amount of liquid fuel may be increase by a second amount for
each cylinder intake event during similar operating conditions.

[00137] At 1014, routine 1000 judges whether or not to increase the rate of
reformate production. In one example, routine 100 requests additional reformate
when the rate of reformate production is less than a threshold rate. The threshold rate
may vary with operating conditions. For example, shortly after an engine cold start,

the threshold rate of reformate production may be a first amount. After engine
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temperature increases the threshold rate of reformate production may be increased to a
second amount. If routine 1000 judges it desirable to increase reformate production,
routine 1000 proceeds to 1020. Otherwise, routine 1000 proceeds to 1016.

[00138] At 1020, routine 1000 adjusts engine operation to increase reformate
generation. In one example, the rate of reformate production may be increased when
engine exhaust temperature is greater than a threshold by increasing fuel flow to the
fuel reformer. In this way, the amount of exhaust heat transferred to the fuel reformer
may be increased to reduce engine exhaust temperature and to protect exhaust after
treatment devices. In another example, engine spark retard may be increased to
increase fuel reformer output so that additional reformate is available to the engine
during engine conditions where exhaust gas temperatures may be low. For example,
after an engine cold start or during an extended engine idle period (e.g., idle greater
than 2 minutes), engine spark may be retarded and the intake throttle may be opened
to increase exhaust gas temperature and the gas flow. The additional exhaust gas heat
and mass flow may be used to increase the output of the fuel reformer.

[00139] During engine accelerations or during higher engine loads, spark may be
adjusted from retarded conditions to minimum spark for best torque (MBT) or to
knock limited spark to increase engine efficiency. Engine exhaust gas temperatures
increase when an engine is operated at higher loads because the cylinder charge is
increased which allows the cylinder temperatures and pressures to increase.
Therefore, during such conditions, there may be sufficient exhaust gas energy to
operate the fuel reformer at rated capacity without spark retard. Thus, spark retard
may not be required or may be reduced during such conditions.

[00140] Fuel reformer output may also be increased by activating an electric heater

within the fuel reformer when a temperature of the fuel reformer is less than a
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threshold temperature. In one example, an electric heater in a fuel reformer may be
activated during a cold engine start to increase engine load so that exhaust gas
temperatures increase at an accelerated rate. During a cold engine start, a substantial
amount of exhaust gas energy is imparted to exhaust after treatment devices (e.g.,
catalysts) which may leave little heat to activate the fuel reformer. During such
conditions, it may be desirable to activate an electric heater so that reformate may be
produced before engine exhaust gases are high enough to activate the fuel reformer.
After the engine is up to operating temperature the electric heater may be deactivated.
Thus, during a first condition, the primary heat source for the fuel reformer may
originate from an electric heater. And, during a second condition, the primary heat
source for the fuel reformer may originate from the engine. Routine 1000 proceeds to
1016 after adjusting the engine to increase reformate production.

[00141] At 1016, routine 1000 judges if the desired rate of reformate consumption
is greater than the threshold rate of reformate consumption. The threshold rate of
reformate consumption may be a function of different operating conditions and may
be a different rate of gaseous fuel injection for different engine operating conditions.
For example, the threshold rate of reformate consumption may be an amount of
gaseous fuel injected at a minimum pulse width of the gaseous fuel injector.
Alternatively, the threshold rate of reformate consumption may be a reformate flow
rate that provides a desired level of emissions and/or fuel economy at a particular
engine operating condition. In another example, the threshold rate of reformate
consumption may be the rate at which reformate is presently being produced by the
fuel reformer. In still another example, the threshold rate of reformate consumption
may be the highest rate that reformate may be produced by the fuel reformer. If the

desired rate of reformate consumption is greater than the threshold rate of reformate
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consumption by the engine, routine 1000 proceeds to 1022. Otherwise, routine 1000
proceeds to 1018.

[00142] At 1018, reformate is consumed or used by the engine at the desired rate.
Reformate may be injected to the engine at the desired rate by adjusting the position
or timing of an injection valve and by accounting for the pressure in the reformate
storage tank. If the pressure in the reformate tank increases, the gaseous fuel injector
may be operated at a lower duty cycle so as to shorten the gaseous fuel injection time
and compensate for the increase in reformate tank pressure. Similarly, if the pressure
in the reformate tank decreases, the gaseous fuel injector may be operated at a higher
duty cycle so as to lengthen the gaseous fuel injection time and compensate for the
decrease in reformate tank pressure. If the pressure drop across the fuel injector is
sufficient to establish sonic flow, the injector timing may not be adjusted since the
gaseous flow rate will remain substantially the same.

[00143] At 1022, routine 1000 may limit the amount of reformate injection.
Limiting the injection of reformate may include eliminating injection of reformate to
the engine. Further, during some conditions the limiting of reformate injection may
be overridden such that the desired amount of reformate is injected to the engine even
though the amount of gaseous fuel stored is less than the first threshold amount. For
example, limiting of injection gaseous fuel may be overridden when a torque request
by an operator exceeds a predetermined threshold. Alternatively, limiting of injection
of gaseous fuel may be overridden when the desired rate of gaseous fuel consumption
is less than the rate reformate is being produced by the fuel reformer.

[00144] On the other hand, reformate injection may be limited when reformate
stored in the reformate storage tank is less than the first threshold amount of reformate

as determined at 1004. In another example, reformate rate of injection may be limited
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to a fixed value that is expected to be less than the rate of reformate production by the
fuel reformer. In another example, reformate injection rate may be limited to a value
that varies with engine operating conditions. For example, at a first operating
condition, if the desired rate of reformate consumption is greater than a threshold, the
amount of reformate injected may be a first fraction or percentage of the desired rate
of consumption. At a second operating condition, if the desired rate of reformate
consumption is greater than a threshold, the amount of reformate injected may be a
second fraction or percentage of the desired rate of consumption. In one example, the
first and second fractions may be based on a priority of operating conditions. For
example, it may be more desirable to limit gaseous fuel injection to a higher
percentage of the desired rate of reformate consumption when the engine is under
higher loads (e.g., during a throttle tip-in or during acceleration) as compared to when
the engine is operated at lower steady state conditions (e.g., highly diluted part-
throttle conditions). Routine 1000 proceeds to exit after limiting reformate injection.

[00145] Referring now to Fig. 11, an example plot of simulated signals of interest
when use of reformate is prioritized is shown. The first plot from the top of the figure
represents the available amount of reformate in the fuel system. The Y-axis arrow
indicates a direction of an increasing amount of available reformate. The amount of
reformate in the fuel system 1120 may be determined from the temperature and
pressure of the reformate storage tank and from sensing the oxygen concentration in
the exhaust gases as discussed above. Horizontal marker 1118 represents a first
threshold amount of available reformate. Horizontal marker 1116 represents a second

threshold amount of available reformate.
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[00146] The second plot from the top of the figure represents the amount of
gaseous fuel injected to the engine. The amount of gaseous fuel injected to the engine
1122 increases in the direction of the Y-axis arrow.

[00147] The third plot from the top of the figure represents the amount of liquid
fuel injected to the engine. The amount of liquid fuel injected to the engine 1124
increases in the direction of the Y-axis arrow.

[00148] The fourth plot from the top of the figure represents spark retard from
desired spark timing. The amount of spark retard 1126 increases in the direction of
the Y-axis arrow.

[00149] At time zero, indicated by the Y-axis of each plot, to the time of vertical
marker 1100, the amount of available reformate 1120 is at a low level but gradually
increases. During this time period, the amount of available reformate 1120 is less
than the first threshold level 1118. In the same time period, gaseous fuel injection
1122 is deactivated while liquid fuel injection 1124 is at a higher level and combusted
with air in a substantially stoichiometric mixture. In addition, the engine spark 1126
is initially retarded. In this example, engine spark is retarded to increase exhaust gas
temperature so that output of the fuel reformer increases. The fuel reformer efficiency
may be increased by increasing the temperature of the fuel reformer, at least up to a
threshold temperature.

[00150] At time marker 1100, the amount of available reformate 1120 increases to
an amount greater than the first threshold 1118. At the same time, injection of
gaseous fuel 1122 to the engine begins and injection of liquid fuel to the engine is
reduced. Further, since the amount of available reformate 1120 is greater than the
first threshold 1118, the spark retard 1126 is reduced to increase engine operating

efficiency.
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[00151] At time marker 1102, the amount of available reformate 1120 exceeds a
second threshold level 1116. When the available amount of reformate 1120 is greater
than the second threshold level, the engine controller allows the amount of gaseous
fuel injected to the engine 1122 to increase to a level that is greater than the desired
level of gaseous fuel flow. As a result, injection of gaseous fuel 1122 is increased at
marker 1102. Combustion of a stoichiometric mixture in engine cylinders continues
at vertical marker 1102 by reducing the amount of liquid fuel injected 1124 in relation
to the amount of gaseous fuel injected. In this example, spark retard 1126 remains
low between vertical marker 1102 and 1104. However, in other examples, spark may
be retarded when a portion of gaseous fuel injected is alcohol rather than reformate.
[00152] At time marker 1104, the amount of available reformate 1120 falls below
the second threshold 1116. The engine controller reduces the flow of gaseous fuel
1122 to the engine in response to the available amount of reformate being less than
the second threshold. Accordingly, the amount of liquid fuel injected to engine
cylinders 1124 is increased so that stoichiometric combustion can continue. Spark
retard 1126 remains low until the time of vertical marker 1106.

[00153] At vertical marker 1106, the amount of available reformate 1120 decreases
to a level less than the first threshold level 1118. The engine controller deactivates
gaseous fuel injection 1122 at vertical marker 1106 to conserve reformate for higher
priority engine operating conditions (e.g., engine cold starting or high torque demand
conditions). Again, the amount of liquid fuel injected to engine cylinders 1124 is
increased so that stoichiometric combustion continues. Further, engine spark retard
1126 is increased so that fuel reformer efficiency can be increased. Engine spark

retard may reduce engine torque, so engine air charge may be increased while spark is
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retarded so that driver demand torque is maintained. Spark retard 1126 is maintained
at a higher level until the time of marker 1108.

[00154] At time marker 1108, the amount of available reformate 1120 is once
again greater than the first threshold 1118. This condition allows spark retard 1126 to
be reduced. Further, the injection of gaseous fuel 1122 resumes in response to the
amount of available reformate 1120 increasing to a level greater than first threshold
1118. The engine controller simultaneously increases injection of gaseous fuel
injection 1122 and reduces injection of liquid fuel 1124 to the engine. The liquid fuel
may be reduced at a rate that corresponds to the rate that gaseous fuel fills the intake
manifold.

[00155] At time marker 1110, the amount of available reformate 1120 has
increased to a level greater than the second threshold level 1116. As a result, the
engine controller allows the amount of gaseous fuel injected to the engine 1122 to
increase to a level greater than the desired level of gaseous fuel injection. In
accordance with increasing injection of gaseous fuel, the amount of liquid fuel
injected 1124 is decreased.

[00156] At time marker 1112, the amount of available reformate 1120 has
decreased to a level less than the second threshold level 1116. The engine controller
responds by decreasing the rate of gaseous fuel injection 1122 and increasing the
amount of liquid fuel injected 1124. Thus, under some engine operating conditions
reformate is conserved while during other engine operating conditions reformate is
consumed by the engine at a rate that may be higher than desired. In this way, the
method of Fig. 10 may be used to preferentially use or conserve reformate.

[00157] As will be appreciated by one of ordinary skill in the art, routines

described in figures 2,3,6,8, and 10 may represent one or more of any number of
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processing strategies such as event-driven, interrupt-driven, multi-tasking, multi-
threading, and the like. As such, various steps or functions illustrated may be
performed in the sequence illustrated, in parallel, or in some cases omitted. Likewise,
the order of processing is not necessarily required to achieve the objects, features, and
advantages described herein, but is provided for ease of illustration and description.
Although not explicitly illustrated, one of ordinary skill in the art will recognize that
one or more of the illustrated steps or functions may be repeatedly performed
depending on the particular strategy being used.

[00158] This concludes the description. The reading of it by those skilled in the art
would bring to mind many alterations and modifications without departing from the
spirit and the scope of the description. For example, 13, 14, I5, V6, V8, V10, and V12
engines operating in natural gas, gasoline, diesel, or alternative fuel configurations

could use the present description to advantage.
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Claims:

1. A method for operating an engine, comprising:
operating an engine by injecting a gaseous fuel and a liquid fuel to at least an
engine cylinder;
diluting a mixture of at least an engine cylinder; and
increasing a fraction of gaseous fuel relative to a fraction of liquid fuel

injected to a cylinder in response to a transient condition.

2. The method of claim 1 wherein said gaseous fuel is comprised of vaporized

alcohol and/or H», CO, and CHy4.

3. The method of claim 1 wherein said fraction of gaseous fuel is injected to an

intake manifold and wherein said mixture is diluted with one or more of EGR,

camshaft phasing, or other variable valve actuator.

4. The method of claim 1 wherein said transient condition is an operator tip-out.

5. The method of claim 1 wherein said fraction of gaseous fuel is injected

directly into an engine cylinder.

6. The method of claim 1 wherein said fraction of liquid fuel is greater than said

fraction of gaseous fuel before said fraction of gaseous fuel is increased.
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7.

10.

11.

12.

The method of claim 1 wherein said fraction of liquid fuel is less than said

fraction of gaseous fuel before said fraction of gaseous fuel is increased.

The method of claim 1 wherein spark advance is adjusted in response to
increasing said fraction of gaseous fuel relative to said fraction of liquid fuel

injected to said cylinder.

A method for operating an engine, comprising:

operating an engine by injecting a gaseous fuel and a liquid fuel to at least one
engine cylinder;

diluting a mixture of at least one engine cylinder with an amount of EGR;
increasing a fraction of gaseous fuel relative to a fraction of liquid fuel
injected to the at least one cylinder in response to an operator tip-out; and
increasing the fraction of liquid fuel relative to the fraction of gaseous fuel
injected to the at least one cylinder in response to a reduction in dilution of the

mixture of the at least one engine cylinder.

The method of claim 9 wherein said fraction of gaseous fuel is injected

directly into an engine cylinder.

The method of claim 9 wherein said fraction of liquid fuel is greater than said

fraction of gaseous fuel before said fraction of gaseous fuel is increased.

The method of claim 9 wherein said fraction of liquid fuel is less than said

fraction of gaseous fuel before said fraction of gaseous fuel is increased.
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13.

14.

15.

16.

17.

18.

The method of claim 9 further comprising reducing dilution of the mixture of
the at least one engine cylinder by reducing a gas fraction of EGR in response

to said tip-out.

The method of claim 9 wherein said gaseous fuel is comprised of at least Ho.

The method of claim 9 further comprising increasing said amount of EGR
delivered to said at least one engine cylinder when said gaseous fuel is
available, and decreasing said amount of EGR delivered to said at least one

engine cylinder when said gaseous fuel is less than a threshold amount.

A method for operating an engine, comprising:

operating an engine by injecting a gaseous fuel and a liquid fuel to at least one
engine cylinder; and

deactivating injection of said gaseous fuel in response to an increasing torque

demand that exceeds a threshold.

The method of claim 16 wherein said increasing torque demand that exceeds a

threshold is a peak torque demand.

The method of claim 16 further comprising reactivating injection of said

gaseous fuel in response to an operator tip-out and decreasing an amount of

said liquid fuel delivered to said engine.
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19. The method of claim 16 wherein EGR flow to said at least one engine cylinder
is decreased in response to said increasing torque demand that exceeds said

threshold.

20. The method of claim 17 further comprising increasing EGR flow to said at

least one engine cylinder in response to said reactivation of said injection of

said gaseous fuel.

21. The method of claim 16 further comprising retarding spark in response to said

deactivation of injection of said gaseous fuel.
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