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(57) Abrége/Abstract:
A conversion system for converting a spark ignition engine to operate on gaseous fuel Is disclosed. The conversion system

Includes an electronic controller which operates on several novel principles to provide superior performance/responsiveness
and to reduce exhaust emissions. The controller in accordance with the invention assumes complete control of spark ignition
timing when gaseous fuel mode Is enabled and generates independent spark ignition signals tailored to the gaseous fuel. The
controller also generates an independent pulse width modulated gaseous fuel injection signal that controls a high performance
electronic solenoid Injector valve to supply gaseous fuel to the engine. Variable injector speed Is used to compensate for the
dynamic range of the engine. A novel dual array block learn scheme Is used to provide efficient fuel control In engines equipped
with closed-loop monitoring systems and exhaust gas recirculation. A gasoline power boost mode Is also provided to enable
extra power when maximum engine torque iIs commanded. The advantage Is an efficient fuelling system which provides all of
the advantages of gaseous fuels while preserving the power capabilities of liquid fuels, and minimizing exhaust emissions.
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-

ABSTRACT OF THE DISCLOSURE

-

A conversion system for <converting a @ spark

ignition engine to operate on gaseous fuel 1is disclosed.

The conversion system includes an electronic controller

which operates on several novel principles to provide

superior performance/responsiveness and to reduce exhaust
emissions. The controller in accordance with the invention
assumes complete control of spark ignition timing when
gaseous fuel mode is enabled and generates independent spark
ignition signals tailored to the gaseous fuel. The
controller also generates an independent ©pulse width

modulated gaseous fuel injection signal that controls a high

performance electronic solenoid injector valve to supply

AL

gaseous fuel to the engine. Variable injector speed 1s used

to compensate for the dynamic range of the engine. A novel

dual array block learn scheme is used to provide efficient

fuel control in engines equipped with closed-loop monitoring
systems and exhaust gas recirculation. A gasolline power
boost mode 1is also provided to enable extra power when
maximum engine torque 1is commanded. The advantage 1s an

F
p—

efficient fuelling system which ©provides all of the

advantages of gaseous fuels while preserving the power

—

capabilities of 1liquid fuels, and minimizing exhaust

emissions.
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CONVERSION SYSTEM WITH ELECTRONIC CONTROLLER FOR
UTILIZATION OF GASEOUS FUELS IN SPARK IGNITION ENGINES

TECHNICAL FIELD

The present invention relates to the wuse of

natural gas, or a similar gaseous fuel 1in spark 1ignition
(Otto-cycle) engines, and in particular to the use of such

gaseous fuels in engilnes designed for vehicular

applications.

BACKGROUND OF THE INVENTION

The use of natural gas as an engine fuel source

has been recognized to have many advantages. Natural gas 1s
a clean burning fuel which promotes engine cleanliness and

lowers overall tailpipe emissions. It may also be used as a

fuel without the addition of the additives required 1n
gasoline, for example, which often include heavy metals. To
date, most commercially viable technology used for
converting Otto-cycle engines to operate on gaseous fuels
are mechanically controlled systems based wholly or partly
on apparatus and methods conceived and designed in Italy 1n
the 1920's. Such mechanical systems are 1ncapable of
meeting modern vehicular engine requirements. In
particular, they fail to provide the responsiveness, power,

or fuel efficiency expected by drivers or the exhaust

emlssion levels Now legislated by many regulatory

authorities.

To overcome this deficit, modern and sophisticated
electronically controlled systems have been 1invented for
converting liquid fuelled engines to gaseous fuels. The
most notable of those inventions are briefly dlscussed

below.
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United States Patent 5,092,305 which 1ssued on

March 3, 1992 to King is entitled "APPARATUS AND METHOD FOR

PROVIDING AN ALTERNATIVE FUEL SYSTEM FOR ENGINES". This

ternate fuel system that operates 1in

patent describes an a

conjunction with the primary fuel system to utilize the

output from the existing original equipment manufacturer's

control module 1in the primary system. It modifies the
original equipment manufacturer's control signals to operate
a fuel supply valve for the alternative fuel so that the
proper quantity of alternative fuel 1s supplied to the
engine. Spark control is supplied by the original equipment
control module. There are several drawbacks to this
approach. One of the principle drawbacks 1s that a gaseous
fuel such as natural gas performs differently than liquid
fuels such as gasoline. Because of this, different fuelling
is required during various engine operating modes such as
cold start, warm-up, power enrichment and transient periods

during which different torque requirements may be necessary.

In addition, gaseous fuels require different ignition timing

control than liquid fuels. Since this system relies on the
original eqguipment manufacturer's timing signals for
ignition control, optimal performance and minimal emisslions
cannot be realized. Engine spark timing must be advanced
significantly when running on natural gas to compensate for
the fact that natural gas burns more slowly than gasolilne

and therefore needs to be ignited earlier in order to exert

maximum mean pressure downward on the piston.

United ©States Patent 5,353,765 which 1ssued
October 11, 1994 to Saikalis et al 1is entitled "FUEL
MANAGEMENT SYSTEM FOR A GASEOUS FUEL INTERNAL COMBUSTION
ENGINE". This patent teaches closed loop fuel control using

a gas flow fuel sensor, a mass flow air sensor and exhaust
O, sensor to control a PWM injector signal for injectlng

gaseous fuel into the intake manifold of a converted engine.
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The mass gas flow sensor is fluidly connected between the
gaseous fuel source and the engine. The mass alrflow sensor
is similarly provided in series with an air intake for the
internal combustion engine and the outputs of both <flow
sensors are provided as input signals to a miCroprocCessor
based control circuit of the invention. The control circuit
calculates the air/fuel ratio of the combustible charge
provided to the engine and generates appropriate output

signals to a valve arrangement in series between the source

of gaseous fuel and the internal combustion engine to vary

the air/fuel ratio to obtain a desired engine performance as

a function of the engine operating condition. It 1s unclear

whether this system would provide suitable dynamic response
in fuel requirements for widely and rapidly varying engine
power demands. Furthermore, requirements for the control,
monitoring and safe operation of the gas flow sensor appear
to be complex in both software algorithms and hardware
requirements. This system also fails to address the 1ssue
of optimum spark timing while in a gaseous fuel mode.

United States Patent 5,367,999 which 1issued
November 29, 1994 to King is entitled "METHOD AND SYSTEM FOR
IMPROVED FUEL SYSTEM PERFORMANCE OF A GASEQUS FUEL ENGINE".

This patent relates to an improved gaseous fuel delivery

system and method of improving performance of the gaseous
fuelled engine by variably maintaining gaseous fuel pressure
to the engilne. An electronically controlled pressure fuel
regqulator receives signals from a fuel composition sensor, a
fuel temperature sensor and a fuel pressure sensor as well
as an engine speed or manifold absolute pressure signal to
control an electronic fuel pressure regulator 1in order tTO
improve the fuel system dynamic range TO provide i1improved
fuel metering accuracy and improved engine performance and
emlissions. While this appears to be a novel concept for

improving fuel metering, it is believed that fuel metering
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is more accurately and economically controlled by precise

control of a high speed electronic 1njector. This patent
also fails to address ignition control, as is common 1n the

prior art.
United States Patent 5,598,825 which 1ssued

February 4, 1997 to Neumann 1s entitled "ENGINE CONTROL
UNIT". This patent relates to an electronic control unit
used for converting two cycle turbo-charged diesel engilnes
to operate on natural gas. The electronic control unit
detects engine speed, throttle position, manifold absolute
pressure, gas pressure, gas temperature, Dbattery voltage,
air temperature, engine phase and boost pressure control
valve feedback position to control the gaseous 1injector ON
time. The control unit calculates a percentage full-load
value for the engine based on detected engine speed and
throttle position and utilizes a calculated percentage full-
load value to calculate the injector ON time for each gas
injector in a gas delivery system for the engine. Typically
the control unit employs the percentage full-load value and
the engine speed to calculate a required manifold absolute
pressure value, and this calculated manifold absolute

pressure value may then be employed together with the

percentage full load value to calculate a percent allowable
load value. The engine control unit employs the percentage
allowable load value with current engine speed to calculate
the spark advance for a given intake air temperature Dy
reference to a look-up table stored in the ECU controller.
Empirically mapped data in the 3-dimensional table provides
limited range control for optimal spark advance. While
spark advance 1S advantageous for optimal engilne
performance, complete ignition control, including 1ignition
coil dwell time control 1is required for optimal engilne

performance and minimum tallpipe emissions.
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In view of the above discussed patents, 1t 1s

clear that while significant advances have been made 1n
systems for converting liquid-fuelled engines to operate on
gaseous fuels, an economical conversion system which
provides the engine performance expected in modern vehicular

applications has not been realized in the prior art.

SUMMARY OF THE INVENTION

It 1s an object of the invention to provide an

electronic controller for utilization of gaseous fuels 1in
spark 1ignition engines which can be tailored to engines
employing either an open-loop system with no feedback from
pollution control sensors or a closed-loop system having at
least an oxygen sensor in the engine exhaust stream which
provides feedback to an original equipment engilne control
unit.

It is a further object of the invention to provide
an electronic controller for utilization of gaseous fuels 1in
spark ignition engines which generates an engine 1ignition
control signal independent of the original equipment engine
spark timing signals for the gasoline fuel 1n response to at
least one of the outputs from a plurality of sensors for
sensing selected engine conditions.

It is a further object of the invention to provide
an electronic controller for utilization of gaseous fuels 1n
spark ignition engines which generates a pulse wildth
modulated fuel injection signal independent of the origilinal

equipment fuel injection signal 1n response to at least one

of the outputs from the sensors for sensing selected engilne
conditions so that a pulse width modulated fuel 1njection
signal 1s generated to control a gaseous fuel 1injector for

injecting the gaseous fuel into the intake ailr stream of the

englnes.
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It is yet a further object of the invention to
provide an electronic controller for utilization of gaseous
fu

modulated fuel 1injection signal 1s capable of providing

- .

cls 1in spark ignition engines wherein the pulse width

gaseous fuel to more than one cylinder per fuel 1injection,

depending on a dynamic range of the engine.

It is yet a further object of the invention to
provide an electronic controller which 1s capable of
enabling a gasoline power boost mode at times when engine
output performance reguirements exceed those which can be

realized using gaseous fuel alone.

Tt is also an object of the invention to provide
an electronic controller for utilization of gaseous fuels 1in
spark ignition engines which is enabled with a dual-array

block learn capability in which a first block learn array 1S

used if exhaust gas recirculation is enabled by the original
equipment controller for the engine and a second block learn

array is used if exhaust gas recirculatlion 1s disabled.

It is a further object of the invention to provide
a system for enabling spark 1gnition engines to operate
efficiently on gaseous fuels which includes an electronic
controller and a high heat transfer gaseous fuel pressure
regulator having an engine-heated fluid circulating through
it to enable accurate gaseous fuel temperature modelling

The electronic controller in accordance with the
invention enables an economic, fuel-efficient method and
apparatus for converting a spark ignition englne to operate
on a gaseous fuel such as compressed natural gas (CNG). The
controller generates a pulse width modulated (PWM) fuel
injection signal to control a high-speed, two-way normally
closed injection solenoid valve (HSV) to inject the gaseous
fuel 1nto an area of the intake tract of the engilne
determined to be the most advantageous location for proper

distribution of the gaseous fuel to the respective cylinders
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of the engine. More than one injector may be used Ifor an
engine, depending on the fuel requirements of the engine.
The PWM fuel injection control signal generated Dby the
electronic controller is dependent wupon various engilne
condition sensor inputs which include at least manifold
absolute pressure (MAP), engine coolant temperature (ECT) or
intake air temperature (IAT), the speed of revolution of the
engine (RPM) and battery voltage (BV). Additional sensor
inputs may further improve engine performance and lessen
exhaust emissions. Additional sensor inputs optionally
include fuel gas temperature (FGT), throttle position (TP)
and exhaust gas recirculation (EGR). In addition, when a
modern closed-loop engine is converted using a system 1n
accordance with the invention, the controller also accepts
signals from at least one sensor which measures the oxygen
content of exhaust gases generated by the spark ignition
engine in order to ensure that stoichiometric mixtures ot
fuel gas and intake air are supplied to the engine when
exhaust gas recirculation is enabled. In this instance, the
controller utilizes a dual-array block learn scheme in which
a first block learn array 1s utilized when an exhaust gas
recirculation valve is opened and a second block learn array
is used when the exhaust gas recirculation valve 1is closed.
This enables the controller to rapidly adapt to changing
engine conditions and automatically compensate for changing
environmental factors, engine wear, etc.

An electronic controller in accordance with the
invention also assumes complete control of ignition and
ignition timing when the engine is operating 1n gaseous fuel
mode. The controller preferably uses MAP and RPM 1n
conjunction with IAT and ECT to compute a timing signal
which controls ignition spark timing. Battery voltage (BV),
MAP and RPM are also used to compute a coil dwell period.

The ignition spark timing and coil dwell period are combined
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to generate the complete fuel ignition sequence tO ensure
that an ignition spark of a required intensity 1is initiated
at an optimal time for igniting the gaseous fuel. The
system includes a solid state switch which permlits direct
control of the spark timing and ignition coil current period
(dwell angle). Control of the coil dwell permits spark
energy to be increased to compensate for the high ionization
voltage required to ignite gaseous fuels such as natural
gas. In addition, the solid state switch simulates the
presence/operation of the original equipment ignition module

so that the original equipment controller is kept "happy".
A second solid state switch controlled by the original

equipment ignition bypass signal applies a simulated load to

the original equipment ignition signal when the origlnal
equipment controller enters ignition bypass control. This
ensures that the original equipment ignition Dbypass
diagnostics operate properly while the engine is 1n gaseous
fuel mode.

Finally, the controller 1in accordance with the
invention optionally enables a gasoline power boost when
full engine torque 1s commanded. If an operator fully
depresses the accelerator of a vehicle powered with an
engine equipped with a conversion system 1n accordance with
the invention, the controller automatically switches over toO
gasoline power in a timed transition to ensure fuel
efficiency and minimize exhaust emissions. When the
throttle is released from a fully depressed position, the
controller automatically switches back to gaseous fuel 1n a
timed sequence to ensure a smooth transition. This enables
the engine to operate on gaseous fuel alone at all times
when maximum engine torque is not commanded while providing
the power boost available with liquid fuels at times when

maximum torque is demanded.
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BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be more fully explained by

way of example only and with reference to the following

drawings wherein:
FIG. 1 is a schematic diagram of a closed-loop

gasoline engine equipped with a controller 1in accordance
with the i1nvention;

FIG. 2A is a block diagram showing sensor 1nputs
and sequence of operations used to compute an ignition spark
timing sequence and coil dwell period in accordance with the
invention;

FIG. 2B shows signal traces generated by an engilne
position sensor and an ignition spark signal generated by
the electronic controller in accordance with the invention;

FIG. 3 is a block diagram illustrating the sensor

inputs and the steps involved in computing a gaseous fuel
injector open duration and injector open timing control
signals in an electronic controller in accordance with the
invention;

FIG. 4 is a Dblock diagram illustrating the
computation of an acceleration enrichment factor used in the

computation sequence illustrated in FIG. 3;
FIG. 5 is a flow diagram illustrating the logic

used in the electronic controller in accordance with the
invention to determine when to enable gasoline power boost

and to control the transition to and from gasolline power

boost mode;
FIG. 6 is a schematic diagram showing the circuilt

layout for controlling ignition timing signals with the
conversion system in accordance with the invention; and
FIG. 7 is a flow diagram showing the logic used to

control the dual-array block learn in accordance with the

invention.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention provides a conversion system
that includes an electronic controller for controlling the
operation of a spark ignition engine to operate on a gaseous
fuel. The electronic controller accepts outputs from a
plurality of sensors for sensing selected engine conditions
and generates an ignition control signal independent of the
original equipment engine spark timing signals. It also

generates a pulse width modulated fuel 1injection signal

independent of the original equipment fuel injection signals

in response to the sensor outputs. This permlts the

electronic controller to achieve maximum engine performance
and fuel <efficiency while minimizing englne exhaust
emissions.

Fig. 1 is a schematic diagram of a modern spark
ignition engine equipped with a conversion system that
includes an electronic control unit (hereinafter ECU 24) 1in
accordance with the invention. The spark ignition engine 10
is equipped with liquid fuel injectors 12 which are supplied
with liquid fuel from a gasoline tank 14 1n a manner well
known in the art. Spark ignition engine 10 is also equipped
with an intake manifold 16 and a spark ignition module 18
which controls ignition spark generation by a spark plug
(not illustrated) in each engine cylinder. The spark
ignition engine 10 is also equipped with an exhaust
system 20. In the case of a modern, closed-loop engine the
exhaust system includes an oxygen sensor which outputs a
signal representative of the oxygen content of the exhaust
gases on a signal line 2Z. It should be understood that
while the spark ignition engine 10 illustrated 1n Fig. 1
includes a closed-loop control system, the ECU 24 1n
accordance with the invention is equally adapted to operate

with engines without an exhaust oxygen sensor.
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The ECU 24 accepts inputs from a plurality of
sensors and outputs control signals to a two-way normally
closed gaseous fuel 1injection solenoid valve (hereinafter
HSV 26) and to the spark i1gnition module 18. In order to

enable operation, the ECU 24 must recelve output signals
from at least a manifold absolute pressure sensor (MAP), an
engine coolant temperature (ECT) sensor or an 1intake air

temperature (IAT) sensor, a sensor for sensing the speed of

revolution of the engine (RPM) and a battery voltage (BV)
which is preferably sensed directly by the ECU 24. Thus the
ECU 24 may be used to control an open-loop carburetted or

fuel 1njected engine as well as a closed-loop modern
carburetted or electronically injected gasoline engline 10
shown in Fig. 1. For optimal performance, 1t 1s preferable
that ECU 24 also receive 1nput signals from a throttle
position sensor (TP), an exhaust gas 0O sensor and an
exhaust gas recirculation (EGR) input signal 1f the spark
ignition engine 1is equipped with EGR.

As shown in Fig. 1, the ECU 24 recelves a number
inputs from sensors which monitor selected conditions of the
gasoline engine 10. RPM 1s monitored by ECU 24 on an 1input

line 28. MAP, and optionally, IAT are respectively received

from sensors in manifold 16 on i1nput lines 30. MAP and IAT
are received on separate 1nput lines and MAP may be measured
directly by a MAP sensor provided with the ECU 24 and
connected with the manifold 16 by a wvacuum hose (not
illustrated) 1in a manner well known 1n the art. If the
vehicle which 1s equipped with ECU 24 1includes a throttle
position sensor 32 to monitor the relative position of a
throttle 34 of the vehicle, the ECU 24 receives a throttle

position signal (TP) over input line 36. In accordance wilith

a preferred embodiment of the conversion system, compressed
natural gas 38 (CNG) 1s supplied to the HSV 260 by a

two—-stage pressure regulator 40. The two-stage pressure

_11_
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regulator 40 1is preferably of a type described 1n
International Patent Application PCT/CA95/00500 filed
August 30, 1995. The two-stage pressure regulator 40 1is a
compact, high flow, 1low droop, low pressure drop and low
creep regulator which provides fuel to the HSV 26 at a
consistent pressure. The two-stage pressure regulator 40
includes temperature controlling fluid passageways withiln
the regulator body to provide heating to the regulator base
and components mounted on it. The passageways are designed
to provide sufficient heat transfer to raise the fuel gas
temperature by about 100°C at maximum flow and cylinder
pressure and to compensate for the heat loss as the fuel gas
expands during the pressure regulation process. Heating
fluid is supplied to the pressure regulator 40 through fluid
transmission lines 42. The fluid transmission lines 4Z
typically conduct engine coolant fluid from the gasoline
engine 10 through the two-stage pressure regulator 40 and
back to the spark ignition engine 10. In alir cooled spark
ignition engines, the fluid transmission lines 42 typically
conduct engine lubricating oil rather than engine coolant.
The ECU 24 derives an ECT signal from an original equipment
coolant sensor on the gasoline engine 10 or an aftermarket
temperature sensor supplied with the conversion system.
CNG 38 1s supplied by the two-stage pressure regulator 40
through a gaseous fuel line 46 to the HSV 26. The ECU 24
outputs a PWM 1injector signal to the HSV 26 over a fuel
injection signal line 48 to control the injection of gaseous
fuel into the manifold 16 as will be explained below with
reference to Figs. 3 and 4. The ECU 24 also outputs
ignition control signals over ignition control signal
line 50 to the spark ignition module 18 as will be explained
below with reference to Figs. 2A and 2B. In addition to the
other signals received by ECU 24, the ECU 24 measures the

_12._.
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voltage output by the vehicle battery 52 using signal
line 54 to determine the battery voltage (BV).

Fig. 2A 1is a block diagram 1llustrating the
calculation of an engine spark timing signal performed by
ECU 24 to ensure that engine spark timing 1s optimized for
CNG 38 to maximize engine performance while minimizing
exhaust emlssions. In a first step, a primary timing
interval is derived from a look-up table using MAP and RPM.
The primary timing interval 1is preferably a single byte
binary number representative of degrees of revolution,
though other algorithms may be used for the same purpose.
After the primary timing interval 56 1s derived, 1t 1s
preferably adjusted using an air temperature adder 58 which
1s derived from a table look-up using MAP and IAT. The air
temperature adder is likewise a single byte binary number
which is added to the primary timing interval. An engilne
temperature adder 60 is preferably also used to adjust the
primary timing 1nterval. The engine temperature adder 1s
derived by table look-up using MAP and ECT. The tables for
the primary timing interval 56, the air temperature adder 58
and the engine temperature adder 60 are preferably data

filled using empirical test data from a spark 1ignition

engine of the type to be equipped with the conversion system
in accordance with the invention. After the primary timing
interval 56 is adjusted using the air temperature adder 58

and the engine temperature adder 60, the value 1s adjusted

to match the spark ignition engine 10 by multiplying 1t by a
constant based on the number of cylinders in the engine and
dividing it by the cylinder spacing in a manner well known
in the art. The value thus obtained is converted to clock
cycles by multiplying it by a constant "D" representative of
the number of clock cycles between the spark 1gnition top
dead center (TDC) of adjacently firing cylinders. The

product vyields a TDC to next spark event (A) shown 1n

- 13 -
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Fig. 2B. A dwell period (C) is then computed using MAP, RPM
and BV in a three-dimensional look-up table to determine a
coil dwell period which is then subtracted from the TDC to
next spark event (A) to determine a pre-dwell period (B)
shown 1n Fig. 2B. These two wvalues B, C control the spark
ignition module 18. For a gaseous fuelled engine, ignition
timing has to be altered or a large emissions and efficiency
penalty 1s paid. The direct control of spark timing and
ignition coil current or dwell angle, as described above,
minimizes emissions and maximizes efficiency. Control of

the dwell angle permits spark energy to be 1increased to

compensate for the high ionization voltage requlred to
ignite gaseous fuels such as natural gas. As will be

explained below, while the spark ignition engine 1s operated

in gaseous fuel mode, a solid state switch simulates the

ignition module to the original equipment controller to
prevent 1its ignition diagnostics from reporting spurious
faults.

Fig. 2B shows a schematic trace of an engilne
position signal 64 and an ignition spark control signal 66
generated by the ECU 24 as described above with reference toO
Fig. 2A. As explained above, a time interval expressed 1n
clock signals and designated by the character "D" 1indicates
a time period between the TDC of a last fired cylinder and
the TDC of the next cylinder requiring an 1ignition spark

event. A time period indicated by the reference "A"

represents the TDC to next spark event. This period
includes two components, a dwell angle indicated by "C" and

a delay period indicated by "B". An optimal spark ignition

sequence is therefore computed using MAP, RPM, IAT, ECT and
BV as inputs to tailor each spark event to current engine

and environmental conditions.
Fig., 3 1s a schematic diagram 1illustrating the

preferred computation sequence for the 1njector open
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duration and the injector open timing for the HSV 260 (see

Fig. 1). An Otto-cycle engine's air 1ntake 1s not a

continuous flow, but a series of pulses corresponding to the
intake stroke of each engine cylinder. Central-point or
throttle body gaseous fuelling strategies have traditionally
taken two approaches to ensure the required even mixing of
gaseous fuel with air. The first is known as "continuous

feed" and as the name 1mplies delivers a stepless,

continuous flow of gas 1nto the air stream. This approach
is used by mechanical systems. With the advent of digital
fuel injection and injectors which use "ON-OFF" pulse-wldth
modulation for determining fuel quantity, 1t 1s obviously
important to synchronize the fuel injection with the ailr
pulse in order to ensure that the correct amount of gaseous
fuel 1is delivered to each cylinder's air charge. The
easiest method is to inject one "shot" or injector pulse of
fuel for each air pulse. This 1s known as slngle-speed
injection. This ensures even mixing, but because of the

mechanical inertia of the injector, there is a limitation 1n

~the dynamic range which can be achieved. This 1s caused by

the time required to open and close the injector, which 1s

about 1 millisecond for each event. In order to deliver a

A

small amount of gas stably and reliably at 1dle speeds, and

still be able to deliver full fuel at maximum RPM and power

while ensuring that the gaseous fuel 1s delivered to the

P

correct pulse of air, several high-quality fuel 1njectors

are normally required, the number of fuel 1injectors beilng
determined by the dynamic range of the engine and how well
it "breathes" at high speed.

The present invention employs a "variable
injection ratio" strategy 1n order to avoid the problems
noted above. Variable 1injection ratio delivers one
injection of fuel to the inlet air stream for every two Or

more inlet air pulses. Because the time spent turning the
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injector ON and OFF is halved, this 1is equivalent to having
a faster-acting injector and the dynamic range of an engine
that the valve can supply fuel to is increased. The dynamic
range or "turn down ratio" of an engine is determined by the
difference between the amount of fuel the vehicle requires
at full power and the minimum amount 1t consumes per stroke
at 1dle. Tuned air induction, super charging, multiple
valves per cylinder or variable valve timing all 1ncrease
the dynamic range of a gasoline engilne. In order to
minimize the number HSVs 26 required to properly fuel an
engine over its entire dynamic range, the present invention
employs a variable injection ratio as explained above.

Of course, injecting gaseous fuel less than every
air intake pulse must be done carefully to ensure that the
fuel is evenly distributed to the engine cylinders. The
variable ratio injection in accordance with the invention
ensures timed gaseous fuel injection in which the injection
pulses overlap two or more sequential air 1intake pulses,
ensuring that a proportional amount of each gaseous fuel
injection is allocated to each of the sequentially firing
cylinders.

The net effect of this innovation is to permit the
use of one injector where prior art systems would require
two or more, or two injectors where previously three or more

would be required. Besides the obvious cost benefit of

ol
p—

saving expensive fuel injectors, reducing the number oO:
injectors has trickle-down Dbenefits of simplifying ECU
complexity, wlring harness complexity, heat sinking
requirements, etc.

Gaseous fuel metering, unlike liquid fuel metering
is highly dependent on gas temperature. To demonstrate, a
given mass of natural gas will change volume Dby 60 percent

over the temperature range of -40°C to +100°C, the two

extremes of the range over which vehicular fuel metering 1s
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necessary. Traditionally, a CNG temperature sensor has been
used to measure CNG temperature, calculate 1ts density and
adjust injector "on time" to compensate. While this 1s a
proven method, the drawbacks are several. Mainly, the
additional cost of extra sensors, ECU complexity, wiring
harness complexity, the necessity for machining an extra
sensor port, and the necessity for sensor diagnostics.

The present invention avoids these drawbacks by
using a sensor already provided in the original equipment
system, namely the engine coolant temperature sensor. By
using a high-heat transfer CNG two-stage pressure regulator
as explained above, with engine coolant circulating through
it at a high rate the CNG is kept very close to engilne
coolant temperature as it exits the regulator. After the
heated CNG exits the regulator, it 1is fed 1into a close-
coupled gas 1injection Dblock. Provision 1s made for
thermally insulating the connecting hose and 1injection
block, depending on required accuracy. With the gaseous
fuel at a known temperature, accurate metering can be made

at all engine and natural gas temperatures. After the

gaseous fuel has been metered the gas can be fed to the

engine at any temperature. Cool gaseous fuel displaces less
alr and permlts more power.

Referring again to Fig. 3, an 1injector open
duration time period is computed in a series of computations
which begins by using MAP and RPM to derive an 1nitial value
from a two-dimensional volumetric efficiency table (not
illustrated) shown 1n step 68. This wvalue 1s corrected
using 0o sensor feedback control derived in step 70 1f the

spark ignition engine 10 1is equipped with a closed-loop

system and EGR. O, sensor feedback 1s derived from block
learn arrays, as will be explained below with reference to

Fig. 7. Otherwise, step 70 1s omitted.

- 17 -
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In step 72 an alr density correction table 1s

consulted using JTAT and ECT to derive an alr density
correction factor which 1s multiplied by the product from
steps ©8 and 70. Consequently, 1in step 74 the product 1is
multiplied by the MAP value. In step 76 a dynamlc range

varliable (DRV) stored 1n non-volatile memory of the ECU 24
is retrieved to determine a varlable injection ratio which
1s a numeric value between 1 and 256. The DRV 1s, 1n actual
practice, normally a value of 1 or 2 and determines the
number of i1ntake pulses for which gaseous fuel 1s supplied.
As explained above, the DRV 1s used to accommodate englnes
with a wilide dynamic range and 18 dependent on the

characteristics of the spark ignition engine 10 equipped

with the system 1n accordance with the 1invention. In

step 78, a value 1s derived from a fuel temperature

correction table using ECT and fuel gas temperature (GTS),

normally derived from temperature modelling as described
above. The variable derived from the fuel temperature

correction table 1s multiplied by the product from step 76.

In step 80, an acceleration enrichment quantity 1s computed
using MAP, RPM and, optionally, TP as will be explained 1in
more detail below with reference to Fig. 4. The
acceleration enrichment quantity 1s added to the product of
step 78. The sum of step 80 1s passed to a fuel wvolume
calculation which uses an 1njector model number to retrieve
relevant 1njector characteristics, and GTS to calculate an
injector open time using the result of <calculation
steps 68-80 which vield a fuel amount expressed 1n
mllligrams. Since different injectors have different
operating characteristics, formulae unique to an 1injector
model are preferably used to determine the 1njector open
duration. Gaseous fuel temperature (GTS) 18 also
determinative of the length of time that fuel pressure

contributes to the opening and closing of the 1injector.
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These two factors are therefore used to compute an injector
open duration time 1n milliseconds in step 82. The injector
open duration 1s then modified by a correction factor
derived from a one dimension battery voltage table in step
84 using battery voltage (BV). BV is likewise instrumental
in determining the length of time required to open and close
the HSV 26. The BV 1s therefore measured in step 84 and

used to determine a correction factor in milliseconds which

1s added to the 1injector open duration time computed in
step 82. The sum of steps 82 and 84 vyields the final
injector open duration in step 86 which is passed to an
injector timing calculation 1in step 88. The 1njector(s)
open timing calculation uses MAP and RPM in conjunction with
the 1injector open duration time to determine the injector
open timing. The 1injector opening timing commands are
output to the 1injector driver(s) in step 90 which controls
the opening and closing of the HSV(s) 26 (see Fig. 1).
Referring now to Fig. 4, the acceleration
enrichment calculations 80 are described in more detail. 1In
step 92, MAP 1s compared with the last read MAP wvalue to
compute A MAP which represents the rate of change of the
manifold absolute pressure. A MAP 1is corrected using a A
MAP adjustment factor which 1is derived from a single
dimension A MAP table using the A MAP variable computed in
step 92. The A MAP adjustment factor derived in step 94 1is
multiplied with A MAP and the product is multiplied in step

96 by an 1deal manifold volume stored in non-volatile RAM

'memory. The 1deal manifold volume is an empirical wvalue

derived from bench testing of the spark ignition engine 10.
The 1deal manifold volume will depend on the "breathing
characteristics” of the engine and is normally somewhat
smaller than the actual measured volume of the intake
manifold of the spark ignition engine 10. The product of

step 96 1s multiplied with an engine speed scaling factor in

- 19 -
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step 98 derived from a single dimension table using RPM.
That product 1s passed through a digital filter in step 100
using a A MAP filter coefficient 102. The A MAP filter

coefficient 1s selected from two values, a first coefficient

used when A MAP is increasing and the second coefficient
used when A MAP is decreasing. If the gasoline engine 10
1s not supplied with a throttle position sensor, the result
of step 100 1is output directly as the acceleration
enrichment factor used 1in step 80 of the computation

described above with reference to Fig. 3. If the gasoline

engilne 10 1s equipped with a throttle position sensor, the
throttle position (TP) 1s compared with the 1last read
throttle position in step 104 to compute A TP which is
representative of the rate of change of the throttle

position. A TP is multiplied by a A TP adjustment factor

derived from a A TP adjustment table in step 104 using the
variable A TP. The product of steps 102 and 104 is added

to an acceleration enrichment factor derived from an

acceleration enrichment quantity in step 106 using TP. The

P

product of that operation 1s multiplied by an engine speed

scaling factor 1n step 108 which 1is derived from an engine
speed scaling table using RPM. The product of step 108 1is
passed through a digital filter in step 110. The filter 1is
modified by a A TP filter coefficient 112. One of two

filter coefficients are preferably used depending on whether

A TP is increasing or decreasing. The output of digital
filter 110 1s added to the output of digital filter 100 and

the sum provides the acceleration enrichment factor used 1n

-

step 80 of the computation described with reference to
Fig. 3.

Converting a s8Spark 1gnition engine to a gaseous

fuel traditionally 1involves an unavoidable power loss at all
engine speeds. Because of the nature of gaseous fuel, air

1s displaced by the volume of the fuel, reducing the amount

- 20 -
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of oxygen avallable for combustion. This displacement 1s
about 10 percent, corresponding to an approximate 10 percent
power loss. In addition, maximum power 1n a gasoline
fuelled engine 1s developed when extra liquid gasoline 1is
fed 1nto the engine. The extra fuel, while not otherwise
required for combustion, cools the 1ntake alir due to 1its
liquid-gas phase change, thus 1ncreasing charge density.
The higher density alr contalins more oxygen for combustion
and hence more power 18 developed. This enrichment

technique 1ncreases engine torque. Because gaseous fuels do

not undergo a phase change 1n the intake manifold, there 1is

no l1ntake alr coollng effect and thus no power advantage to

adding more fuel than theoretically reqguired. Consequently,

drivers of gaseous fuel vehicles must normally accept a 10-
20 percent power reduction, and thus often specify a larger
engine or a numerlically higher drive axle reduction ratio,

or both, on vehicles scheduled for conversion to gaseous

fuels to mask the effects of the power loss. While a larger
engine offers greater power, 1t 1s less efficient in normal
driving and generally contributes more pollution i1n the form
of exhaust emissions. A numerically higher drive axle ratio
increases engine speed for a given road speed, and thus
requlires additional fuel and results 1in extra pollution.

In order to overcome this shortcoming, the present
invention provides the capability for automatically

switching the fuel to gasoline when full engine torque 1S

commanded. If a vehilcle operator depresses the accelerator
fully, a computer controlled automatic switchover occurs
which 1i1s timed to ensure that there 1s no period of too much
or too 1little fuel. As soon as the operator reduces foot
pressure on the accelerator, the system automatically
swltches back to gaseous fuel, agaln with a timer to ensure
a seamless transition. This feature 1s transparent to the

driver and noticeable only by the extra torque and

- 771 -
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optionally by an indicator lamp on the instrument panel. It
has been established that in normal driving, no gasoline 1s
consumed. However, during passing or merglng, when engine
torque levels can be considered a safety 1ssue, full torque

1s always 1nstantly available. This feature has the side

benefit of periodically "exercising" the gasoline system at

a high flow rate, giving a "flush" effect to the original

equipment gasoline injectors. Control of the gasoline power

boost feature 1s accomplished through two levels: a base
calibration and a driver-selectable "defeat” feature
accomplished using a toggle switch 114 (see Fig. 1)

preferably mounted on an instrument panel of the vehicle.
The toggle switch 114 may be switched between a power boost
enable position and a power boost disable position sensed by
ECU 24 on 1line 116 to permit the wvehicle driver ¢to
selectively defeat the feature. This 1s useful 1f there 1is
a malfunction 1in the vehicle's gasoline fuelling system, or
if the gasoline tank 1s empty, or the wvehicle operator
desires to operate without the feature. If the operator
places the toggle switch 114 1in the power boost enable
position, the ECU 24 automatically controls switchover
between liguid and gaseous fuels without operator 1input

using a series of timers and look-up tables as described

below with reference to Fig. 5.

Fig. 5 1s a 1logic diagram showing the logic
sequence used to initiate and terminate gasoline power boost
mode. In step 120, the ECU 24 monitors MAP or TP to
determine whether the vehicle's throttle 1s at i1ts limit. A

throttle position sensor 32 1s not required to enable

"gasoline power boost mode since a direct equivalent is

avallable 1n the manifold absolute pressure. If the MAP

exceeds a predefined threshold stored in non-volatile memory

of the ECU 24, or a throttle position sensor 32 1indicates
that the throttle 34 1s at 1ts 1limit of travel, gasoline

_22_
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mode 1s enabled by ECU 24 in step 122 by switching a relay

as will be explained below with reference to Fig. 6. On

g

initiation of gasoline power boost mode, the ECU 24 fetches

a switchover delay period stored in non-volatile memory in
step 124 and determines whether the delay period has elapsed
in step 126. The delay period 1s to ensure a seamless
transition from gaseous fuel to gasoline and compensates for
the delay between an 1initial gasoline injection into a
Chrottle body and the time at which gasoline actually
arrives at the intake valve. After the delay in step 126 is
determined to have elapsed, signals to the HSV 26 are
disabled and the CNG fuel supply is shut off in step 128.
The program then monitors the TP or MAP to determine whether
the throttle has been eased off to a predefined transition
position 1n step 130 in which the engine 10 is returned to
gaseous fuel operation. If the throttle is at or below the
predefined transition position, the gasoline mode 1is turned

off in step 132 and a switchover from gasoline to gaseous

fuel 1s fetched from the non-volatile memory of ECU 24 in

step 134. The predefined switchover delay retrieved in step
134 1s preset to ensure that the transition from gasoline to
gaseous fuel mode does not unduly 1increase exhaust
emissions. When the predefined delay period is determined
to have elapsed in step 136, control signals to the HSV 26
are agaln enabled by ECU 24 and CNG injections are resumed
in step 138. At all times, the ECU 24 monitors TP or MAP to
determine whether the throttle is at a predefined limit in
step 20. If the throttle is not at the predefined limit,
and 1t 1s determined that CNG mode is enabled in step 140,
the ECU 24 returns to 1its periodic monitor routine in
step 120.

Fi1g. 6 1s a schematic diagram of the solid state
switches used by ECU 24 to switch ignition timing

calibration between gaseous fuel mode and gasoline mode.

_23_
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Two solid state switches 142, 144 are required. The solid
state switch 142 1s controlled by a fuel mode signal which
corresponds to the fuel being delivered to the engine at any
moment. When the fuel mode signal indicates gaseous fuel is
in use, the solid state switch is switched to apply the
gaseous fuel timing signal to the ignition module 18 of the
gasoline engine 10. When the fuel mode signal indicates
that gasoline 1s being used, the solid state switch 142 is
switched to supply the gasoline timing signal to the
ignition module 18. Under certain conditions such as
starting, or abnormal conditions when the OEM electronic
control unit is programmed to bypass normal electronic spark
timing and route the distributor timing signal directly to
the 1gnition module, the original equipment control unit of
spark 1gnition engine 10 will generate an ignition bypass
Ciming signal which switches the ignition module 18 to
bypass timing 1n a manner well known in the art. Under
those conditions, an ignition load must be simulated so that

the original equipment engine controller unit assumes that

1t 1s controlling the engine and does not generate spurious
fault warnings. In thls case, the gasoline bypass timing
signal switches the solid state switch 144 to apply a load
created by a resistor 146 to the gasoline timing signal
line. Under normal conditions, the gasoline bypass timing
signal 1s driven high and the simulated load is not applied
to the gasoline timing signal line.

Computer-controlled stoichiometric fuel-injection
systems use a technique called '"block learn"” which
continuously monitors, corrects and learns fuel delivery to
the englne. Based on a signal from an 05 sensor mounted in
the exhaust manifold, block learn i1s used to keep the fuel-
alr ratio at exact stoichiometric conditions, which permits
a three-way catalytic converter to simultaneously reduce

emissions of carbon monoxide, hydrocarbons and oxides of

_24_
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nitrogen. Very accurate fuel control is required to permit
the catalyst to function efficiently. Block learn
automatically compensates for fuel composition, engine wear,
fuel system wear, | calibration shift, or atmospheric
conditions. The engine operation range 1is divided into an
array of Dblocks or cells defined by engine speed and MAP.

The system works well on original equipment vehicles where

all engine functlons are carefully mapped into look-up
tables. The ECU 24 1n accordance with the invention can be

and preferably 1s equipped with a Dblock 1learn map which

functions in the same way, which is well known in the art.
However, the original equipment engine controller may turn
exhaust gas recirculation (EGR) ON or OFF under any of
several varied conditions. This 1introduces a significant
challenge for the ECU 24 Dbecause fuel requirements are
reduced by 5-20 percent for the same 1inlet manifold

conditions without EGR. If this step <change 1s not

compensated for, the engine will run rich until the block

learn system corrects 1it. Thlis may take several seconds,

during which engine power, emissions and efficiency suffer

Because 1t 1s difficult, if not impossible,

had

significantly.
to predict when the original equipment engine controller may

turn EGR ON or OFF, 1t 1s not practical to attempt to map

out exact EGR flow rates under all conditions and compensate

for them, as 1n the original equipment method. Since EGR

may be turned ON or OFF while operating in the same block

learn cell, poor drivability (surging or stumbling), fuel
economy, emissions and erratic engine power availability
have caused many conversion systems to disconnect the

original equipment EGR system, sacrificing the powerful

emissions and efficiency benefits of EGR and confusing the
original equilpment engine controller when operating in

gasoline mode.

- 25 -
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The present 1nvention overcomes this problem with

a dual block learn array. A primary and a secondary block

learn array are respectively provided in non-volatile RAM.
The primary array consists of 64 cells or blocks which
divide up the engine operation map. This primary array is
used when an 1input to the ECU 24 indicates that EGR 1is

~turned ON. The primary array 1s a high resolution block

learn array which has the ability to finely trim engine

operation 1n the sensitive emissions-weighted operations

range. When EGR 1s not active, the ECU 24 switches to a

secondary, 32-cell block learn array. The secondary cell

block learn array has a coarser resolution to conserve RAM

but 1t could also have higher resolution, if required. As

the EGR valve opens or closes, the ECU 24 automatically

switches block learn arrays and lean or rich fuelling 1is
thereby avoided. After driving the vehicle under wvaried

conditions, blocks 1in both arrays will be "taught" and

correction values will be stored and continuously updated

for both EGR and no-EGR operation, 1in a manner well known in
the art.

Fig. 7 1s a flow diagram which illustrates the
logic that dictates whether block learn array 1 or 2 is used
at any glven time. In step 142, the ECU 24 determines
whether EGR 1s turned ON. If EGR 1s not turned ON, the
ECU 24 determines 1in step 144 whether gasoline mode is ON.
If gasoline mode 1s enabled, the ECU 24 returns to step 142
because the original equipment controller operates using its
own block learn array 1in gasoline mode. If gasoline mode 1is
determined not to be ON in step 144, the ECU 24 uses the
block learn array 2 1n step 146. 1If in step 142, the ECU 24
determines that EGR 1is turned ON, it checks to determine
whether gasollne mode 1s enabled in step 148. If EGR is ON
and gasoline mode 1s not enabled, the ECU 24 uses block

learn array 1 1in step 150. Using a block learn array
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dedicated expressly to EGR and a block learn array dedicated

to no-EGR, the ECU 24 is enabled to maximize fuel efficiency
and minimize exhaust emilissions.

The block learn array feedback is introduced 1into
the injector open duration computation 1n step 70 of the

computation described above with reference to Fig. 3.

While the invention has been described above with
reference to a closed-loop modern electronically fuel

injected spark ignition engine with EGR, 1t should be

understood that it is equally adapted to provide efficient
fuel control for a closed-loop carburetted englne or an
open-loop carburetted or fuel injected engine. The above-
embodiment described in detail is intended to be exemplary
only and not 1limiting with respect to the scope of the
invention. Changes and modifications to the embodiments
described may become apparent to those skilled 1in the art.
The scope of the invention is therefore intended to Dbe

limited solely by the scope of the appended claims.

- 27 -
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE I5 CLAIMED ARE DEFINED AS FOLLOWS:

(7]

1. An electronic controller for a gasoline powered
Otto-cycle internal combustion engine having an original
equipment engine control unit, the electronic controller
enabling the spark ignition engine to operate
interchangeably on gasoline and gaseous fuel, the electronic

controller comprising:

means for accepting signals from a plurality of

sensors for sensing selected engine operating conditions;

P

means for generating on the basis of the sensed

engine operating conditions, and 1ndependently of the

original equipment engine control unit, an 1i1gnition timing

signal and dwell time adapted for gaseous fuel use; and

means for generating on the basis of the sensed

engine operating conditions, and 1independently of the

original equipment engine control wunit, a pulse width

modulated fuel injection signal for controlling at least one

gaseous fuel injector, said fuel 1injection signal belng

adapted to the gaseous fuel used;

means for generating signals to said original

equipment engine control unit 1ndicating normal gasoline

operating conditions while operating using a gaseous fuel;

means for 1nitiating a gasoline fuel operating

mode and terminating a gaseous fuel mode 1n response to at

least one signal indicating engine operating conditions; and

means for 1initiating gaseous fuel operation and

terminating gasoline fuel operation 1in response to at least

one signal indicating engine operating conditions.

2. An electronic controller as claimed 1n claim 1
wherein said signal indicating operating conditions which
cause gasoline operating mode to be initiated or terminated

is manifold air pressure.
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3. An electronic controller as c¢laimed 1in claim 1
wherein said signal indicating operating conditions which

cause gasoline operating mode to be 1nitiated or terminated
1s throttle position.

4 . An electronic controller as claimed 1n claim 1

wherein salid signal 1nc

1cating operating conditions which
causes gasoline operating mode to be 1nitiated or terminated
is a manual override switch.

5. An electronic controller as claimed 1in c¢laim |
wherein said signal 1indicating operating conditions which

cause gasoline operating mode to be 1nitiated or terminated

is a combination of manifold air pressure and throttle
position.

o . A controller as claimed in any one of claims 1-5

e

wherein said ignition timing control and 1njector pulse

width changes which occur on initiating and terminating said

gasoline operating mode occur at different times to ensure

smooth transition between fuel modes.

7 . An electronic controller as claimed 1n claim 1

wherein the electronic controller determines at least the
following:

manifold absolute pressure;

engine coolant temperature;

g

the speed of revolution of the engine; and

battery voltage.

8. An electronic controller as claimed in claim 7
wherein the controller further determines at least the
following engine operating conditions:

inlet air temperature;
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O»> exhaust gas concentration;

exhaust gas recirculation on/off condition; and

a throttle position.

9. An electronic controller for as claimed in claim 7

wherein the electronic controller also determines the

gaseous fuel temperature of the gaseous fuel supplied to the

gaseous fuel 1njector.

10. An electronic controller as c¢laimed in c¢claim 1

wherein the pulse width modulated fuel injection signal 1is

enabled to provide gaseous fuel to more than one cylinder

per fuel injection, depending on the dynamic range of the

engine.

11. An electronic controller as c¢claimed 1n c¢laim 10

wherein the number of c¢ylinders for which gaseous fuel 1is
provided per injection is also determined by at least one of
the followilng:

manifold absolute pressure;

engine coolant temperature;

preiy

speed of revolution of the engine;

battery voltage;
inlet air temperature, and

throttle position.

12. An electronic controller as claimed 1n c¢laim 1

wherein the signal 1ndicating engine operating conditions
for initiating gasoline fuel operating mode 1s an indication

that maximum engine torgque is commanded.

13. An electronic controller as claimed 1in claim 172

wherein the command for maximum engine torque 1s determined

by monitoring manifold absolute pressure.
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14 . An electronic controller as claimed 1n c¢laim 13

wherein the electronic controller switches to gasoline

operation when the manifold absolute pressure exceeds a

predefined 1limit that 1ndicates that a throttle for the

spark ignition engine 1s in a full throttle position.

15. An electronic controller as claimed 1in c¢laim 12

wherein the command for maximum engine torque 1s determined

g

by monitoring a throttle position of a throttle for the

spark ignition engine.

16. An electronic controller as claimed 1n claim 15
wherein the electronic controller switches to gasoline

operation when the throttle i1is in a full throttle position.

17. An electronic controller as claimed 1n claim 12
wherein the electronic controller passes all engine
operation control to the original equipment engline control
unit when the electronic controller switches to gasoline

operating mode.

18. An electronic controller as claimed in c¢laim 17

gr——

wherein the electronic controller turns off the pulse width

modulated gaseous fuel injection signal a predetermined time

P

after it passes control of engine operation to the original

equipment engine control unit and the original eqguipment

engine control unit commences gasoline fuel injections.

19. An electronic controller as claimed 1n claim 15
wherein the electronic controller resumes control of the

engine when the throttle position returns to a predetermined

position at less than full throttle.

20. An electronic controller as claimed 1n claim 19

wherein the electronic controller wailts a predetermined time
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iy,

after taking control of engine operation before turning on

the pulse width modulated fuel 1injection signal to resume

the 1injection of gaseous fuel 1into the spark ignition

engine, to ensure that gasoline from a last gasoline

injection 1s combusted before gaseous fuel 1s injected into

the Otto-cycle i1nternal combustion engine.

27 . An electronic controller as c¢laimed 1in c¢laim 1

wherein the means for generating a pulse width modulated
gaseous fuel injection signal i1ndependently of the original

equipment engine control unit is an algorithm that outputs a

signal to control a gaseous fuel 1njection driver using a

calculation based on at least the following i1nputs:

a) a volumetric efficiency calculation based on a

table lookup using manifold absolute pressure and engine

o=

speed of revolution;

b) feedback control from a dual-array block learn

using output from an exhaust oxygen sensor and an exhaust

gas recirculation 1nput signal;

C) an alr density correction factor derived from a
table lookup using intake air temperature and engine coolant

temperature;

d) a variable injection ratio based on a

-

predetermined dynamic range variable for the Otto-cycle

internal combustion engine;

1

e) a fuel temperature correction value Dbased on a

'-.

table lookup using one of engine coolant temperature and

gaseous fuel temperature and a gaseous fuelling rate for the

Otto-cycle internal combustion engine; and

f) rate of change of one of throttle position and

manifold absolute pressure.

272 . An electronic controller as claimed 1n claim 27

-

wherein the algorithm controls the generation of an injector

open duration signal and an injector open timing signal to
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the injection driver and the 1njection driver drives the

gaseous fuel injector so that the gaseous fuel 1injector 1is
opened 1in accordance with the 1injector timing signal and

remains open to 1inject gaseous fuel 1nto the i1ntake aair

stream of the spark ignition engine for a time period

controlled by the injector open duration signal.

23. An electronic controller as claimed 1in claim 1
wherein the ignition timing signal comprises a top-dead-
centre to next spark event computed using an 1intake air
temperature, engine coolant temperature, manifold absolute

F

pressure and engine speed of revolution; and, the dwell time

i
-
-

is computed using battery voltage, engine speed 0O

ﬂ

revolution, and manifold absolute pressure.

24 . An electronic controller as claimed 1i1n claim 23

wherein the dwell time is subtracted from the 1interspark

period to compute a delay period used to determine when the

dwell time starts after an immediately preceding interspark

period has elapsed.

25. An electronic controller as c¢laimed 1in claim 1

wherein a solid state switch controlled by the electronic

controller 1is wused to transfer control of the engine

ignition system from the electronic controller to the

original equipment engine control unit and back again.

26. An electronic controller as claimed 1n claim 25

wherein a second solid state switch enables a simulation

load for an original equipment ignition system when the

engine 1s operating on gaseous fuel and the original
equipment controller switches to ignition bypass timing

mode, the simulation load appearing to the original

equipment engine controller to be a fuel ignition system

responding to its bypass timing commands.
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27 . An electronic controller as claimed 1in c¢laim 1

wherein the electronic controller i1ncludes a first and

second block learn array respectively including a plurality

of block learn cells that are filled and updated during

engine operation 1in gaseous fuel mode, the electronic
controller using one of the two block learn arrays when 1t
receives a signal indicating that exhaust gas 1s being
recirculated by an original equipment controller of the
gasoline powered internal combustion engine and using a
second of the block learn arrays when the signal 1ndicates

that exhaust gas recirculation is not enabled.

28 . A conversion system for converting an Otto-cycle
internal combustion engine having an original eguilipment

engine control unit to operate on gaseous fuel, comprising:

"
p—
h—

an electronic controller for generating on the basis o:

F

sensed engine operating conditions, and independently of the

original equipment engine control unit, an 1gnition timing

o d

signal for controlling the generation of ignition sparks for

the internal combustion engine, and for Jgenerating a pulse

width modulated fuel injection signal adapted to the gaseous

fuel; for generating signals for the original equipment
engine control unit indicating normal gasoline operating

conditions while operating using a gaseous fuel; and for

switching from gaseous fuel operating mode to liquid fuel

operating mode and back to gaseous fuel operating mode 1in
response to at least one signal indicating engine operating
conditions;

at least one high-speed fuel injection valve for

injecting the gaseous fuel into the spark 1ignition engine

for combustion by the ignition sparks, the fuel 1njectilon

valve being responsive to the fuel injection signal adapted

to the gaseous fuel; and
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fuel to the high-speed fuel 1injection valve at a regulated

pressure.

29. | A conversion system as claimed in c¢laim 28 wherein
the at least one high-speed fuel injection valve 13 a two-

way normally closed fuel injection soclenocid valve.

30. A conversion system as claimed in claim 28 wherein
the gaseous fuel pressure regulator is a two-stage high-
flow, low-pressure drop and low-creap pressure regulator
with temperature controlling fluid passageways within a bedy
of the pressure regulator to accommodate the circulation of

heating fluid from the internal combustion engine, whereby
heat is transferred from the heating fluid to the gaseous
fuel to compensate for heat loss as the gaseous fuel axpands
during pressure ragulation.

31. A conversion system as claimed in ¢laim 30 wherein
the heating fluid is engine coclant fluid.

32. A conversion system as claimed in claim 30 wherein
the heating fluid is éngine lubricating oil.
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