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calculating a combustion intensity metric based on the pressure signal, deter-
mining a parameter describing how close the engine is to an uncontrolled com-
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substitution rate of a first fuel and a second fuel based on one or more of the
1 parameter and the combustion intensity metric.
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Dual Fuel Combustion Intensity

CLAIM OF PRIORITY

[0001] This application claims priority to U.S. Patent Application No.
62/502,285 filed on May 5, 2017, the entire contents of which are hereby incorporated
by reference.

BACKGROUND

[0002] Uncontrolled, damaging combustion such as engine knock, in which a
large amount of energy is released in a short period of time, typically from rapid
combustion of end gas, creates rapid pressure rise rates often followed by high
frequency pressure oscillations. These intense pressure waves impose high stresses on
engine structural components, and dramatically increase heat transfer rates, ultimately
leading to engine damage. Such uncontrolled combustion may occur due to a variety
of reasons such as poor fuel quality and properties, inhomogeneity of fuel-air mixture,
hot spots in the combustion chamber, deposits, evaporating lube oil, unfavorable
pressure-time history in the unburned gas of the cylinder charge, cylinder or cyclic
variability of charge, inadequate cooling etc. Prediction of abnormal combustion is

generally very difficult and is typically addressed during engine design.

SUMMARY

[0003] The concepts herein encompass the inclusion of at least one in-cylinder
pressure sensor on the engine with the following combustion metrics being calculated
concurrently with operation of the engine, and in some instances, in real-time: Peak
Pressure, Rate of Pressure Rise, Pressure Ripple, Burn Duration, and Change Rate of
Heat Release. These metrics are then combined mathematically via an equation /
algorithm to determine how close the engine is operating to uncontrolled combustion.
This allows the engine to be pushed to more severe operating conditions such as a
richer mixture or higher substitution rates in Dual Fuel operation while maintaining
safe operation. In some instances, the engine is a 2-stroke or 4-stroke engine and, in
some instances, real-time refers to combustion metrics being calculated before
completion of the next cycle, within the same cycle (e.g., before the next intake),

before completion of the next stroke, or within the same stroke.
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[0004] In some implementations, the concepts herein include ability to collect
and process in-cylinder pressure information on a cycle-to-cycle basis as well as the
following algorithms:

Peak Pressure — The maximum combustion pressure during one event

Rate of Pressure Rise — the maximum rate of pressure rise during combustion

Pressure Ripple — Summation of the delta P

Burn Duration — Crank Angle degrees between CAx1 and CAx2

Heat Release Change - Determination of the first half combustion process
compared to the second half of the combustion process

[0005] Certain aspects of the present disclosure include using the combustion
metrics listed above to determine a combustion intensity number that can then be used
in a control loop to drive the engine safely to maximum gas substitution. In some
implementations, all of these metrics are needed in order to cover many different cases
that can be seen on a dual fuel engine. In some instances, the heat release change is
statically determined or dynamically determined such that the inflection point of where
combustion speeds up is accurately determined.

[0006] In certain aspects of the present disclosure, uncontrolled combustion
(detonation) is no longer looked at from the traditional time based frequency domain,
but instead from low speed direct in-cylinder pressure information which is based on
practical engine limits.

[0007] One example of the present disclosure is method of detecting
uncontrolled combustion in an internal combustion engine. The method includes
sampling in-cylinder pressure sensor configured to measure pressure in a cylinder of
the engine and generate a corresponding pressure signal, calculating a combustion
intensity metric based on the corresponding pressure signal, and determining a
parameter describing how close the engine is to an uncontrolled combustion condition
based on the combustion intensity metric.

[0008] Another example is a dual-fuel internal combustion engine including an
in-cylinder pressure sensor configured to measure the pressure in a cylinder of the
engine and generate a corresponding pressure signal, a crank angle sensor configured
to measure the crank angle of the engine and generate a corresponding crank angle
signal, and an engine control unit couplable to the pressure sensor and the crank angle
sensor. The engine control unit is configured to: sample the pressure signal, calculate

2
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a combustion intensity metric based on the corresponding pressure signal, determine a
parameter describing how close the engine is to an uncontrolled combustion condition;
and control a substitution rate of a first fuel and a second fuel delivered to the cylinder
based on one or more of the parameter and the combustion intensity metric.

[0009] Another example is a method of detecting uncontrolled combustion in
an internal combustion engine. The method includes sampling a pressure signal from
in-cylinder pressure sensor, the pressure signal representative of a measured pressure
in a cylinder of the engine, calculating a combustion intensity metric based on the
pressure signal, wherein the combustion intensity metric is an indicator of the engine’s
proximity to an uncontrolled combustion condition, determining an engine control
parameter as a function of the combustion intensity metric, and controlling the engine
based on the engine control parameter.

[0010] In some instances, the internal combustion engine includes a dual-fuel
internal combustion engine and the engine control parameter includes a substitution
rate of a first fuel and a second fuel based on at least one of the parameter or the
combustion intensity metric.

[0011] In some instances, the first fuel is diesel and wherein the second fuel is
natural gas.

[0012] In some instances, the combustion intensity metric is calculated within a
same combustion cycle as the sampling of the in-cylinder pressure sensor.

[0013] In some instances, the method includes calculating, based on the
pressure signal, a pressure metric, a heat release metric, and a knock metric, where the
combustion intensity metric a function of the pressure metric, the heat release metric,
and the knock metric. In some instances, the heat release metric comprises an adiabatic
heat release rate of combustion in a cylinder of the engine.

[0014] In some instances, the method includes calculating at least one of the
following combustion metrics based on the pressure signal: the peak cylinder pressure,
the crank angle of peak cylinder pressure, a rate of cylinder pressure rise, a cylinder
pressure ripple, the crank angle of a cylinder pressure ripple, a burn duration, a slope
of heat release, the crank angle of centroid of heat release, or the crank angle of max
heat release rate.

[0015] In some instances, the combustion intensity metric is a function of at
least one of: the peak cylinder pressure, the crank angle of peak cylinder pressure, the
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rate of cylinder pressure rise, the cylinder pressure ripple, the crank angle of cylinder
ripple, the burn duration, the slope of heat release, the crank angel of centroid of heat
release, or the crank angle of max heat release rate.

[0016] In some instances, the combustion intensity metric is a function of at
least the peak pressure, the rate of pressure rise, the pressure ripple, the burn duration,
and the slope of heat release.

[0017] In some instances, the method includes determining a fuel input signal,
a throttle position signal, and an ignition timing signal for the engine based on at least
one of the combustion intensity metric or the parameter.

[0018] Yet another example is a controller controlling operation of a dual-fuel
internal combustion engine of an engine system, where the engine system includes a
pressure sensor configured to measure pressure in a cylinder of the engine and
generate a corresponding pressure signal and a crank angle sensor configured to
measure the crank angle of the engine and generate a corresponding crank angle
signal. The controller includes a processor couplable to the in-pressure sensor and the
crank angle sensor and at least one non-transitory computer readable medium storing
instructions operable to cause the processor of the controller to perform operations.
Where the operations include: (a) sample the pressure signal, (b) calculate a
combustion intensity metric based on the pressure signal, wherein the combustion
intensity metric is an indicator of the engine’s proximity to an uncontrolled
combustion condition, (¢) determine a substitution rate of a first fuel and a second fuel
delivered to the cylinder based on the combustion intensity metric, and (d) control the
dual-fuel internal combustion engine based on the substitution rate.

[0019] In some instances, first fuel is diesel and wherein the second fuel is
natural gas.

[0020] In some instances, steps (b) and (¢) occur within a next cycle of the
cylinder.

[0021] In some instances, the instructions include calculating, based on the
pressure signal, a pressure metric, a heat release metric, and a knock metric, and
wherein the combustion intensity metric a function of the pressure metric, the heat
release metric, and the knock metric.

[0022] In some instances, calculating the heat release metric includes
calculating an adiabatic heat release rate of combustion in the cylinder of the engine.
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[0023] In some instances, the instructions include calculating at least one of the
following combustion metrics based on the pressure signal: the peak cylinder pressure,
the crank angle of peak cylinder pressure, a rate of cylinder pressure rise, a cylinder
pressure ripple, the crank angle of a cylinder pressure ripple, a burn duration, a slope
of heat release, the crank angle of centroid of heat release, or the crank angle of max
heat release rate.

[0024] In some instances, the peak cylinder pressure, the crank angle of peak
cylinder pressure, the rate of cylinder pressure rise, the cylinder pressure ripple, the
crank angle of cylinder ripple, the burn duration, the slope of heat release, the crank
angel of centroid of heat release, or the crank angle of max heat release rate.

[0025] In some instances, the combustion intensity metric is a function of at
least the peak pressure, the rate of pressure rise, the pressure ripple, the burn duration,
and the slope of heat release.

[0026] In some instances, the instructions include determine at least one of: a
fuel input signal, a throttle position signal, or an ignition timing signal for the dual-fuel
internal combustion engine based on at least one of the combustion intensity metric or
the parameter, and control the dual-fuel internal combustion engine using at least one
of: the fuel input signal, the throttle position signal, or the ignition timing signal.

[0027] Yet another example is controller for controlling operation of an internal
combustion engine of an engine system, where the engine system includes a pressure
sensor configured to measure pressure in a cylinder of the engine and generate a
corresponding pressure signal and a crank angle sensor configured to measure the
crank angle of the engine and generate a corresponding crank angle signal. The
controller includes a processor couplable to the in-pressure sensor and the crank angle
sensor and at least one non-transitory computer readable medium storing instructions
operable to cause the processor of the controller to perform operations. The operations
include: (a) sample the pressure signal, (b) calculate a combustion intensity metric
based on the pressure signal, wherein the combustion intensity metric is an indicator of
the engine’s proximity to an uncontrolled combustion condition, (¢) determine an
engine control parameter as a function of the combustion intensity metric, and (d)
control the engine based on the engine control parameter.

[0028] Certain aspects of the present disclosure have the following
advantages: Reduces the risk of damaging a high substitution rate dual fuel engine.
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The calibration effort to detect uncontrolled combustion is greatly reduced as the
Combustion Intensity metric uses known mechanical engine limits. Certain aspects
also allow an engine to always operate with maximum substitution control without
having to add in margin for safety, which provides a much better value proposition for

the dual fuel engine operator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1A is a schematic of a cross-sectional view of a cylinder of an
internal combustion engine including an engine control system.

[0030] FIG. 1B is a schematic of the engine control system.

[0031] FIG. 1C is a block diagram of an example engine control system with a
processor and memory.

[0032] FIG. 2 is a graph of the effect of processed accelerometer detection as a
function of gas substitution.

[0033] FIG. 3 is a plot of in-cylinder pressure and vibration traces at 0%, 60%
and 90% gas substitution rate.

[0034] FIG. 4 is a plot of vibration and pressure knock intensity versus gas
substitution ratio.

[0035] FIG. 5A 1s a 2-D contour plot of pressure knock intensity at various
speeds versus gas substitution

[0036] FIG. 5B is a 2-D contour plots of vibration knock intensity at various
speeds versus gas substitution.

[0037] FIG. 6 is a graph illustrating the effect of a combustion intensity metric
versus a classical knock intensity metrics as a measure of proximity to uncontrolled
combustion and as a function of gas substitution.

[0038] FIG. 7 is a plot of smoothed heat release traces at 0%, 60% and 90%
gas substitution rate.

[0039] FIG. 8 is a 2-D contour plot of combustion intensity at various speeds
versus gas substitution.

[0040] FIG. 9 is a plot of angle locations of 10%, 50% and 90% of total heat
release versus gas substitution.

[0041] FIG. 10 is a plot of in-cylinder pressure at 0%, 60% and 90% gas

substitution rate versus crank angle.
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[0042] FIG. 11 is a plot of a smoothed heat release traces at 0%, 60% and 90%
gas substitution rate versus crank angle.

[0043] FIG. 12 is a plot of combustion intensity and knock intensity metrics
versus gas substitution rate (GSR).

[0044] FIG. 13 is a plot of in-cylinder pressure traces at 0%, 10% and 15%
propane gas substitution rate (PSR) at 80% GSR.

[0045] FIG. 14 is a plot of smoothed heat release traces at 0%, 10% and 15%
propane gas substitution rate (PSR) at 80% GSR.

[0046] FIG. 15 is a plot of combustion intensity and knock intensity metrics
versus propane gas substitution rate (PSR) at 90% GSR.

[0047] FIG. 16 is a plot combustion intensity and knock intensity metrics
versus manifold air temperature (MAT).

[0048] FIG. 17A is a plot of GSR and PSR versus time.

[0049] FIG. 17B is a plot of combustion intensity versus time during FIG. 17A,
showing the effect of a sine wave GSR command with propane addition on the
response of the CI metric.

[0050] FIG. 18A is a plot of manifold air temperature (MAT) versus time.

[0051] FIG. 18B is a plot of combustion intensity versus time for FIG. 18A,
showing the effect of MAT on the response of the combustion intensity metric.

[0052] FIG. 19 is a flow chart of an example aspect of the present disclosure.

DETAILED DESCRIPTION

[0053] A new approach of detecting uncontrolled combustion is disclosed —
namely combustion intensity (CI) - that monitors a mathematical combination of
pressure and heat release metrics that can accurately predict the onset of uncontrolled
combustion. Data from spark-ignited and dual fuel engines showcase the
disadvantages of the traditional knock type, vibration frequency- based approaches,
which work best at severe conditions, when there are extremely abrupt end-gas burn
rates followed by high frequency oscillations. This technique falls short especially in
dual fuel combustion, when there is diesel combustion ripple obfuscating the signal
and at certain modes, when frequency content diminishes below normal detection
thresholds. In contrast, embodiments of the CI metrics described herein provide

monotonic trends as gas substitution increases across all operating points and even
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when gas quality, manifold air temperature, or other engine conditions changed. This
provides a definitive control action path, which, in some instances, can be designed to
a combustion intensity target. The gas substitution rate (GSR) at which these phases
are encountered and the severity of combustion intensities may vary for different
engine configurations, but the essential combustion phenomena disclosed herein
should be universally relevant.

[0054] Pushing gas engines to their lean / low NOx and high BMEP limits and
gas-diesel dual fuel engines to high substitution rates often leads to performance-
limiting abrupt uncontrolled combustion such as knock. Understanding and detection
of the progression of abnormal combustion is key to engine protection. Aspects of the
present disclosure include the ability to detect the progression of uncontrolled
combustion using both in-cylinder pressure in spark-ignited and dual fuel engines. For
gas engines, pressure-based knock detection captures all the knock cycles while
vibration-based knock detection misses a considerable percentage. For dual-fuel
engines, the classical frequency-based detection approaches can detect severe
combustion events, but do not provide a good continuously increasing signal. This
makes engine control and calibration very difficult and therefore usually drives lower
substitution rates in order to maintain a safety margin. This behavior is due to the
diesel combustion process that creates pressure ripples in the cylinder.

[0055] Historically, the phrase “knock™ has been used broadly to mean any
form of “uncontrolled combustion” which is generally associated with “auto-ignition”
phenomena due to compression and heating of combustible gas mixtures outside of the
flame front. Controlled combustion would be characterized as a regular progression of
the mass fraction burned that would be associated with a propagating flame. Classical
knock would occur when the end-gas ahead of the flame auto-ignites due to pressure
and temperature developed from the flame, but it is not in the flame. When auto-
ignition occurs, it sends pressure waves across the cylinder which are detected as high
frequency pressure oscillations and potential vibration noise.

[0056] Uncontrolled combustion can be characterized by a discontinuous
sudden increase in the heat release rate, and this sudden increase in heat release rate
will show up in the pressure trace shape, but it may or may not induce high frequency
pressure oscillations. Unlike spark ignited engines, where uncontrolled combustion
progressively builds in severity from incipiency to severe knock, providing enough
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time for a control action, onset of “uncontrolled combustion™ in dual fuel engines can
be sudden and non-monotonic. When this “uncontrolled combustion™ occurs, high
frequency oscillations are not always observed in either in-cylinder pressure or
vibration-based knock sensor signals until it is often too late.

[0057] As substitution rates increase beyond a certain point, it was found that
the vibration-knock signature decreases. If the engine is relying on knock for
protection against excessive gas substitution rates, changing gas quality, or other
influences, a robust control system is needed with progressively increasing signal
feedback to maximize substitution while maintaining safe engine operation.

[0058] To achieve this, a new approach of detecting uncontrolled combustion is
described that monitors a mathematical combination of pressure and heat release
metrics that can accurately predict the progression of uncontrolled combustion
providing a definitive control action path. With this approach, substitution rates can be
maximized and maintained to a desired safety margin on a diesel dual-fuel engine.

[0059] Tests were conducted to vary the substitution rates at various speeds and
loads to show the different combustion modes that can be seen in a diesel dual fuel
engine. This data was used to determine a better approach to detect uncontrolled
combustion in a dual fuel engine, proposing the term combustion intensity (CI). The
combustion intensity metric described herein delivers a continuously increasing
measure of the state of combustion to provide better controllability, while improving
protection against uncontrolled combustion, since it is based upon direct monitoring of
in-cylinder pressure concurrent with the combustion cycle.

[0060] For dual-fuel engines, as described above, traditional frequency based
detection approaches and are able to detect severe combustion events, but do not
provide a good continuously increasing signal that correlates with the severity. This
makes engine control and calibration very difficult and usually drives to lower
substitution rates in order to maintain a safety margin. For low gas substitution rates,
the diesel combustion process dominates as diesel auto-ignition creates pressure ripple
in the cylinder. As gas is added to the fresh charge, the intensity of the diesel ignited
combustion increases in intensity — the gas amplifies the effect of diesel initiated
combustion. However, as substitution rates increase beyond a certain point, the
vibration knock signature decreases as the combustion shifts modes from “diesel like™
to “premixed gas like” and the frequency based content starts to decrease with

9
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additional gas substitution. If the engine is relying on vibration base knock sensors for
protection against excessive gas substitution rates, changing gas quality, or other
influences, a robust control system is needed with progressively increasing signal
feedback in order to maximize substitution while maintaining safe engine operation.
To solve this problem, a new approach of detecting uncontrolled combustion in dual
fuel engines is required.

[0061] One example solution described herein is the inclusion of at least one
in-cylinder pressure sensor on the engine with the following combustion metrics being
calculated concurrently with operation of the engine, and in some instances, in real-
time: Peak Pressure, Location of Peak Pressure, Rate of Pressure Rise, Pressure
Ripple, Location of Ripple, Burn Duration, and Slope of Heat Release, Location of
Centroid of Heat Release Rate, Location of Max Heat Release Rate. In some
instances, these metrics are then used together to determine how close the engine is
operating to uncontrolled combustion. Based on this determination, the engine is
allowed to be pushed to higher substitution rates while maintaining safe operation.

[0062] While the most demanding version of Dual fuel gas/diesel combustion
refers herein to adding gaseous fuel to an existing diesel engine, the stock compression
ratio, valve timing, and pistons are un-changed, this method applies to all Dual-Fuel
gas/diesel engines including micro-pilot. Gas typically consists of natural gas, propane
or biogas and it is introduced either at a single point — where it is fumigated into the
intake system - or port injected near the intake valve. In some instances, Dual Fuel will
refer to the continuous addition of natural gas to the combustion chamber of a stock
diesel engine. As the gas substitution rate is increased, the diesel will “govern” by
reducing the diesel quantity in equal energy ratios to maintain a target load.

[0063] Referring initially to FIG. 1A, an example engine system 100 usable
with aspects of the present disclosure is shown. The engine system 100 includes an
engine control unit 102, an air/fuel module 104, an ignition module 106, and an engine
101 (shown here as a reciprocating engine). FIG. 1A illustrates, for example, an
internal combustion engine 100. For the purposes of this disclosure, the engine system
100 will be described as a gaseous-fueled reciprocating piston engine. In certain
instances, the engine operates on natural gas fuel. The engine may be any other type
of combustion engine, both in the type of fuel (gaseous, liquid (e.g., gasoline, diesel,
and/or other), same phase or mixed phase multi-fuel, and/or another configuration) and
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the physical configuration of the engine (reciprocating, Wankel rotary, and/or other
configuration). While the engine control unit 102, the air/fuel module 104 and the
ignition module 106 are shown separately, the modules 102, 104, 106 may be
combined into a single module or be part of an engine controller having other inputs
and outputs.

[0064] The reciprocating engine 101 includes engine cylinder 108, a piston
110, an intake valve 112 and an exhaust valve 114. The engine 101 includes an engine
block that includes one or more cylinders 108 (only one shown in FIG. 1A). The
engine 100 includes a combustion chamber 160 formed by the cylinder 108, the piston
110, and a head 130. A spark plug 120 or direct fuel injector or prechamber is
positioned within the head 130 which enables the ignition device access to the
combustible mixture. In general, the term “spark plug” can refer to a direct fuel
injection device and/or spark plug or other ignition device within a prechamber. In the
case of a spark plug, a spark gap 122 of the spark plug 120 is positioned within the
combustion chamber 160. In some instances, the spark gap 122 is an arrangement of
two or more electrodes with a small space in-between. When an electric current is
applied to one of the electrodes, an electric arc is created that bridges the small space
(i.e., the spark gap) between the electrodes. Other types of igniters can be used,
including laser igniters, hot surface igniters and/or yet other types of igniters. The
piston 110 within each cylinder 108 moves between a top-dead-center (TDC) position
and a bottom-dead-center (BDC) position. The engine 100 includes a crankshaft 140
that is connected each piston 110 such that the piston 108 moves between the TDC and
BDC positions within each cylinder 108 and rotates the crankshaft 140. The TDC
position is the position the piston 110 with a minimum volume of the combustion
chamber 160 (i.e., the piston’s 110 closest approach to the spark plug 120 and top of
the combustion chamber 160), and the BDC position is the position of the piston 110
with a maximum volume of the combustion chamber 160 (i.e., the piston’s 110 farthest
retreat from the spark plug 120 and top of the combustion chamber 160).

[0065] The cylinder head 130 defines an intake passageway 131 and an exhaust
passageway 132. The intake passageway 131 directs air or an air and fuel mixture
from an intake manifold 116 into combustion chamber 160. The exhaust passageway
132 directs exhaust gases from combustion chamber 160 into an exhaust manifold 118.
The intake manifold 116 is in communication with the cylinder 108 through the intake

11
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passageway 131 and intake valve 112. The exhaust manifold 118 receives exhaust
gases from the cylinder 108 via the exhaust valve 114 and exhaust passageway 132.
The intake valve 112 and exhaust valve 114 are controlled via a valve actuation
assembly for each cylinder, which may include be electronically, mechanically,
hydraulically, or pneumatically controlled or controlled via a camshaft (not shown).

[0066] Movement of the piston 110 between the TDC and BDC positions
within each cylinder 108 defines an intake stroke, a compression stroke, a combustion
or power stroke, and an exhaust stroke. The intake stroke is the movement of the
piston 110 away from the spark plug 120 with the intake valve 112 is open and a
fuel/air mixture being drawn into the combustion chamber 160 via the intake
passageway 131. The compression stroke is movement of the piston 110 towards the
spark plug 120 with the air/fuel mixture in the combustion chamber 160 and both the
intake value 112 and exhaust valve 114 are closed, thereby enabling the movement of
the piston 110 to compress the fuel/air mixture in the combustion chamber 160. The
combustion or power stroke is the movement of the piston 110 away from the spark
plug 120 that occurs after the combustion stroke when the spark plug 120 ignites the
compressed fuel/air mixture in the combustion chamber by generating an arc in the
spark gap 122. The ignited fuel/air mixture combusts and rapidly raises the pressure in
the combustion chamber 160, applying an expansion force onto the movement of the
piston 110 away from the spark plug 120. The exhaust stroke is the movement of the
piston 110 towards the spark plug 120 after the combustion stroke and with the exhaust
valve 114 open to allow the piston 110 to expel the combustion gases to the exhaust
manifold 118 via the exhaust passageway 118.

[0067] The engine 100 includes a fueling device 124, such as a fuel injector,
gas mixer, or other fueling device, to direct fuel into the intake manifold 116 or
directly into the combustion chamber 160. In some instances the engine 100 is a dual
duel engine having two sources of fuel into the combustion chamber 160.

[0068] In some instances, the engine system 100 could include another type of
internal combustion engine 101 that doesn’t have pistons/cylinders, for example, a
Wankel engine (i.e., a rotor in a combustion chamber). In some instances, the engine
101 includes two or more spark plugs 120 in each combustion chamber 160.

[0069] During operation of the engine, i.e., during a combustion event in the
combustion chamber 160, the air/fuel module 104 supplies fuel to a flow of incoming
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air in the intake manifold before entering the combustion chamber 160. The spark
module 106 controls the ignition of the air/fuel in the combustion chamber 160 by
regulating the timing of the creation of the arc the spark gap 122, which initiates
combustion of the fuel/air mixture within combustion chamber 160 during a series of
ignition events between each successive compression and combustion strokes of the
piston 110. During each ignition event, the spark module 106 controls ignition timing
and provides power to the primary ignition coil of the spark plug 120. The air/fuel
module 104 controls the fuel injection device 124 and may control throttle valve 126
to deliver air and fuel, at a target ratio, to the engine cylinder 108. The air/fuel module
104 receives feedback from engine control module 102 and adjusts the air/fuel ratio.
The spark module 106 controls the spark plug 120 by controlling the operation of an
ignition coil electrically coupled to the spark plug and supplied with electric current
from a power source. The ECU 102 regulates operation of the spark module 106 based
on the engine speed and load and in addition to aspects of the present system disclosed
below.

[0070] In some instances, the ECU 102 includes the spark module 106 and the
fuel/air module 104 as an integrated software algorithms executed by a processor of
the ECU 102, and thereby operate of the engine as single hardware module, in
response to input received from one or more sensors (not shown) which may be
located throughout the engine. In some instances, the ECU 102 includes separate
software algorithms corresponding to the described operation of the fuel/air module
104 and the spark module 106. In some instances, the ECU 102 includes individual
hardware module that assist in the implementation or control of the described
functions of the fuel/air module 104 and the spark module 106. For example, the spark
module 106 of the ECU 102 may include an ASIC to regulate electric current delivery
to the ignition coil of the spark plug 120. A plurality of sensor systems exist to
monitor the operational parameters of an engine 100, which may include, for example,
a crank shaft sensor, an engine speed sensor, an engine load sensor, an intake manifold
pressure senor, an in-cylinder pressure sensor, etc. Generally, these sensors generate a
signal in response to an engine operational parameter. For example, a crank shaft
sensor 171 reads and generates a signal indicative of the angular position of crankshaft
140. In an exemplary embodiment, a high speed pressure sensor 172 measures in-
cylinder pressure during operation of the engine 100. The sensors 171,172 may be

13



10

15

20

25

30

WO 2018/204881

directly connected to the ECU 102 to facilitate the sensing, or, in some instances are
integrated with a real-time combustion diagnostic and control (RT-CDC) unit
configured to acquire high speed data from one or more of the sensor and provide a
low speed data output to the ECU 102. In some instances, the ignition control
described herein is a stand-alone ignition control system providing the operation of
ECU 102 and the spark module 106. The sensors may be integrated into one of the
control modules, such as the ECU 102 or a RT-CDC. Other sensors are also possible,
and the systems described herein may include more than one such sensor to facilitate
sensing the engine operational parameters mentioned above.

[0071] FIG. 1B is a schematic of an engine control system 200 of the engine
system 100 of FIG. 1A. FIG. 1B shows the ECU 102 within the engine control system
200 configured to control the engine 101. As indicated above, high-speed pressure
data 272 is generated by pressure sensors 172, each mounted with direct access to the
combustion chamber. The pressure signal 272 is captured at a high crank-synchronous
rate, for example, 0.25° resolution or 2880 samples per cycle of the engine 101. This
synthetic crank angle signal is generated from the lower resolution crank position
signal. For example, with a typical crank angle encoder 171 generating a crank angle
signal 215 by sensing passage of the edge of teeth on a disk, the disk mounted to rotate
with the crank, the resolution of the crank position is based on the number of teeth. A
typical 60-2 tooth wheel has a resolution of 6°. However, in some instances,
interpolation is used to determine a crank angle in the space between of the edges.
Thus, the spacing between edges uses the previously observed tooth period divided by
the number of edges required to achieve the desired angular sampling resolution. To
account for minor variability between the crank teeth that can be seen even when the
average engine speed is constant, and the encoder system is re-synchronized on each
edge.

[0072] In some instances, the resulting high-resolution pressure signal 272 is
used by the combustion diagnostics routine in the Real-time Combustion Diagnostics
and Control (RT-CDC) 211 module to produce the combustion diagnostics 219 on a
per-cylinder, per cycle basis, for example, IMEP, Pmax, CA50, combustion quality, and
combustion intensity, as discussed in more detail below. The metrics 218 are
subsequently used by the ECU 102 as a feedback signal for adjusting key combustion
performance characteristics by modulating engine control actuator settings 219.
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[0073] FIG. 1C is a block diagram of an example engine control unit 102
configured to have aspects of the systems and methods disclosed herein. The example
engine control unit 102 includes a processor 191, a memory 192, a storage device
1930, and one or more input/output interface devices 194. Each of the components
191, 192, 193, and 194 can be interconnected, for example, using a system bus 195.

[0074] The processor 191 is capable of processing instructions for execution
within the engine control unit 102. The term “execution” as used here refers to a
technique in which program code causes a processor to carry out one or more
processor instructions. In some implementations, the processor 191 is a single-
threaded processor. In some implementations, the processor 191 is a multi-threaded
processor. The processor 191 is capable of processing instructions stored in the
memory 192 or on the storage device 193. The processor 1910 may execute
operations such as calculating of a combustion intensity.

[0075] The memory 192 stores information within the engine control unit 102,
In some implementations, the memory 192 is a computer-readable medium. In some
implementations, the memory 192 is a volatile memory unit. In some
implementations, the memory 192 is a non-volatile memory unit.

[0076] The storage device 193 is capable of providing mass storage for the
engine control unit 102. In some implementations, the storage device 193 is a non-
transitory computer-readable medium. In various different implementations, the
storage device 193 can include, for example, a hard disk device, an optical disk device,
a solid-state drive, a flash drive, magnetic tape, or some other large capacity storage
device. The input/output interface devices 194 provide input/output operations for the
engine control unit 102. In some implementations, the input/output interface devices
194 can include an in-cylinder pressure sensor 172, a crank angle sensor 171, or other
engine sensors.

[0077] In some examples, the engine control unit 102 is contained within a
single integrated circuit package. An engine control unit 102 of this kind, in which
both a processor 191 and one or more other components are contained within a single
integrated circuit package and/or fabricated as a single integrated circuit, is sometimes
called a microcontroller. In some implementations, the integrated circuit package

includes pins that correspond to input/output ports, e.g., that can be used to

15

PCT/US2018/031248



10

15

20

25

30

35

WO 2018/204881 PCT/US2018/031248

communicate signals to and from one or more of the input/output interface devices
1140.

[0078] Certain aspects of the concepts described herein encompass the ability
to collect and process in-cylinder pressure information on a cycle-to-cycle basis as

well as the following algorithms:

O Peak Pressure — The maximum combustion pressure during one event

(I1)  Rate of Pressure Rise — the maximum rate of pressure rise during
combustion

(II1)  Pressure Ripple — Summation of the delta P, also known as “Pressure
Based Knock Index”

(IV)  Burn Duration — Crank Angle degrees between CAx1 and CAx2

(V)  Slope of Heat Release — Determination of the first half combustion
process compared to the second half of the combustion process

(VD)  Location of Peak Pressure

(VII) Location of Ripple

(VIII) Location of Centroid of Heat Release Rate

(IX) Location of Max Heat Release Rate

[0079] Certain aspects of the present disclosure use the combustion metrics
listed above to determine a combustion intensity number that can then be used in a
control loop to drive the engine safely to maximum gas substitution. All of these
metrics are needed in order to cover many different cases that can be seen on a dual
fuel engine.

[0080] One example of an enabling technology disclosed herein is the heat
release change algorithm as well as burn duration. The heat release change can be
statically determined or dynamically determined such that the inflection point of where
combustion speeds up is accurately determined

[0081] Previously, in a dual fuel engine, vibration sensors were used, but they
only allow the controller to detect heavy knock due to the presence of extreme auto-
ignition. Traditional solutions use accelerometers to determine the frequency and
amplitude in order to detect detonation. However, the traditional solutions do not
work well for dual fuel engines, as the signal reduces as you get to higher substitution
rates. This makes it very difficult to understand the proximity to uncontrolled
combustion. If higher substitution rates are desired, the threshold for the controller to
take action must be greater than the highest signal during normal dual fuel combustion.
To maintain safe engine operation, the knock threshold should be below the highest
intensity, however that will limit the allowable substitution rates as shown in FIG. 2.
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FIG. 2 shows a plot of what the processed accelerometer detection does as a function
of gas substitution in an example engine, as discussed in more detail below. This
technique fails especially in dual fuel combustion due to the diesel combustion ripple
obfuscating the signal at certain dual fuel modes, and later when all frequency content
disappears at high GSR, providing no clear indication of safety margin to uncontrolled
combustion. A more robust detection methodology is needed that can capture the state
of combustion. With this in mind, a combustion intensity (CI) metric was formulated.

[0082] Certain aspects of the present disclosure relate to the use of direct in-
cylinder pressure measurements to calculate engine metrics that can be used in a
certain combination to give an increasing detection signal as substitution rate continues
to increase. This allows the engine controller to achieve maximum substitution while
understanding how close the engine is to uncontrolled combustion therefore
maintaining safe engine operation. One example of the CI metric is expressed
weighted sum of heat release rate and pressure rise rate metrics, while including
classical metrics like pressure ripple and peak pressure. In some instances the CI may
be any mathematical combination of any of the parameters identified above such as a
polynomial, weighted sum, sum of exponentials or power law, or a nonlinear function,
CI = function (Peak Pressure, Rate of Pressure Rise, Pressure Ripple, Burn Duration,
Change Rate of Heat Release, Knock Index)

[0083] One example combustion intensity metric is expressed as a linear sum
of parameters such as shown below in Equation 1.

[0084] Equation 1:

CI = (al - Peak Pressure) + (a2 - Rate of Pressure Rise) + (a3 * Pressure
Ripple) + (a3 - Burn Duration) + (a4 - Change Rate of Heat Release) +
(a5 - Knock Index)

[0085] This CI metric, which uses pressure-based information and heat release
information and does not have the limitations of the traditional vibration-based
detection. In some instances, the CI metric is a sum of pressure metrics, heat release
metrics, and classical knock metrics.

[0086] In some instances, the CI metric incorporates practical engine limits that
can be easily calibrated with knowledge of the mechanical limits of the engine. In
some instances, this CI metric also incorporates the classical knock detection and peak
pressure limits in order to have a secondary safety measure. The CI metric correlates
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well with the qualitative sense of combustion observable in the pressure traces during
calibration in the lab. The combustion intensity metric shown in FIG. 6 is
progressively increased from 30 to 94% as gas substitution is increased. FIG. 6,
discussed in more detail below in Example 1, illustrates what the combustion intensity
metric does as a function of gas substitution showing the combustion intensity metric
vs. classical knock intensity metrics as a measure of proximity to uncontrolled
combustion. A clear linear control action path can be set to which a controller can be
targeted to maximize gas substitution while maintaining a desired safety margin from
uncontrolled combustion. In some instances the combustion intensity metric describes
(or is used to determine) how close the engine is operating to uncontrolled combustion.
This allows the engine to be pushed to higher substitution rates while maintaining safe
operation by, for example, allowing the GSR to be increased while maintaining safe
engine operation by using the combustion intensity metric to control the increase of the
GSR without causing uncontrolled combustion. The combustion intensity metric
enables this safe increase by, for example, providing a more accurate “picture’ of the
current state of combustion because the CI metric increases with likelihood of
uncontrolled combustion. Therefore, the use of a CI metric in an engine control can,
for example, enable the selection of a target CI value and then using the CI metric in a
control loop to maximize GSR within the target CI. In some instances, the CI metric
reduces calibration requirements.

[0087] Aspects of the present disclosure enable uncontrolled combustion
(detonation) to no longer be considered in the traditional time based frequency domain,
but instead from direct in-cylinder pressure information which is based on practical
engine limits. Aspects enable reduction of the risk of damaging a high substitution rate
dual fuel engine. The calibration effort to detect uncontrolled combustion is greatly
reduced as the Combustion Intensity metric uses known mechanical engine limits.
Example implementations also allows the engine to always operate with maximum
substitution control without having to add in margin for safety which provides a much
better value proposition for the dual fuel engine operator.

[0088] An example improvement from vibration-based detection is the
incorporation of heat release concurrent with combustion, as this is the primary effect
of adding natural gas as can be seen in the plot of the smoothed heat release traces at
0%, 60% and 90% gas substitution rate (GSR) shown in FIG. 7, discussed in more
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detail below in Example 1. As natural gas is added, the traditional diesel pre-mixed
spike is reduced and then progresses to a heat release rate that is very aggressive at
60%. This can be monitored in order to understand the current state of combustion
intensity. At 90% GSR and above, the combustion becomes completely gas dominant,
and the engine behaves almost like a spark ignition engine or a micro-pilot ignited gas
engine.

[0089] The CI metric is a progressive measure of the state of combustion and is
a good indicator of proximity to uncontrolled combustion as can be seen in the
following example.

[0090] Example 1

[0091] A study of the effect of gas addition on the original diesel combustion
characteristics of a diesel-natural gas dual fuel engine was conducted, where the stock
engine compression ratio of the original diesel engine was left unchanged. The
specifications of the dual fuel engine used in the study are shown in Table 1. A
Woodward knock sensor (WLEKS) and Kistler 6058 A piezoelectric in-cylinder
pressure sensors were used to capture any uncontrolled combustion on a Dewetron
combustion analyzer, sampling at 200 kHz. The engine was always brought to a stable
operating condition with 100% diesel targeting set points for IMEP and MAT, before
gas was substituted for diesel using chemical energy split calculations. The diesel fuel
was injected between 2 to 8 degrees before top dead center, depending on where in the
speed load map the engine was operating. The gas substitution rate (GSR) was
increased in steps of 10% increments and repeated at different speed and load points.
The data shown in the following figures (FIGS. 2-11) is averaged over 300 combustion
cycles. The methane number of the natural gas used in this study was approximately

82, with 84% methane, 9% ethane and 1% propane.

Cylinders 4
Bore 82 mm
Stroke 90.4 mm
Compression Ratio 17.5:1
Fueling-Diesel Common Rail
Fueling-Gas Port Injected
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Rated Torque 315 nM (@ 2000 RPM
Maximum BMEP 20 bar

Table 1: Dual Fuel engine specification

[0092] An example of the raw in-cylinder pressure and vibration knock traces
captured at 10 bar IMEP, 1400 rpm, is plotted in FIG. 3. FIG. 3 is a plot of in-cylinder
pressure and vibration traces at 0%, 60% and 90% gas substitution rate 301, 302, 303
(GSR), at 1400 rpm and10 bar IMEP. FIG. 3 shows that a pressure ripple (diesel
combustion) is visible at 0% gas (100% diesel) operation. As the gas is increased from
0 to 30% GSR (not shown), the overall combustion initially becomes quieter, where
diesel combustion is still dominant. Further increase to 60% (second curve) shows a
zone of noisier diesel-gas combustion, with increased knock frequency components
detected with both vibration and in-cylinder pressure sensors. This can be seen in
Figure 2 where the pressure and vibration knock intensity reach a maximum at 60%
GSR. At 90% GSR, the vibration signal is at its quietest (third curve).

[0093] FIG. 4 is a plot of vibration and pressure knock intensity versus gas
substitution ratio. FIGS. 3 and 4 show the challenge: the vibration knock signature
increases in intensity from 0 to 60% GSR at this operating point, captured also in FIG.
4, but then turns and decreases to its lowest value at 90% substitution — just before
very intense combustion knock is observed (and noted in FIG. 2, but unable to record
over 300 cycles). As the gas substitution was increased from 60% to 85% gas
substitution, the gas combustion becomes increasingly dominating during the latter
half of combustion. In this phase, all frequency content disappears as seen in FIG. 4.
Classical approaches of pressure ripple or knock spectral content become difficult to
detect proximity to knock or uncontrolled combustion. This creates a very difficult
control issue for the engine controller because it is difficult to accurately perform
closed loop control when the engine operates near uncontrolled combustion. This is
different from a spark-ignited gas engine where vibration based knock can detect light,
medium, and heavy knock, thus giving the controller the ability to adjust engine
parameters before heavy/severe knock occurs. In a dual fuel engine, vibration sensors
can be used, but they only allow the controller to detect heavy knock due to the
presence of extreme auto-ignition. It would be wise to use open loop tables or a much
lower allowable GSR to keep the knock levels in the monotonic range. If higher
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substitution rates are desired, the threshold for the controller to take action must be
greater than the highest signal during normal dual fuel combustion. To maintain safe
engine operation, the knock threshold should be below the highest intensity; however,
that will limit the allowable substitution rates as shown in FIG. 2.

[0094] FIG. 5A is a 2-D contour plot of pressure knock intensity at various
speeds versus gas substitution and FIG. 5B is a 2-D contour plots of vibration knock
intensity at various speeds versus gas substitution. FIGS. 5A and 6B indicate the non-
monotonic and non-linear trends, which will prove difficult to design a robust control
around. The pressure knock intensity and vibration knock intensity techniques fail in
dual fuel combustion due to the diesel combustion ripple obfuscating the signal at
certain dual fuel modes, and later when all frequency content disappear at high GSR,
providing no clear indication of safety margin to uncontrolled combustion.

[0095] FIG. 6 is a graph illustrating the effect of a combustion intensity (CI)
metric versus a classical knock intensity metrics as a measure of proximity to
uncontrolled combustion and as a function of gas substitution. The CI metric of the
present disclosure is a more robust detection methodology that can capture the state of
combustion. FIG. 6 shows that the CI metric provides a good indicator of proximity to
uncontrolled combustion, and, in some instances, the CI metric is a progressive
measure of the state of combustion. The CI metric incorporates practical engine limits
that can be calibrated with knowledge of the mechanical limits of the engine. In some
implementation, and as show above in Equation 1, the CI is a weighted sum of heat
release rate and pressure rise rate metrics, in addition to including classical metrics like
pressure ripple and peak pressure. In some instances, the CI metric, which uses
pressure-based information and heat release information, does not have the limitations
of the traditional vibration-based detection. In some instances, the CI metric also
incorporates the classical knock detection and peak pressure limits in order to have a
secondary safety measure. In some implementations, the CI metric correlates well
with the qualitative sense of combustion observable in the pressure traces during
calibration in the lab.

[0096] FIG. 7 is a plot of smoothed heat release traces at 0% (701) , 60% (702)
and 90% (703) gas substitution rate. A major improvement from vibration- based
detection is the incorporation of real-time heat release, as this is the primary effect of
adding natural gas as can be seen in the plot of the smoothed heat release traces at 0%,
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60% and 90% gas substitution rate (GSR) shown in FIG. 7. As natural gas is added,
the traditional diesel pre-mixed spike is reduced and then progresses to a combined
heat release rate that is very aggressive at 60%. This can be monitored in order to
understand the current state of combustion intensity. At 90% GSR and above, the
combustion becomes completely gas dominant, and the engine behaves almost like a
spark ignition engine or a micro-pilot ignited gas engine.

[0097] Referring again to FIG. 6, the CI metric progressively increased as gas
substitution is increased from 30 to 94%. A clear linear control action path can be set
to which a controller can be targeted to maximize gas substitution while maintaining a
desired safety margin from uncontrolled combustion. This linearity is seen even in a
2-D contour plot of combustion intensity shown in FIG. 8 with monotonic trends
across all speeds. One of the metric in the CI calculation that helped linearize this
metric is the heat release rates, as the combustion in the latter half of the burn duration
gets faster as more gas is added, as shown in FIG. 9.

[0098] FIG. 9 is a plot of angle locations of 10% (901), 50% (902) and 90%
(903) of total heat release versus gas substitution. In FIG. 9, the crank angle locations
of 10%, 50% and 90% of total heat release are shown, which helps understand the
combustion phasing, ignition delays and the burn rates. As diesel was replaced by gas,
the start of injection (SOI) and the CAS50 were not affected at this operating point,
showing that the combustion phasing did not change much. The angular interval
between CA90 and CAS50 decreased sharply as GSR was increased, indicating a faster
burn of end-gas. In addition, CA10 increased slightly showing greater ignition delay
as GSR was increased from 0 to 70%. As gas displaces the air, the oxygen
concentration would be lower, so the mixture is richer and the ignition delay is longer.
Correspondingly, as the gas/air mixture gets richer, the flame speed increases
continuously until a very short burn duration is evident as are the conditions for end-
gas auto-ignition. At the operating point shown above, end-gas auto-ignition
conditions were not reached, and GSR was pushed to 94% at which point the limit of
diesel injector delivery was reached.

[0099] Increasing GSR leads to end-gas auto-ignition with large ripples in the
pressure, as shown in pressure and heat release rate traces in FIGS. 10 and 11. Which
show, plots of in-cylinder pressure at 0% (1001), 60% (1002) and 90% (1003) gas
substitution rate versus crank angle, and smoothed heat release traces at 0% (1101),
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60% (1102) and 90% (1003) gas substitution rate versus crank angle. FIG. 12 is a plot
of combustion intensity and knock intensity metrics versus gas substitution rate (GSR),
and shows that, when severe end-gas knock is present, both pressure and vibration
knock intensity metrics increase sharply along with the combustion intensity.
Therefore, it appears that the frequency based detection techniques, such as the
spectral content in vibration or pressure ripple, are not clearly seen until intense knock
occurs. At low loads, these vibration or pressure techniques fall short in clearly
identifying the margin to knock as the trends were non-monotonic. If a simple
threshold based severity is to be determined, this example shows that high threshold
levels will only catch events of severe engine-damaging knock, which can occur
abruptly. If lower threshold levels were used to quantify severity, then the engine
should not be pushed past 50-60% gas substitution. In contrast, the present CI metric
provides a continuously increasing measure of the state of combustion to provide
better controllability and increase maximum safe gas substitution (e.g., up to 95% gas
substitution) , while improving protection against uncontrolled combustion.

[0100] Example 2

[0101] In Example, 2 the effect of gas quality was simulated by substituting
propane in place of natural gas. FIGS. 13 and 14 show the pressure 1301, 1302, 1303
and smoothed heat release rate 1401, 1402, 1403 traces as the propane substitution
ratio (PSR) was increased from 0% to 15% at 1800 rpm, 16 bar IMEP and at a fixed
(overall) gas substitution of 80%. The diesel contribution in this test is maintained at
20%, while propane was substituted for natural gas in increments of 5% PSR using
chemical energy split calculations. The plots indicate that even a small percentage of
propane caused drastic heat release and pressure rise rates, with large, visible pressure
oscillations. FIG. 15 is a graph of the CI (1503) and knock intensity metrics (1501,
1502) versus propane gas substitution rate (PSR) and shows that the CI metric is still
reliable as propane was added to indicate the highly unstable combustion.

[0102] FIG. 16 is a plot combustion intensity (1603) and knock intensity
metrics (1601, 1601) versus manifold air temperature (MAT). FIG. 16 shows the
effect of the charge air temperature or density on the detection of proximity to
uncontrolled combustion. Increases in the charge air temperature can impact ignition
delays, in-cylinder temperature rise rates and auto-ignition propensity of the engine.
The metrics are compared as the manifold air temperature (MAT) is increased from
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40°C to 60°C, at 1800 rpm, 16 bar IMEP. The results indicate that only the CI metric
increase linearly with the MAT, and can be used reliably as a proximity to uncontrolled
combustion, whereas the other knock intensity metrics provide no clear trends.

[0103] Examples 3 and 4

[0104] A Woodward Large Engine Control Module (LECM) was used to test
the CI metric on a real embedded ECU, which allowed for real-time combustion
feedback to be performed using the AUX (Auxiliary) module. Two cases were tested
to show the sensitivity of the CI metric to detect changes in combustion. FIGS. 17A
and 17B show the first test case, where a sine wave was commanded for the GSR
(1701) with an offset of 50% and an amplitude of 20%, as shown in FIG. 17A. FIG.
17B shows that the CI metric responded well to the changes as the metric went from
0% to 90% intensity. The amplitude was then decreased to 10%, and the CI metric
showed 50% intensity at the peak. Then while the sine wave was still being
commanded 10% propane (1702) was substituted for natural gas in order to simulate a
gas quality change, and it can be seen that the CI metric (1701) detected the change by
indicating a higher intensity.

[0105] For the second case, the manifold air temperature (MAT) was allowed
to increase to around 55 °C and then cooled quickly, as shown in FIG. 18A. FIG. 18B
shows that the CI metric increased as MAT increased as expected. The results show
that the CI metric detects external disturbances very well. In some instances, the CI
metric is used to control the engine to a defined limit. The CI metric aspects disclosed
herein can significantly reduces the amount of calibration as well as the amount of
safety margin usually considered for dual fuel engines. This detection method should
allow higher substitution rates to be achieved.

[0106] FIG. 19 is a flow chart 1900 of an example aspect of the present
disclosure. A engine controller (e.g., ECU 102) sample a pressure signal from in-
cylinder pressure sensor (1910), calculates a combustion intensity metric based on the
pressure signal, where the combustion intensity metric is an indicator of the engine’s
proximity to an uncontrolled combustion condition (1920), determines an engine
control parameter as a function of the combustion intensity metric (1930), and control
the engine based on the engine control parameter (1940).

[0107] Implementations of the subject matter described in this specification,
such as calculating a combustion intensity metric can be implemented as one or more
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computer program products, i.e., one or more modules of computer program
instructions encoded on a tangible program carrier, for example a computer-readable
medium, for execution by, or to control the operation of, a processing system. The
computer readable medium can be a machine-readable storage device, a machine-
readable storage substrate, a memory device, or a combination of one or more of them.

[0108] The term “engine control unit” may encompass all apparatus, devices,
and machines for processing data, including by way of example a programmable
processor, a computer, or multiple processors or computers. A processing system can
include, in addition to hardware, code that creates an execution environment for the
computer program in question, e.g., code that constitutes processor firmware, a
protocol stack, a database management system, an operating system, or a combination
of one or more of them.

[0109] A computer program (also known as a program, software, software
application, script, executable logic, or code) can be written in any form of
programming language, including compiled or interpreted languages, or declarative or
procedural languages, and it can be deployed in any form, including as a standalone
program or as a module, component, subroutine, or other unit suitable for use in a
computing environment. A computer program does not necessarily correspond to a
file in a file system. A program can be stored in a portion of a file that holds other
programs or data (e.g., one or more scripts stored in a markup language document), in
a single file dedicated to the program in question, or in multiple coordinated files (e.g.,
files that store one or more modules, sub programs, or portions of code). A computer
program can be deployed to be executed on one computer or on multiple computers
that are located at one site or distributed across multiple sites and interconnected by a
communication network.

[0110] Computer readable media suitable for storing computer program
instructions and data include all forms of non-volatile or volatile memory, media and
memory devices, including by way of example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; magnetic disks, e.g., internal hard
disks or removable disks or magnetic tapes; magneto optical disks; and CD-ROM,
DVD-ROM, and Blu-Ray disks. The processor and the memory can be supplemented
by, or incorporated in, special purpose logic circuitry.

[0111] Acronyms/ Abbreviations:
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ATDC = after top dead center

BTDC = before top dead center

CA50 = location of 50% mass fraction burn (crank angle degrees ATDC)

CAN = controller area network

COV = coefficient of variation

ECU = engine control unit

EGR = exhaust gas recirculation

HCCI = homogeneous charge compression ignition

IMEP = indicated mean effective pressure (bar)

IVC = intake valve closing angle

LTC = low temperature combustion

MAP = manifold absolute pressure (bar)

MAT = manifold absolute temperature (K)

NOx = oxides of nitrogen

PCCI = premixed charge compression ignition

Ploc =location of peak pressure (crank angle degrees ATDC)

Pmax = maximum cylinder pressure (bar)

R&D = research and development

RCCI = reactivity controlled compression ignition

RPR = rate of pressure rise (bar/crank angle degree)

RT —CDC = real-time combustion diagnostics and control

SOC = start of combustion (crank angle degrees ATDC)

[0112] A number of embodiments have been described. Nevertheless, it will
be understood that various modifications may be made. Accordingly, other

embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method of detecting uncontrolled combustion in an internal
combustion engine, comprising:

sampling a pressure signal from in-cylinder pressure sensor, the pressure signal
representative of a measured pressure in a cylinder of the engine;

calculating a combustion intensity metric based on the pressure signal, wherein
the combustion intensity metric is an indicator of the engine’s proximity to an
uncontrolled combustion condition;

determining an engine control parameter as a function of the combustion
intensity metric; and

controlling the engine based on the engine control parameter.

2. The method of claim 1, wherein the internal combustion engine
comprises a dual-fuel internal combustion engine and wherein the engine control
parameter comprises a substitution rate of a first fuel and a second fuel based on at

least one of the parameter or the combustion intensity metric.

3. The method of claim 2, wherein the first fuel is diesel and wherein the

second fuel is natural gas.

4. The method of claim 1, wherein the combustion intensity metric is
calculated within a same combustion cycle as the sampling of the in-cylinder pressure

SEeNsor.

5. The method of claim 1, comprising:

calculating, based on the pressure signal, a pressure metric, a heat release
metric, and a knock metric,

wherein the combustion intensity metric a function of the pressure metric, the

heat release metric, and the knock metric.
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6. The method of claim 5, wherein the heat release metric comprises an

adiabatic heat release rate of combustion in a cylinder of the engine.

7. The method of claim 1, comprising calculating at least one of the
following combustion metrics based on the pressure signal:

the peak cylinder pressure;

the crank angle of peak cylinder pressure;

arate of cylinder pressure rise;

a cylinder pressure ripple;

the crank angle of a cylinder pressure ripple;

a burn duration;

a slope of heat release;

the crank angle of centroid of heat release; or

the crank angle of max heat release rate.

8. The method of claim 7, wherein the combustion intensity metric is a
function of at least one of:

the peak cylinder pressure;

the crank angle of peak cylinder pressure;

the rate of cylinder pressure rise;

the cylinder pressure ripple;

the crank angle of cylinder ripple;

the burn duration;

the slope of heat release;

the crank angel of centroid of heat release; or

the crank angle of max heat release rate.
9. The method of claim 8§, wherein the combustion intensity metric is a

function of at least the peak pressure, the rate of pressure rise, the pressure ripple, the

burn duration, and the slope of heat release.
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10. The method of claim 1, comprising determining a fuel input signal, a
throttle position signal, and an ignition timing signal for the engine based on at least

one of the combustion intensity metric or the parameter.

11. A controller for controlling operation of a dual-fuel internal combustion
engine of an engine system, the engine system comprising a pressure sensor
configured to measure pressure in a cylinder of the engine and generate a
corresponding pressure signal and a crank angle sensor configured to measure the
crank angle of the engine and generate a corresponding crank angle signal, the
controller comprising:

a processor couplable to the in-pressure sensor and the crank angle sensor; and

at least one non-transitory computer readable medium storing instructions
operable to cause the processor of the controller to perform operations comprising:

(a) sample the pressure signal;

(b) calculate a combustion intensity metric based on the pressure signal,
wherein the combustion intensity metric is an indicator of the engine’s
proximity to an uncontrolled combustion condition;

(c) determine a substitution rate of a first fuel and a second fuel delivered to
the cylinder based on the combustion intensity metric; and

(d) control the dual-fuel internal combustion engine based on the substitution

rate.

12. The controller of claim 11, wherein first fuel is diesel and wherein the

second fuel is natural gas.

13. The controller of claim 11, wherein steps (b) and (c) occur within a next

cycle of the cylinder.

14.  The controller of claim 11, wherein the instructions include calculating,
based on the pressure signal, a pressure metric, a heat release metric, and a knock
metric, and wherein the combustion intensity metric a function of the pressure metric,

the heat release metric, and the knock metric.
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15. The controller of claim 11, wherein calculating the heat release metric
comprises calculating an adiabatic heat release rate of combustion in the cylinder of

the engine.

16.  The controller of claim 11, wherein the instructions include calculating
at least one of the following combustion metrics based on the pressure signal:

the peak cylinder pressure;

the crank angle of peak cylinder pressure;

a rate of pressure rise;

a pressure ripple;

a location of cylinder pressure ripple;

a burn duration;

a slope of heat release;

the crank angle of centroid of heat release; or

the crank angle of max heat release rate.

17. The controller of claim 16, wherein the combustion intensity metric is a
function of at least one of:

the peak cylinder pressure;

the crank angle of peak cylinder pressure;

the rate of cylinder pressure rise;

the cylinder pressure ripple;

the crank angle of ripple;

the burn duration;

the slope of heat release;

the crank angle of centroid of heat release; or

the crank angle of max heat release rate.
18. The controller of claim 16, wherein the combustion intensity metric is a

function of at least the peak pressure, the rate of pressure rise, the pressure ripple, the

burn duration, and the slope of heat release.
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19. The controller of claim 11, wherein the instructions include:
determine at least one of: a fuel input signal, a throttle position signal, or an
ignition timing signal for the dual-fuel internal combustion engine based on at least
one of the combustion intensity metric or the parameter, and
5 control the dual-fuel internal combustion engine using at least one of: the fuel

input signal, the throttle position signal, or the ignition timing signal.

20. A controller for controlling operation of an internal combustion engine
of an engine system, the engine system comprising a pressure sensor configured to
10  measure pressure in a cylinder of the engine and generate a corresponding pressure
signal and a crank angle sensor configured to measure the crank angle of the engine
and generate a corresponding crank angle signal, the controller comprising:
a processor couplable to the in-pressure sensor and the crank angle sensor; and
at least one non-transitory computer readable medium storing instructions
15  operable to cause the processor of the controller to perform operations comprising:

(a) sample the pressure signal;

(b) calculate a combustion intensity metric based on the pressure signal,
wherein the combustion intensity metric is an indicator of the engine’s
proximity to an uncontrolled combustion condition;

20 (c) determine an engine control parameter as a function of the combustion
intensity metric; and

(d) control the engine based on the engine control parameter.

31



WO 2018/204881

PCT/US2018/031248

47115
v
AE?‘/’ Fuel M FCU %mm‘h Spark
Module P Module
e )
104 102 106

Y

¥

118




WO 2018/204881 PCT/US2018/031248

2115
200
Low Speed
Combustion
211 Diagnostics 102

272 / (jm /

x._ N
,,,,,,,,,,,,,,,,,, \\\\\\\\\\\\\\\\\\\ -

r
12 215
High Speed
Pressure
Sensor 171
Crank Angle Sensor
» 218
1@1/ o ﬂngﬁne Control
Actuator Settings

FIG. 1B



PCT/US2018/031248

WO 2018/204881

5301A3(
wmding/mndu

A

{

¥

./N 961

JT "Oid
wding/nduj €61
| m
) I - — -
— - — oo 30A3Q
m m a8e40318
N 6l
S61
AIOUIBIA)
61 mﬂ
‘N/ 16l
J0S52304d
Siie M 701




2

PCT/US2018/031248

4/15

s

e, T 7 7
i i g , " rne pee e vt et iy
M : % r
e : H \\\
ol £
B “ g
W £ : 25
E t :
wﬂ ¥ :
£ ; :
2 : : g
% : : i
o # : : o
e 71 m §. o o
> ¢ ez
5 £ : e
& § : Ak
M\ : 2
g 2 ” B 7
8 &
i3 8 : :
£ 2 uE .
¥ o Sty
t LY §
: ® o o5
3 £
; &
H
’ s
E 1o
; ;
%
¥
¥
¢ m
H ; H

o

2]

ST
44
5%

3
NS

o, Aysueiu oLsy

WO 2018/204881

FiG. 2



PCT/US2018/031248

WO 2018/204881

T

N 1% @SQ 30 1

Srieh

TV

Lorel

o

FIG. 3




WO 2018/204881 PCT/US2018/031248

—
e
=

~o-Vibration Knook Intensity
- Preasgure Knock Intensity Y

H20

{3 Al 80 20 100
(3as Substtution %

o
b2

FIG. 4



Goo0oG 7 B

- @ @ 7
_ . . . \\\\\\\\\\\\\\\\\

\\\\\\\\\\\&\\\\\\\\\&

FIG. 5B

..

35 7 -

> \\..

2
77 7
B2y

pooiy



WO 2018/204881

8/15

PCT/US2018/031248

100

T

0 10 o

3
i

Cantinuous messure o
state of combustion

gl

5 150

ate Liide

m =
= 100

Moot Dologs
L5y
&

o

s
7

“\“\“\-{3&%@&& 701
e GI%GSR 702
e GORGER 703

Wi, :
N
..... \ ‘7\‘.\,&\\\\\\»\\\\\’\“}_
| ; i

a {0

i
5 &
LR

20 30 44

Crank Angle deg ATDO]

FIG. 7



PCT/US2018/031248

WO 2018/204881

Comibust

= = 2

e et
353

£ \\\\\\\\\\\\\\\\\\\\ .
m\\\ \\\\\\\\\\\\\ . \\\“W\W\\&w;

FIG. 8

=™ o 00

oo W

&S & D

3 f 3 3
ki i _wL
L 4 A B
Ly Ly O /
Vi d /
! m ]

4 MM NS SN 4 NN

e
\\ 5
-
“.W: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ey o o
/ & :
/ Sl m
/ :
d w
.w :
y o
) N »
' : o2
% o 2
4
,J»
4
! =
£ oot {5 353

Gas substitution %

FIG. S



WO 2018/204881

10/15

sGeR 1001

_ : “““““ﬁiﬁ}%{%‘Sﬁ 1002
§*§‘§ m?@%fESﬁ 1003

40 = f o -
o8 ap g 10 260 30 40

Crank Angle ideg ATIRG

FIG. 10

200

~fuosr 1101
= BORGER 1102
e GOGER 1103

157
o

W20 10 & 18 2 30 44
Crank Angle [deg ATDG]

FIG. 11

PCT/US2018/031248



WO 2018/204881

11/15

PCT/US2018/031248

oo

£
o

Combustion intensity %
EE;
Lok

ik

Y

(-

Wi

i‘zs‘aiim Kook Intensity

R v

g T __“,.AE?“)

it E

{:; i £ > i H
L 40 20 al

ips Subsiiulion %

FIG. 12

100



WO 2018/204881

PCT/US2018/031248

12015

S

pyesr 1301
oupar 1302

pirs
S
AR

~10 {

, 10 20 At At
Urank Angle ideg ST

FIG. 13

—%PER 1401
e fosesR 1402
——1B%PER 1403

Ezaﬂz

”////////’//I:’f/l////l

g

v s
e

A SR 4y ¥

Crank Angle deg ATDU]

FIG. 14



WO 2018/204881 PCT/US2018/031248

13/15

200 .
-
~B Yibation Kanck infensily 1501
s Brassare Kook inensity] 1502
B umbusiion intersity 1503
e
150

1503

SRRERERA

i L

{3

16 18
@mpa 16 (a8 Subshitution %

FIG. 15

2
L5

Z

ARG T i T 7 T T ¥ T

S Yibration Snack ey 1501 &

S S
vl S Prgasuie Kook m*«-}f}bk“}‘ 1502 @

e Qombustion intessity &

: omin < ‘a by E 1503 \\\\\\\

=
%
%
L
b
e
&
ot

N \\\\\\\\\\\\\\\\ \\\\\ \\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\ -

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

iﬁsz ?&fsmr:::;s-"

FIG. 16



PCT/US2018/031248

WO 2018/204881

1445

R1502

e
R

o

FIG. 17A

1501

1503

3

NS
SR

WY
]

)

P

[

b2

FIG. 178

s

....... i

Geresrs,

it

s

&z

s,
o
[ERCCC

VLI

irrnaes

v e AT

Sese ol
LTS

ittt

gt
e
e
550 reggs,

g,

et ARG

”
cnrarr B
Y.,
e,
“orrerres

PP A

s e
P TS

YA

= 2

et iopnd

g—

RS NS |

xd
o

2
e

L ey

5

. 18A

FIG

18B

FIG.

Y
.

v
%

5%

Fa
Sy

3




WO 2018/204881 PCT/US2018/031248

1940

15/15

Sample a pressure signal from in-cylinder

pressure sensor
1910

|

Calculate a combustion intensity metric based

on the pressure signal, where the combustion

intensity metric is an indicator of the engine’s
proximity to an uncontrolled combustion

condition
1920

|

Determine an engine control parameter as 3
function of the combustion intensity metric

1930
’

Control the engine based on the engine

1940 control parameter

FIG. 19



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/031248
A. CLASSIFICATION OF SUBJECT MATTER
INV. F02D35/02 FO2B77/08 FO2D19/06 FO2D19/08 FO2D19/10
FO2D41/00 GO1L23/22 FO2D41/30
ADD. FO2D41/22

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

FO2D F02B GOIL

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2015/219027 Al (ZUR LOYE AXEL OTTO [US] 1-20
ET AL) 6 August 2015 (2015-08-06)
paragraph [0007] - paragraph [0008];
figure 4
paragraph [0028]
paragraph [0037] - paragraph [0039]
paragraph [0043] - paragraph [0050]
paragraph [0059]; claims 11,15,27
X US 20127016567 Al (DELPECH VIVIEN [FR]) 1,2.,4,
19 January 2012 (2012-01-19) 7-11,13,
16-20
paragraph [0031]
paragraph [0041] - paragraph [0042]
paragraph [0052] - paragraph [0073]
_/ -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

30 July 2018

Date of mailing of the international search report

08/08/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Rocabruna Vilardell

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/031248

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

X,P

X,P

US 2011/010074 Al (HUNG DAVID LING-SHUN
[US] ET AL) 13 January 2011 (2011-01-13)

paragraph [0009] - paragraph [0010];
claims 15-16; figure 4

paragraph [0019]

paragraph [0024] - paragraph [0025]
paragraph [0030] - paragraph [0034]

US 9 228 506 B2 (GEN ELECTRIC [US])

5 January 2016 (2016-01-05)

column 2, line 42 - Tine 50; figures 3,5-8
column 3, line 10 - Tine 23

column 5, line 13 - line 24

column 6, line 9 - line 24

column 8, line 64 - column 9, line 35
column 14, Tline 58 - Tine 60

column 15, Tine 16 - line 21

EP 2 020 496 A2 (NISSAN MOTOR [JP])

4 February 2009 (2009-02-04)

paragraph [0034]; figures 15,7

paragraph [0090] - paragraph [0098];
claims 1,10,11,14

WO 2017/112967 Al (GE JENBACHER GMBH & CO
0G [AT]) 6 July 2017 (2017-07-06)

the whole document

US 2017/342916 Al (JUNG HYUNSUNG [KR] ET
AL) 30 November 2017 (2017-11-30)
paragraph [0014]; claim 1; figure 2
paragraph [0036] - paragraph [0060]

1-4,7,8,
10-13,
16,17,
19,20

1,11,20

1,11,20

1-4,11,

1,11,20

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2018/031248
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2015219027 Al 06-08-2015 US 2015219027 Al 06-08-2015
US 2017009671 Al 12-01-2017

US 2012016567 Al 19-01-2012  EP 2407654 A2 18-01-2012
FR 2962767 Al 20-01-2012
JP 5922347 B2 24-05-2016
JP 2012021530 A 02-02-2012
US 2012016567 Al 19-01-2012

US 2011010074 Al 13-01-2011 DE 102010030032 Al 03-02-2011
US 2011010074 Al 13-01-2011

US 9228506 B2 05-01-2016  NONE

EP 2020496 A2 04-02-2009 (N 101358560 A 04-02-2009
EP 2020496 A2 04-02-2009
JP 4983468 B2 25-07-2012
JP 2009036176 A 19-02-2009
US 2009037077 Al 05-02-2009

WO 2017112967 Al 06-07-2017 AT 518121 Al 15-07-2017
WO 2017112967 Al 06-07-2017

US 2017342916 Al 30-11-2017 CN 107420212 A 01-12-2017
DE 102016221979 Al 30-11-2017
KR 20170132405 A 04-12-2017
US 2017342916 Al 30-11-2017

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - wo-search-report
	Page 50 - wo-search-report
	Page 51 - wo-search-report

