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(57) Abrégée/Abstract:

The method comprises operating a calibration engine, and collecting combustion characteristic data and reference accelerometer
sighals, which are correlated with each other and stored in a calibration table. The calibration table can be used by an engine to
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(57) Abrege(suite)/Abstract(continued):
determine a real-time normal combustion characteristic when the engine Is operating by collecting a real-time accelerometer sensor

sighal and cross correlating with the correlated data stored Iin the calibration table. Accordingly, the apparatus comprises a
calibration engine comprising a calibration sensor, a reference accelerometer sensor and a data storage device for storing the
collected calibration data that is correlated with the collected reference accelerometer signals, and an engine equipped with an
accelerometer sensor, a calibration table and an electronic engine controller programmed to recelve real-time accelerometer
sighals and cross correlate them with reference accelerometer signals to determine a real-time normal combustion characteristic.
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Method And Apparatus For Determining A Normal Combustion
Characteristic For An Internal Combustion Engine From An Accelerometer
Signal

Abstract

The method comprises operating a calibration engine, and collecting
combustion characteristic data and reference accelerometer signals, which are
correlated with each other and stored in a calibration table. The calibration table
can be used by an engine to determine a real-time normal combustion
characteristic when the engine is operating by collecting a real-time
accelerometer sensor signal and cross correlating with the correlated data stored
in the calibration table. Accordingly, the apparatus comprises a calibration
engine comprising a calibration sensor, a reference accelerometer sensor and a
data storage device for storing the collected calibration data that is correlated
with the collected reference accelerometer signals, and an engine equipped with
an accelerometer sensor, a calibration table and an electronic engine controller
programmed to receive real-time accelerometer signals and cross correlate them
with reference accelerometer signals to determine a real-time normal combustion
characteristic.
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Method And Apparatus For Determining A Normal Combustion
Characteristic For An Internal Combustion Engine From An Accelerometer

Signal

Field of the Invention

[0001] The present invention relates to a method and apparatus for determining a
normal combustion characteristic for an internal combustion engine from an
accelerometer signal. The accelerometer is deflected by changes in the engine’s
in-cylinder pressure and the disclosed method processes the generated data to
assist in controlling the operation of the engine to improve combustion quality,
combustion efficiency, engine performance or other desired engine operational

objectives.

Backqground

[0002] In operating an internal combustion engine, combustion data relating to
normal combustion characteristics such as the timing for start of combustion
(“SOC”) and heat release rate, can be used to improve the combustion quality,
engine efficiency and reduce engine out emissions of pollutants. Accordingly,
more accurate combustion data relating to at least one of these characteristics is
desirable to improve engine operation. Instrumentation for measuring
combustion data, such as pressure transducers that employ sensors disposed in
the combustion chamber, or emissions sensors that can be located in the
exhaust port, or temperature sensors located in the combustion chamber or in
the exhaust port can collect data that can be used to indicate combustion
characteristics, but it can be impractical to employ such sensors in a mass
produced engine, because in addition to being intrusive and/or being subjected to
a harsh environment in the location where they are installed, such sensors can
also be expensive and lack the durability needed for reliable and prolonged

everyday use.
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[0003] Accelerometer sensors are sold commercially for use as knock sensors for
detecting engine knock. Engine knock is considered an abnormal combustion
characteristic because it does not occur when the engine is operating normally.
Engine knock correlates to violent combustion events that can be caused by pre-
mature and uncontrolled detonation of the charge inside the combustion
chamber, caused, for example, if an Otto-Cycle engine has been fuelled with a
fuel with too low an octane rating, or if spark timing is too advanced, or if deposits
in a combustion chamber create hot spots that cause early ignition. In a Diesel-
Cycle engine, engine knock can be caused, for example, if fuel injection timing is
too early. Engine knock can cause a decrease in engine performance and in
severe cases, if not corrected, engine knock can cause serious damage to the
engine, including destruction of the pistons, connecting rods, exhaust valves,
head gasket and spark plugs or glow plugs. Accelerometers that are employed
as “knock sensors” are typically located on an engine’s cylinder block and
sometimes on the cylinder head. As an abnormal combustion characteristic,
engine knock is not a combustion characteristic that is measured in each
combustion cycle. Wide-band knock sensors are simple transducers that
transmit a signal to a knock processor chip that detects engine knock from the
sensor signal and the knock processor chip sends a signal to the electronic
engine controller when engine knock is detected. Because there is a relatively
large difference between the knock sensor signal when the engine is operating
normalily and the signal when engine knock is detected the accuracy of the knock
sensor is relatively unimporant. There are also knock sensors that transmit a
binary signal when an element within them vibrates at a harmonic frequency that
matches the knocking frequencies of the engine. Knock sensors of either type
are only required to make crude measurements since they are configured to
detect only engine knock and the difference between the signals when the
engine is not knocking and when the engine is at a defined knocking level is
sufficiently large to not require sensors with a high degree of accuracy. Wide-
band knock sensors transmit signals that are proportional to frequencies that
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include vibrations in the knocking range, and hereinafter reference to knock
sensors and accelerometer sensors are directed to wide-band knock sensors.

[0004] An accelerometer sensor that produces a signal that can be used to
determine a normal combustion characteristic in a combustion cycle is mounted
to a component of the engine, and therefore contains more information than just
the information that pertains to a specific combustion characteristic. That is, an
accelerometer sensor mounted to an engine can detect deflections caused by
many sources other than the monitored combustion characteristic and without
processing the raw signal from an accelerometer sensor to filter out signal noise,
the raw signal can not be used as a sufficiently accurate indicator of a
combustion characteristic. Information indicating a combustion characteristic
needs to be accurate for it to be used to better control or diagnose combustion in
an internal combustion engine to improve engine performance and efficiency,
and/or engine-out emissions. The operation of most types of internal combustion
engines can be improved if an engine controller is provided with accurate
information about at least one combustion characteristic, such as, for example,
information about combustion phasing, which includes the timing for the start of
combustion (“SOC”), the combustion rate, which includes the heat release rate
as one indication of the combustion rate, the peak heat release rate, the in-
cylinder pressure, and engine misfiring. With an accurate determination of a
combustion characteristic, engine performance can be improved by adjusting
parameters such as, for example, the timing for fuel injection, the fuel injection
rate, and the quantity of fuel injected. Furthermore, while this type of information
regarding a determined combustion characteristic can be useful for improving the
operation of most internal combustion engines, it is particularly useful for a type
of engine known as a homogeneous-charge compression-ignition (“HCCI")
engine. Although HCCI engines have not yet been widely commercialized, in
recent years significant work has been directed to deveioping such engines
because they offer the potential for higher efficiency and lower engine-out
emissions compared to conventional compression ignition Diesel-Cycle engines
and spark-ignited Otto-Cycle gasoline engines. For example, at highway cruising
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conditions the Diesel-Cycle engines in Class 8 heavy-duty trucks operate at
about 40% brake thermal efficiency, and these heavy trucks typically achieve
only about 6 miles per galion. HCCI engines could improve engine efficiency
significantly, giving a gain in fuel economy. For vehicles that use gasoline-based
engines, which are even less efficient than their diesel counterparts, the potential
fuel savings is greater still. In addition, because of the potentially lower engine-
out emissions from HCCI combustion, HCCI engines might allow future diesel-
fuelled engines to avoid selective catalytic reduction and its complicated and
expensive system of multiple catalysts.

[0005] One of the main challenges delaying the commercial introduction of HCCI
engines is the difficulty in controlling HCCI combustion and a method of
accurately determining a combustion characteristic such as the timing for SOC or
the heat release rate can be used to solve this challenge. For example, a
production-ready SOC sensing system could help to enable HCCI combustion
over a wide range of conditions. To be successful, such a sensing system
shouid meet the important practical needs of commercial automotive products,
namely low cost, reliability and durability.

[0006] An accelerometer signal can be conditioned and digitized, for example as
set out in co-owned United States Patent Nos. 7,133,761 and 7,200,487,
respectively entitled “Method and Apparatus for Controlling an Internal
Combustion Engine Using Accelerometers”, and, “System and Method for
Processing an Accelerometer Signal to Assist in Combustion Quality Control in
an Internal Combustion Engine”.

[0007] Some of the challenges associated with methods for determining a
combustion characteristic for an engine include engine-to-engine variability,
cylinder-to-cylinder variability, and sensor-to-sensor variability. Accordingly,
there is a need for a method of determining an engine combustion characteristic
that is effective, accurate, and easy to calibrate, even if there can be variability
from engine-to-engine, cylinder-to-cylinder and from sensor-to-sensor.
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Summary of the Invention

[0008] A method is disclosed for determining a combustion characteristic of an
internal combustion engine from an accelerometer signal. The method
comprises the steps of: (a) operating a calibration engine, equipped with a
calibration sensor and a reference accelerometer sensor, at a predetermined
operating condition and using the calibration sensor to detect the combustion
characteristic and the reference accelerometer sensor to collect a reference
accelerometer signal; (b) correlating the combustion characteristic with the
reference accelerometer signal and storing correlated data in a calibration table
where it is associated with the predetermined operating condition; and, (C)
equipping an engine with an accelerometer sensor, the calibration table and an
electronic engine controller, whereby when the engine is operated at the
predetermined operating condition, the electronic engine controller can determine
a real-time combustion characteristic by collecting a real-time accelerometer
signal from the accelerometer sensor and cross correlating with the correlated
data stored in the calibration table.

[0009] In a preferred method, the calibration sensor is a pressure transducer that
measures in-cylinder pressure, and the combustion characteristic comprises at
least one of heat release rate, peak heat release rate, and timing for start of
combustion, which are derived from measured in-cylinder pressure.

[0010] The calibration table can comprise correlated data associated with a
plurality of predetermined operating conditions each associated with a particular
engine speed and load. For predefined engine operating modes, data for the
calibration table can be collected from a matrix of operating points defined by

engine speed and engine load. When producing the calibration table the
preferred method further comprises: applying a fast Fourier transform to the
reference accelerometer signal to yield a power spectrum for the reference
accelerometer signal; performing a progressive scan to identify a characteristic
frequency of the reference accelerometer signal when combustion occurs for the
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predetermined operating condition; applying to the reference accelerometer
signal a band-pass filter with a central frequency equal to the characteristic
frequency, to produce a filtered reference accelerometer signal; normalizing the
filtered reference accelerometer signal before storing it in the calibration table;
and programming the electronic engine controller to apply to the real-time
accelerometer signal the band-pass filter with the central frequency equal to the
characteristic frequency, to produce a filtered real-time accelerometer signal.
The preferred method further comprises programming the electronic engine
controller to cross correlate the filtered real-time accelerometer signal with the
filtered reference accelerometer signal stored in the calibration table and to
identify a phase shift at the maximum positive correlation. That is, the phase
shift is identified as the amount of time that one of the signals is shifted to arrive

at the maximum positive correlation.

[0011] In a preferred method the combustion characteristic that is determined
from the accelerometer signal comprises the timing for start of combustion. In
this case the method further comprises programming the electronic engine
controlier to determine the timing for start of combustion by determining a real-
time value for start of combustion timing by applying the phase shift to a value for
start of combustion timing that is stored in the calibration table as part of the
correlated data.

[0012] The method can further comprise using a regression method to calculate
a linear correlation between the reference accelerometer signal and the

combustion characteristic for the predetermined operating condition.

[0013] The method already described can utilize a number of steps to filter the
accelerometer signal, for example, based on the differences between the
frequencies associated with the monitored combustion characteristic and the
frequencies associated with “noise” which comes from other sources. The
preferred method can be made even more robust by employing a secondary

indicator of the combustion characteristic to decide if the determined combustion
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characteristic information should be relied upon or discarded. That is, the
method can further comprise programming the electronic engine controller to
reject a value determined for the real-time combustion characteristic and re-
sampling to collect another real-time accelerometer signal when a secondaary
real-time indicator of the real-time combustion characteristic generates a value
for the real-time combustion characteristic that is different from the value
determined by the electronic engine controller using the calibration table by more
than a predetermined threshold. By way of a specific example, when the
combustion characteristic is start of combustion timing, the secondary real-time
indicator of real-time start of combustion timing can be the timing when the
amplitude of the filtered real-time accelerometer signal surpasses the
predetermined threshold value associated with the predetermined operating
condition. The predetermined threshold value can be, for example, a
predetermined percentage of peak amplitude for the filtered reference
accelerometer signal for the predetermined operating condition. Accordingly, In
this example, the secondary real-time indicator of the timing for start of
combustion uses a different method to determine the real-time timing for start of
combustion and does not use the calibration table to make this determination,
and a significant difference between the two values determined for the timing for
start of combustion can indicate that there is noise in the collected real-time
accelerometer signal that puts into question the accuracy of the determined
timing for start of combustion.

[0014] In preferred methods the reference accelerometer signal and the real-time
accelerometer signal are collected for only a predetermined portion of an engine
cycle. For determining information about a combustion characteristic, only data
collected during the period of time of the engine cycle when combustion can
occur is relevant. In a four stroke engine, this means that data does not need to
be collected during the exhaust stroke, the intake stroke, and the early part of the

compression stroke.
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[0015] For practicing the method, also disclosed is a control system for an
internal combustion engine. The control system comprises an accelerometer
sensor mounted to the internal combustion engine at a location where the
accelerometer sensor can detect oscillations that correlate to a combustion
characteristic; a calibration table in which is stored, in association with a
predetermined operating condition, a reference accelerometer signal collected
from a calibration engine and an associated combustion characteristic derived
from data collected by a calibration sensor when operating the calibration engine;
an electronic engine controller programmed to receive a real-time accelerometer
signal from the accelerometer sensor and to cross correlate it with the reference
accelerometer signal for the predetermined operating condition, to determine a
real-time combustion characteristic from a combustion characteristic stored in the
calibration table in association with the reference accelerometer signal; and a
signal wire for transmitting the signal from the accelerometer to the electronic
engine controller.

[0016] In a preferred embodiment, the controller is further programmed to
compare the real-time combustion characteristic to a target combustion
characteristic and to command a change to at least one engine operating

parameter until the real-time combustion characteristic matches the target

combustion characteristic.

[0017] In preferred embodiments, the combustion characteristic that the
controller is programmed to determine is at least one of heat release rate, peak

heat release rate, and timing for start of combustion.

[0018] For practicing the method, also disclosed in a calibration engine that
comprises an engine block comprising at least one combustion chamber defined

by a cylinder, a piston and a cylinder head, a calibration sensor associated with
the engine for detecting a combustion characteristic; a reference accelerometer
sensor mounted to the internal combustion engine at a location where the

reference accelerometer sensor can detect oscillations that correlate to the
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combustion characteristic; a data storage device for storing data associated with
a predetermined engine operating condition, the data comprising a reference
accelerometer signal collected from the reference accelerometer sensor, and a
value associated with the combustion characteristic collected from the calibration
sensor, and wherein stored data can be exported to a calibration table that can
be used by an engine of the same design and specification as the calibration
engine, to determine the real-time combustion characteristic from a real-time
accelerometer signal without requiring a calibration sensor; and wiring to
respectively connect the accelerometer sensor and the calibration sensor to the
data storage device.

10019] In preferred embodiments of the calibration engine, the calibration sensor
IS a pressure transducer mounted in the cylinder head with a sensor probe in the
combustion chamber. For a multi-cylinder engine, a pressure transducer is
mounted in the cylinder head for each combustion chamber.

[0020] An advantage of the disclosed method is that the calibration steps used to
generate a calibration table by operating a calibration engine, only need to be
done once for each engine model. Once a calibration engine is used to generate
a calibration table, engines of the same model as the calibration engine, which
have the same design and specifications, can then use the disclosed method to
accurately determine combustion characteristics during engine operation from an
accelerometer signal, and this information can be used by an engine controller to
guide changes to operational parameters to optimize engine performance,

efficiency, and/or reduce levels of pollutants in engine exhaust gases.

Brief Description of the Drawings

10021] Figure 1 is a schematic view of an engine with a control system that can
be used to determine a combustion characteristic for the engine from an

accelerometer signal;
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[0022] Figure 2 is a schematic view of a calibration engine that can be used to
collect data to generate a calibration table that correlates a combustion

characteristic with a reference accelerometer signal,;

[0023] Figure 3 is a flow diagram that depicts a preferred embodiment of the

method:

[0024] Figure 4 shows two plots to accelerometer signals comparing the signali
produced by a research-grade accelerometer with the signal produced by a
commercially sold accelerometer sensor intended for use as a knock sensor;

[0025] Figure 5 shows plots of data that compare the characteristic frequency
between different engines and repeated tests that show that a characteristic
frequency can be identified for an engine operating point that is consistent for
different engines with the same design and specifications;

[0026] Figures 6 through 9 are data plots which show the correlation between the
timing for start of combustion that is determined from an accelerometer signal
using the disclosed method and the timing for start of combustion determined

from measurements of in-cylinder pressure;

[0027] Figure 10 is a chart that shows engine-to-engine variability at different

engine modes;

[0028] Figures 11 through 16 show plots that compare the global correlation with
individual cylinder data for different engine operating modes; ana

[0029] Figure 17 show plots for different engine operating modes the error

standard deviation for each cylinder.

Detailed Description

[0030] Figure 1, schematically illustrates an internal combustion engine with a
control system that can be used to determine a combustion characteristic for an

internal combustion engine from an accelerometer signal. Engine 100 includes
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combustion chamber 110, which in this example is defined by cylinder 108,
cylinder head 104 and piston 112. For simplicity only one combustion chamber
IS shown although persons skilled in the technology will understand that the
engine typically has two or more cylinders, and when there is a plurality of
cylinders they can be arranged in banks. Piston 112 is reciprocable within
cylinder 108, and the reciprocating motion of piston 112 is translated into rotation
of crankshaft 120 via connecting rod 116 which is operatively attached at
opposite ends to piston 112 and crankshaft 120. Intake and exhaust valves (not
shown) are operative to deliver charge comprising oxygen from an intake
manifold to combustion chamber 110, and to remove exhaust by-products
therefrom to an exhaust manifold. Engine 100 further comprises fuel and air
delivery systems, and other standard systems associated with internal

combustion engines.

[0031] Engine 100 includes accelerometer sensor 128, shown mounted, for
example, on main bearing cap 124. Bearing cap 124 acts as a damped
oscillator by deflecting responsive to sudden changes in the in-cylinder pressure.
The characteristic frequency of this oscillation is a physical property of the
bearing cap assembly and is nearly independent of engine operating conditions.
It is also repeatable among engines of the same design and specification. By
identifying and isolating this characteristic frequency, combustion information can
be extracted from the accelerometer signal and analyzed. The engine bearing
caps have been found to be suitable as locations for generating an
accelerometer signal with a suitable signal-to-noise ratio, but accelerometer
sensor 128 can be mounted at other locations where there is also a suitable
signal-to-noise ratio. In the context of this disclosure, when discussing “signal-to-
noise ratio”, the “signal” is the part of the accelerometer signal that is associated
with deflections attributable to the monitored combustion characteristic in
combustion chamber 110, and “noise” is the part of the accelerometer signal that
IS contributed from other sources not directly attributable to the monitored
combustion characteristic, such as deflections caused by engine vibrations, road
noise (for vehicles) or by electrical interference that distorts the electrical
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accelerometer signal. Accelerometer sensor 128 transmits an electrical signal to
electronic engine controller 136 through signal wire 132. Electronic engine
controller 136 is programmed to receive real-time accelerometer signals from
accelerometer sensor 128 and to cross correlate it with a reference
accelerometer signal stored in calibration table 138. The reference
accelerometer signal is associated with an engine operating condition that is the
same as the engine operating condition when the real-time accelerometer sensor
was collected. The reference accelerometer signal is also associated with a
combustion characteristic that was derived from measurements collected from a
calibration sensor installed on a calibration engine that matches the same model
and specifications as engine 100. The calibration engine is described in more
detail below, with reference to Figure 2. In preferred embodiments, the reference
accelerometer signal and the combustion characteristic derived from the data
collected from the calibration sensor are stored in calibration table 138 and can
be retrieved based on engine operating conditions, which in preferred
embodiments include at least engine speed and engine load. Electronic engine
controller 136 is programmed to determine a real-time engine combustion
characteristic from a real-time accelerometer signal by correlating the real-time
data with the data in the calibration table, and this method is described in more
detail below, when Figure 3 is described.

[0032] Figure 2 is a schematic view of a calibration engine, indicated by
reference number 200. Calibration engine 200 has the same design and
specification as engine 100 shown in Figure 1. That is, cylinder 208, cylinder
head 204, piston 212, which define combustion chamber 210 are the same as
the components shown in Figure 1 that show respective cylinder 108, cylinaer
head 104, piston 112, which define combustion chamber 110. Similarly,
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connecting rod 216, crankshaft 220 and bearing cap 224 are the same as
connecting rod 116, crankshaft 120 and bearing cap 124 shown in Figure 1.
However, calibration engine 200 further comprises calibration sensor 226, which
In the illustrated embodiment is a pressure transducer with a sensor probe
mounted in cylinder head 204 and extending into combustion chamber 210. That
IS, in this illustrated example, the detected combustion characteristic is in-cylinder
pressure, which i1s measured by calibration sensor 226. In-cylinder pressure data
IS sent through signal wire 230 from calibration sensor 226 to computer 240,
which preferably processes the raw calibration data before it is saved in data
storage device 242. The raw reference accelerometer signal collected from
reference accelerometer sensor 228 is sent through signal wire 232 to computer
240, which preterably processes the raw reference accelerometer signal before it
IS saved in data storage device 242, In preferred embodiments, the raw sensor
signals are processed to filter out signal noise to improve the correlation between
the signals and the measured combustion characteristic. The processed
calibration data and the processed reference accelerometer data are correlated
with each other in data storage device 242, and the stored data can be exported
to a calibration table, such as calibration table 138 in Figure 1. Preferably,
reference accelerometer sensor 228 is mounted to main bearing cap 224 of
calibration engine 200 in the same location that accelerometer sensor 128 is
mounted to main bearing cap 124 of engine 100.

|003] The disclosed method illustrated in Figure 3 comprises three steps to
determine a combustion characteristic (CC1) from a real-time accelerometer
signal, and an optional fourth step that can be employed to improve the
robustness of the method. An advantage of this method is that the first two
steps, shown inside the dashed-line box are calibration steps and they need only
be done once for each engine of a particular design and specification. The
calibration steps are carried out using a calibration engine and a matrix of engine
speeds and operating modes which cover the full engine operating range. In
step one, at each mode, ignition timing is predetermined by known methods, to
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yield desired engine qualities, which can include, for example, combustion
stability, combustion efficiency, and levels of pollutants in the engine exhaust
below prescribed limits. By way of example, the disclosed method can be
employed to determine a reference combustion characteristic (“Reference CC” in
Figure 3) such as the timing for start of combustion. In this example, as shown in
Figure 3, Reference CC can be derived from Calibration Signal (Raw), which is
the data collected from calibration sensor 226, shown in Figure 2. Specifically, a
computer, such as computer 240 in Figure 2, is programmed to calculate the
engine heat release rate from the in-cylinder pressure measured by calibration
sensor 226, and then Reference CC, which is the reference timing for start of
combustion CC is determined from the heat release rate.

10034] In step two, at each engine operating mode, Accelerometer Reference
Signal data is collected. Preferably, the accelerometer data is collected at the
same time that the data is collected from the calibration sensor. A fast Fourier
transtorm (“FFT”) of the Accelerometer Reference Signal (Raw) data provides
the Power Spectrum of the accelerometer signal. A progressive scan is then
performed to identify the Characteristic Frequency of the accelerometer signal
when combustion occurs. Then the raw Accelerometer Reference Signal is
band-pass filtered with a central frequency equal to the Characteristic Frequency.
The band-pass filter effectively removes the noise at other frequencies and
focuses on the frequencies of interest to combustion. Accordingly, the raw
Accelerometer Signal is processed to produce a Filtered Reference Signal, which
IS then normalized and stored in a calibration table whose entries are the engine
speed and load. A linear correlation between the Filtered Reference Signal and
the Reference CC, (reference timing for start of combustion in this example), is
calculated using a regression method for each mode and stored in the calibration
table as the Correlated Data shown in Figure 3.

[0035] To complete the Calibration Table, a Calibration Signal (Raw) and an
Accelerometer Reference Signal (Raw) is collected at each engine operating



10

15

20

25

30

CA 02609718 2007-11-27
-15 -

mode, and step one and step two are followed for each operating mocle where
data is collected.

[0036] In step three, an engine is operated and a real-time accelerometer signal
IS collected and band pass filtered using the same band pass filter that was
applied to the reference accelerometer signal, using the same Characteristic
Frequency. A Filtered Reference Signal is picked from the Calibration Table
based on the engine speed and load. A computer computes the cross
correlation of the two filtered signals. The phase shift of the two filtered signals is
identified as the shift corresponding to the maximum positive correlation. The
phase shift is applied to the stored timing for start of combustion (Reference CC)
collected in step one to obtain the real-time timing for start of combustion (CC1).
The cross-correlation method is resistant to local noise. Also, high-frequency
signals can be more readily detected by commercial accelerometer sensors

compared with low frequency signals.

[0037] Step four can be employed to improve the robustness of the method. In
step four, another method is used to estimate the combustion characteristic and
the estimate determined in step four is identified in Figure 3 as CC2. If CC2 is
reasonably close to CC1, which was determined in step three (CC1) then CC1 is
accepted and output as the value for the combustion characteristic. If CC1 is
different from CC2 by more than a predetermined threshold, then CC1 is rejected
and the real-time accelerometer signal is re-sampled and step 3 is repeated. In
the example described herein, where the determined combustion characteristic is
the timing for start of combustion, a predetermined percentage of the peak
amplitude of the real-time accelerometer signal can be chosen as an indication
from which can be obtained an independent estimate of the timing for start of
combustion. That is, the timing for when the real-time accelerometer signal
exceeds this predetermined percentage can be used as an independent estimate
of the timing for start of combustion. This independently derived estimate for the
timing for start of combustion (CC2) can be compared to the timing for start of



10

15

20

25

CA 02609718 2007-11-27
- 16 -

combustion determined by step 3 (CC1), by calculating the absolute value of the
difference between CC1 and CC2. If the difference is within a preset tolerance,
the result is accepted; otherwise, the result is rejected and a re-sampling is
performed. When the difference is outside of the preset tolerance this can
caused by noise in the sampled real-time accelerometer signal. Accordingly,
step four helps to filter out real-time accelerometer signals that might include
noise that could not be filtered from the signal, which might produce inaccurate
results.

10038] Experimental data has been collected from tests conducted using two
Cummins™ model ISB engines, which served as calibration engines. Prior to
engine testing, all seven bearing caps on each engine were removed and
machined for mounting accelerometer sensors. Each engine was fully
commissioned and baseline tests were conducted at the rated power and torque.
A Kistler™ model 6607C1 water-cooled pressure transducer was installed in
each cylinder, and used to measure the in-cylinder pressure. A Cummins™ high
speed data acquisition system was used to collect the pressure and
accelerometer sensor data generated during the engine testing.

[0039] Data from the accelerometer sensor and in-cylinder pressure sensor from
each of the two engines were collected at 6 modes selected from 13 modes
defined by the European Stationary Cycle (“ESC”). For each mode, tests were

conducted at nominal, advanced and retarded injection timing. The test
conditions are summarized in Table 1. Motoring data was also collected for each

mode at the nominal timing by intermittently cutting off the injection of fuel for a
selected cylinder. A repeatability study was also conducted on one of the engines
to examine whether remounting the accelerometer sensor had any effect on the
accelerometer sensor signal. All testing points were also repeated for the
second engine without remounting.
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[0040] Table 1: Engine Test Modes

_APw_power @4P)
Mode %load |Torque (lb-ft Power (BHP

1885

a 75
100 610
9 25
12
13 50 305 2698

[0041] Data was also collected at all modes with a Ditran™ model 302382 tri-
axial research-grade accelerometer mounted on selected bearing caps. To
improve the understanding of accelerometer sensor performance, the data
collected from these research-grade accelerometers was compared with the data
collected from the less expensive accelerometer sensors which are produced in
relatively large volumes and which are designed to be employed as knock
sensors. Figure 4 shows the power spectrum of accelerometer signals from
accelerometer sensors mounted to a main bearing cap next to the third cylinder
of one of the test engines at mode 9. The plot on the left hand side is of data
collected from the knock sensor, and the plot on the right hand side is of data
collected from the research grade accelerometer. The similarity between these
plots shows that a knock sensor is capable of producing a signal that can be
used to collect data suitable for determining a combustion characteristic beyond
simply the detection of engine knock, which is a severe condition that is relatively
easy to detect.

[0042] In conducting the experiments on the two Cummins™ engines, all firing
data was averaged over 80 engine cycles to reduce the noise level. All motored
data was averaged over 20 to 30 test cycles. The accelerometer sensor data
showed high frequency oscillations with significant magnitude at the start of
combustion. An FFT analysis revealed that for these engines this oscillation has
a dominant frequency band centered around 3000Hz, which, for this engine, was
nearly independent of engine speed and load. By way of example, the data



10

15

20

25

CA 02609718 2007-11-27
_ 18 -

plotted in Figure 4 shows the power spectrum of the accelerometer sensor signal
above 1000Hz when one of the engines was operated at ESC mode 8. The
frequency corresponding to the peak in the power spectrum is the principle
frequency for the oscillation when combustion starts. Figure 5 shows histograms
of the peak frequency distribution under all test modes and for the two engines
used in the experiments. These histograms show that the principle frequency is
identical between the two engines tested.

[0043] A set of data was acquired at a number of engine operating modes to
determine how well the accelerometer-based system could be used to determine
the timing for start of combustion. This data included start of combustion timing
swings at advanced, nominal, and slow combustion rates to test the detection of
start of combustion at the widest expected range of heat release rates. Typical
results are shown for some of the tested engine modes in Figures 6 through 9
which show the correlation between the timing for start of combustion determined
from the accelerometer signal using the disclosed method, and the timing for
start of combustion determined from the data collected by the in-cylinder
pressure sensor. Figure 6 shows data collected from the first engine (“engine1”)
from a first series of tests (“repeat1”), and Figure 7 shows data collected from the
same engine (“engine1”) from a second series of tests (“repeat?2”), collected after
the sensors were remounted. Global correlations at each mode measured from
engine1 were applied to the second engine (“engine2”) and Figure 8 shows data
collected from engine2 from a first series of tests (“repeat1”) and Figure 9 shows
data collected from engine2 from a second series of tests (“repeat2”).

[0044] Table 2 shows the engine-to-engine variability calculated from the
experimental data. For most modes, the variability is significantly less than 0.5

crank angle degrees (CA°). The results are also shown graphically in Figure 10

which graphs engine-to-engine variability at different engine modes. The average
engine-to-engine variability with 98.9% confidence level is 0.32.



10

15

20

CA 02609718 2007-11-27

-19 -

[0045] Table 2: Total Error and Engine-to-Engine Variation

ESC Speed_T Load (N-m) | Total Error Engine-to-engine
Mode (rpm) (10) (CA®) Variation (CA®°) with
98.9% Confidence
Level (30

5 1885 0.28

-_ 0.29

0.40

9 0.20
12 0.38
13 0.36

[Average | | [ 049 0.32

[0046] Since the correlation between measured and actual timing for start of
combustion is derived for each mode for all cylinders, it is important to examine
the cylinder-to-cylinder variation to see if there is any significant deviation from
the global correlation. Figures 11 through 16 show the correlation and
measurement for each cylinder. The results are from both engines. These plots
show that the global correlation fits very well with the data from the individual
cylinders; which implies that cylinder to cylinder variation is very small with the
disclosed method. The cylinder to cylinder variation can also be quantified using
the error standard deviation shown in Fig 17.

[0047] The experimental results described above show that the disclosed method
can be employed to determine combustion characteristics from an accelerometer
signal with high accuracy with high robustness. The disclosed method also has
the additional advantages associated with accelerometer based techniques in
comparison with the in-cylinder techniques, including low cost, non-intrusive
mounting and higher reliability due to higher redundancy.

[0048] The present invention has been described with regard to a plurality of
iHlustrative embodiments. However, it will be apparent to persons skilled in the
art that a number of variations and modifications can be made without departing
from the scope of the invention as defined in the claims.
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We Claim:

1. A method of determining a combustion characteristic for an internal

combustion engine from an accelerometer signal, said method comprising the
steps of:

a. operating a calibration engine, equipped with a calibration sensor
and a reference accelerometer sensor, at a predetermined operating condition
and using said calibration sensor to detect said combustion characteristic ana

said reference accelerometer sensor to collect a reference accelerometer signal;

D. correlating said combustion characteristic with said reterence
accelerometer signal and storing correlated data in a calibration table where it is

associated with said predetermined operating condition; and

C. equipping an engine with an accelerometer sensor, said calibration
table, and an electronic engine controller, whereby when said engine is operated
at said predetermined operating condition, said electronic engine controller can
determine a real-time combustion characteristic by collecting a real-time
accelerometer signal from said accelerometer and cross correlating with said
correlated data stored in said calibration table.

2. The method of claim 1 wherein said calibration sensor is a pressure

transducer that measures in-cylinder pressure.

3. The method of claim 2 wherein said combustion characteristic comprises
at least one of heat release rate, peak heat release rate, and timing for start of
combustion, which are derived from measured in-cylinder pressure.

4. The method of claim 1 wherein said calibration table comprises correlated
data associated with a plurality of predetermined operating conditions each
associated with a particular engine speed and load.

5. The method of claim 1, further comprising:
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when producing said calibration table,

applying a fast Fourier transform to said reference accelerometer
signal to vield a power spectrum for said reference accelerometer signali,

performing a progressive scan to identify a characteristic frequency
of said reference accelerometer signal when combustion occurs for said
predetermined operating condition;

applying to said reference accelerometer signal a band-pass filter
with a central frequency equal to said characteristic frequency, to produce
a filtered reference accelerometer signal; and

normalizing said filtered reference accelerometer signal before

storing it in said calibration table; and

programming said electronic engine controller to apply to said real-time
accelerometer signal said band-pass filter with said central frequency equal to

said characteristic frequency, to produce a filtered real-time accelerometer
signal.

6. The method of claim 5 further comprising programming said electronic
engine controller to cross correlate said filtered real-time accelerometer signal
with said filtered reference accelerometer signal stored in said calibration table
and 1o identify a phase shift at a maximum positive correlation.

7. The method of claim 6 wherein said combustion characteristic comprises
timing for start of combustion and said method further comprises programming
said electronic engine controller to determine a real-time value for start of
combustion timing by applying said phase shift to a value for start of combustion
timing that is stored in said calibration table as part of said correlated data.

8. The method of claim 1 further comprising using a regression method to
calculate a linear correlation between said reference accelerometer signal and
said combustion characteristic for said predetermined operating condition.
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9. The method of claim 1 further comprising programming said electronic
engine controller to reject a value determined for said real-time combustion
characteristic and re-sampling to collect another real-time accelerometer signal
when:

a secondary real-time indicator of said real-time combustion characteristic
generates a value for said real-time combustion characteristic that is different
from said value determined by said electronic engine controller using said

calibration table, by more than a predetermined threshold.

10. The method of claim 9 wherein said combustion characteristic is start of
combustion timing, and said secondary real-time indicator of real-time start of
combustion timing is the timing when amplitude of said filtered real-time
accelerometer signal surpasses said predetermined threshold value associated
with said predetermined operating condition.

11.  The method of claim 10 wherein said predetermined threshold value is a

predetermined percentage of peak amplitude for said filtered reference

accelerometer signal for said predetermined operating condition.

12.  The method of claim 1 wherein said reference accelerometer signal and
said real-time accelerometer signal are collected for only a predetermined portion

of an engine cycle.

13. A control system for an internal combustion engine, said control system
comprising:

an accelerometer sensor mounted to said internal combustion engine at a
location where said accelerometer sensor can detect oscillations that correlate to

a combustion characteristic;

a calibration table in which is stored, in association with a predetermined
operating condition, a reference accelerometer signal collected from a calibration
engine and an associated combustion characteristic derived from data collected
by a calibration sensor when operating said calibration engine;
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an electronic engine controller programmed to receive a real-time
accelerometer signal from said accelerometer and to cross correlate it with said
reference accelerometer signal for said predetermined operating condition, to
determine a real-time combustion characteristic from a combustion characteristic
stored in said calibration table in association with said reference accelerometer
signal; and

a signal wire for transmitting said signal from said accelerometer sensor to
sald electronic engine controller.

14.  The control system of claim 13 wherein said controller is further
programmed to compare said real-time combustion characteristic to a target
combustion characteristic and to command a change to at least one engine

operating parameter until said real-time combustion characteristic matches said
target combustion characteristic.

15.  The control system of claim 13 wherein said combustion characteristic

comprises at least one of heat release rate, peak heat release rate, and timing
for start of combustion.

16. A calibration engine comprising:

an engine biock comprising at least one combustion chamber defined by a
cylinder, a piston and a cylinder head,

a calibration sensor associated with said engine for detecting a
combustion characteristic:

an accelerometer sensor mounted to said internal combustion engine at a

location where said accelerometer sensor can detect oscillations that correlate to
said combustion characteristic;

a data storage device for storing data associated with a predetermined
engine operating condition, said data comprising a reference accelerometer
signal collected from a reference accelerometer sensor, and a value associated
with said combustion characteristic collected from said calibration sensor, and
wherein stored data can be exported to a calibration table that can be used by an
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engine of the same design and specification as said calibration engine, to
determine a real-time combustion characteristic from a real-time accelerometer
signal without requiring a calibration sensor; and

wiring to respectively connect said accelerometer sensor and said
calibration sensor to said data storage device.

17.  The calibration engine of claim 16 wherein said calibration sensor is a

pressure transducer mounted in said cylinder head with a sensor probe in said
combustion chamber.
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