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SYSTEM AND METHOD FOR DETECTING
RECIPROCATING DEVICE ABNORMALITIES UTILIZING
STANDARD QUALITY CONTROL TECHNIQUES
ABSTRACT

A system includes a controller configured to receive a signal acquired by the at least one
knock sensor coupled to a reciprocating device, to sample the received signal, to analyze
the sampled signal, and to utilize standard quality control (SQC) techniques to perform

real-time diagnostics on the reciprocating device based on the analyzed signal.
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SYSTEM AND METHOD FOR DETECTING
RECIPROCATING DEVICE ABNORMALITIES UTILIZING
STANDARD QUALITY CONTROL TECHNIQUES
BACKGROUND

[0001] The subject matter disclosed herein relates to knock sensors, and more
specifically, to utilizing knock sensors mounted to large, multi-cylinder reciprocating
devices (e.g., combustion engine, compressors, etc.) in conjunction with standard quality

control techniques to detect reciprocating device abnormalities.

[0002]  Combustion engines typically combust a carbonaceous fuel, such as natural
gas, gasoline, diesel, and the like, and use the corresponding expansion of high
temperature and pressure gases to apply a force to certain components of the engine, e.g.,
piston disposed in a cylinder, to move the components over a distance. Each cylinder
may include one or more valves that open and close correlative with combustion of the
carbonaceous fuel. For example, an intake valve may direct an oxidizer such as air into
the cylinder, which is then mixed with fuel and combusted. Combustion fluids, e.g., hot
gases, may then be directed to exit the cylinder via an exhaust valve. Accordingly, the
carbonaceous fuel is transformed into mechanical motion, useful in driving a load. For
example, the load may be a generator that produces electric power. During use,
combustion engines may experience various noises, mechanical faults, or changes in

conditions that may be difficult to detect and/or predict.
BRIEF DESCRIPTION

[0003] Certain embodiments commensurate in scope with the originally claimed
invention are summarized below. These embodiments are not intended to limit the scope
of the claimed invention, but rather these embodiments are intended only to provide a

brief summary of possible forms of the invention. Indeed, the invention may encompass
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a variety of forms that may be similar to or different from the embodiments set forth

below.

[0004] In accordance with a first embodiment, a system includes a controller
configured to receive a sigqal acquired by the at least one knock sensor coupled to a
reciprocating device, to sample the received signal, to analyze the sampled signal, and to
utilize standard quality control (SQC) techniques to perform real-time diagnostics on the

reciprocating device based on the analyzed signal.

[0005]  In accordance with a second embodiment, a system includes a method for
performing real-time diagnostics on a reciprocating device. The method includes
utilizing a controller communicatively coupled to the reciprocating device for receiving a
signal from at least one knock sensor coupled to the reciprocating device, sampling the
received signal, analyzing the sampled signal, and utilizing SQC techniques to perform

real-time diagnostics on the reciprocating device based on the analyzed signal.

[0006]  In accordance with a third embodiment, a system includes a method for
performing real-time diagnostics on a reciprocating device. The method includes
utilizing a controller communicatively coupled to the reciprocating device for sampling a
signal received from at least one knock sensor coupled to the reciprocating device,
applying a temporal filter to the sampled signal to generate a temporal filtered signal, and
applying a fast Fourier transform to the temporal filtered signal to generate a Fourier
transformed signal. The method also includes utilizing the controller for generating a
power spectral density from the Fourier transformed signal, and utilizing SQC techniques
to perform real-time diagnostics on the reciprocating device based on the power spectral

density.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007]  These and other features, aspects, and advantages of the present invention will

become better understood when the following detailed description is read with reference
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to the accompanying drawings in which like characters represent like parts throughout the

drawings, wherein:

[0008]  FIG. 1 is a block diagram of an embodiment of a portion of an engine driven

power generation system in accordance with aspects of the present disclosure;

[0009]  FIG. 2 is a side cross-sectional view of an embodiment of a piston assembly
within a cylinder of the reciprocating engine shown in FIG. 1 in accordance with aspects

of the present disclosure;

[0010]  FIG. 3 is a flow chart illustrating an embodiment of a process for monitoring

engine health in accordance with aspects of the present disclosure;

[0011]  FIG. 4 is a flow chart illustrating an embodiment of a process for monitoring

engine health utilizing fast Fourier transform (FFT) and power spectral density (PSD);

[0012]  FIG. 5 is a flow chart illustrating an embodiment of a process for monitoring

engine health utilizing FFT, PSD, and different sigma threshold levels;

[0013]  FIG. 6 is an embodiment of a SQC chart (e.g., g-q plot) in accordance with

aspects of the present disclosure; and

[0014]  FIG. 7 is an embodiment of a SQC chart (e.g., I-chart) and associated graphical

feature in accordance with aspects of the present disclosure.
DETAILED DESCRIPTION

[0015]  One or more specific embodiments of the present invention will be described
below. In an effort to provide a concise description of these embodiments, all features of
an actual implementation may not be described in the specification. It should be
appreciated that in the development of any such actual implementation, as in any
engineering or design project, numerous implementation-specific decisions must be made

to achieve the developers® specific goals, such as compliance with system-related and
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business-related constraints, which may vary from one implementation to another.
Moreover, it should be appreciated that such a development effort might be complex and
time consuming, but would nevertheless be a routine undertaking of design, fabrication,

and manufacture for those of ordinary skill having the benefit of this disclosure.

[0016]  When introducing elements of various embodiments of the present invention,

S N13

the articles “a,” “an,” “the,” and “said” are intended to mean that there are one or more of

EE 19

the elements. The terms “comprising including,’
o o0

E

and “having” are intended to be

inclusive and mean that there may be additional elements other than the listed elements.

[0017]  During use, combustion engines (or other reciprocating devices such as
compressors) may experience various noises due to mechanical faults or changes in
conditions that may be difficult to detect and/or predict. Knock sensors may be utilized
to monitor a combustion engine. Occasionally, the knock sensor system records a noise,
such as an abnormal or undesired noise. Rather than ignore and discard the unidentifiable
noises, it may be advantageous to monitor the noise overtime to identify any potential
faults (e.g., engine faults) or abnormal conditions. These faults or conditions may include
normal wearing maintenance items and/or abnormal component failures. It may also be
advantageous to utilize SQC techniques (e.g., SQC charting techniques) for both
diagnostics and advanced prognostics (e.g., to monitor for non-Gaussian behavior). By
monitoring trends in certain noises detected by the knock sensor system, potential
occurrences of failures may be detected earlier and corrective actions taken to reduce any
potential collateral damage to the combustion engine caused by any engine failures,
faults, and/or undesired changes in conditions. As described in further detail below,
systems and method are provided for monitoring and analyzing abnormal noises within a
combustion engine (or other reciprocating device) utilizing knock sensors utilizing SQC

techniques, as described in more detail below.

[0018]  Turning to the drawings, FIG. 1 illustrates a block diagram of an embodiment
of a portion of an engine driven power generation system 8. As described in detail
below, the system 8 includes an engine 10 (e.g., a reciprocating internal combustion

4
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engine) having one or more combustion chambers 12 (e.g., 1, 2, 3, 4, 5, 6, 7, 8, 10, 12,
14, 16, 18, 20, or more combustion chambers 12). An air supply 14 is configured to
provide a pressurized oxidant 16, such as air, oxygen, oxygen-enriched air, oxygen-
reduced air, or any combination thereof, to each combustion chamber 12. The
combustion chamber 12 is also configured to receive a fuel 18 (e.g., a liquid and/or
gaseous fuel) from a fuel supply 19, and a fuel-air mixture ignites and combusts within
each combustion chamber 12. The hot pressurized combustion gases cause a piston 20
adjacent to each combustion chamber 12 to move linearly within a cylinder 26 and
convert pressure exerted by the gases into a rotating motion, which causes a shaft 22 to
rotate. Further, the shaft 22 may be coupled to a load 24, which is powered via rotation
of the shaft 22. For example, the load 24 may be any suitable device that may generate
power via the rotational output of the system 10, such as an electrical generator.
Additionally, although the following discussion refers to air as the oxidant 16, any
suitable oxidant may be used with the disclosed embodiments. Similarly, the fuel 18 may
be any suitable gaseous fuel, such as natural gas, associated petroleum gas, propane,

biogas, sewage gas, landfill gas, coal mine gas, for example.

[0019] The system 8 disclosed herein may be adapted for use in stationary
applications (e.g., in industrial power generating engines) or in mobile applications (e.g.,
in cars or aircraft). The engine 10 may be a two-stroke engine, three-stroke engine, four-
stroke engine, five-stroke engine, or six-stroke engine. The engine 10 may also include
any number of combustion chambers 12, pistons 20, and associated cylinders (e.g., 1-24).
For example, in certain embodiments, the system 8 may include a large-scale industrial
reciprocating engine having 4, 6, 8, 10, 16, 24 or more pistons 20 reciprocating in
cylinders. In some such cases, the cylinders and/or the pistons 20 may have a diameter of
between approximately 13.5 — 34 centimeters (cm). In some embodiments, the cylinders
and/or the pistons 20 may have a diameter of between approximately 10-40 cm, 15-25
cm, or about 15 cm. The system 10 may generate power ranging from 10 kW to 10 MW.
In some embodiments, the engine 10 may operate at less than approximately 1800

revolutions per minute (RPM). In some embodiments, the engine 10 may operate at less
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than approximately 2000 RPM, 1900 RPM, 1700 RPM, 1600 RPM, 1500 RPM, 1400
RPM, 1300 RPM, 1200 RPM, 1000 RPM, 900 RPM, or 750 RPM. In some
embodiments, the engine 10 may operate between approximately 750-2000 RPM, 900-
1800 RPM, or 1000-1600 RPM. In some embodiments, the engine 10 may operate at
approximately 1800 RPM, 1500 RPM, 1200 RPM, 1000 RPM, or 900 RPM. Exemplary
engines 10 may include General Electric Company’s Jenbacher Engines (e.g., Jenbacher
Type 2, Type 3, Type 4, Type 6 or J920 FleXtra) or Waukesha Engines (e.g., Waukesha
VGF, VHP, APG, 275GL), for example.

[0020]  The engine driven power generation system 8 may include one or more knock
sensors 23 suitable for detecting engine “knock.” The knock sensor 23 may sense
vibrations caused by the engine, such as vibration due to detonation, pre-ignition, and or
pinging. In addition, the engine driven power generation system may include other
sensors 27 (e.g., one or more temperature transducers) to detect other operating
conditions (e.g., temperature (e.g., global temperature and/or temperature gradient) of a
medium (e.g., cast iron) that the one or more knock sensors 23 are coupled to). The
knock sensor 23 is shown communicatively coupled to an engine control unit (ECU) 25.
During operations, signals from the knock sensor 23 are communicated to the ECU 25 to
determine if knocking conditions (e.g., pinging) exist. The ECU 25 may then adjust
certain engine 10 parameters to ameliorate or eliminate the knocking conditions. For
example, the ECU 25 may adjust ignition timing and/or adjust boost pressure to eliminate
the knocking. As further described herein, the knock sensor 23 may additionally derive
that certain vibrations should be further analyzed and categorized to monitor, for
example, potentially undesired engine conditions. Although the following techniques are
discussed in terms of a combustion engine, the same techniques may be applied to other

reciprocating devices such as compressors.

[0021]  FIG. 2 is a side cross-sectional view of an embodiment of a piston assembly 25
having a piston 20 disposed within a cylinder 26 (e.g., an engine cylinder) of the

reciprocating engine 10. The cylinder 26 has an inner annular wall 28 defining a
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cylindrical cavity 30 (e.g., bore). The piston 20 may be defined by an axial axis or
direction 34, a radial axis or direction 36, and a circumferential axis or direction 38. The
piston 20 includes a top portion 40 (e.g., a top land). The top portion 40 generally blocks
the fuel 18 and the air 16, or a fuel-air mixture 32, from escaping from the combustion

chamber 12 during reciprocating motion of the piston 20.

[0022]  As shown, the piston 20 is attached to a crankshaft 54 via a connecting rod 56
and a pin 58. The crankshaft 54 translates the reciprocating linear motion of the piston 24
into a rotating motion. As the piston 20 moves, the crankshaft 54 rotates to power the
load 24 (shown in FIG. 1), as discussed above. As shown, the combustion chamber 12 is
positioned adjacent to the top land 40 of the piston 24. A fuel injector 60 provides the
fuel 18 to the combustion chamber 12, and an intake valve 62 controls the delivery of air
16 to the combustion chamber 12. An exhaust valve 64 controls discharge of exhaust
from the engine 10. However, it should be understood that any suitable elements and/or
techniques for providing fuel 18 and air 16 to the combustion chamber 12 and/or for
discharging exhaust may be utilized, and in some embodiments, no fuel injection is used.
In operation, combustion of the fuel 18 with the air 16 in the combustion chamber 12
cause the piston 20 to move in a reciprocating manner (e.g., back and forth) in the axial

direction 34 within the cavity 30 of the cylinder 26.

[0023]  During operations, when the piston 20 is at the highest point in the cylinder 26
it is in a position called top dead center (TDC). When the piston 20 is at its lowest point
in the cylinder 26, it is in a position called bottom dead center (BDC). As the piston 20
moves from top to bottom or from bottom to top, the crankshaft 54 rotates one half of a
revolution. Each movement of the piston 20 from top to bottom or from bottom to top is
called a stroke, and engine 10 embodiments may include two-stroke engines, three-stroke

engines, four-stroke engines, five-stroke engine, six-stroke engines, or more.

[0024]  During engine 10 operations, a sequence including an intake process, a
compression process, a power process, and an exhaust process typically occurs. The
intake process enables a combustible mixture, such as fuel and air, to be pulled into the

7
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cylinder 26, thus the intake valve 62 is open and the exhaust valve 64 is closed. The
compression process compresses the combustible mixture into a smaller space, so both
the intake valve 62 and the exhaust valve 64 are closed. The power process ignites the
compressed fuel-air mixture, which may include a spark ignition through a spark plug
system, and/or a compression ignition through compression heat. The resulting pressure
from combustion then forces the piston 20 to BDC. The exhaust process typically returns
the piston 20 to TDC while keeping the exhaust valve 64 open. The exhaust process thus
expels the spent fuel-air mixture through the exhaust valve 64. It is to be noted that more

than one intake valve 62 and exhaust valve 64 may be used per cylinder 26.

[0025]  The depicted engine 10 also includes a crankshaft sensor 66, the knock sensor
23, and the engine control unit (ECU) 25, which includes a processor 72 and memory 74.
The crankshaft sensor 66 senses the position and/or rotational speed of the crankshaft 54.
Accordingly, a crank angle or crank timing information may be derived. That is, when
monitoring combustion engines, timing is frequently expressed in terms of crankshaft 54
angle. For example, a full cycle of a four stroke engine 10 may be measured as a 720°
cycle. The knock sensor 23 may be a Piezo-electric accelerometer, a
microelectromechanical system (MEMS) sensor, a Hall effect sensor, a
magnetorestrictive sensor, and/or any other sensor designed to sense vibration,
acceleration, sound, and/or movement. In other embodiments, sensor 23 may not be a
knock sensor, but any sensor that may sense vibration, pressure, acceleration, deflection,

or movement.

[0026]  Because of the percussive nature of the engine 10, the knock sensor 23 may be
capable of detecting signatures even when mounted on the exterior of the cylinder 26.
However, the knock sensor 23 may be disposed at various locations in or about the
cylinder 26. Additionally, in some embodiments, a single knock sensor 23 may be
shared, for example, with one or more adjacent cylinders 26. In other embodiments, each
cylinder 26 may include one or more knock sensors 23 (e.g., one or more arrays of knock

sensors 23 arranged along one or more planes through the engine 10). The crankshaft
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sensor 66 and the knock sensor 23 are shown in electronic communication with the
engine control unit (ECU) 25. The ECU 25 includes the processor 72 and the memory 74
(e.g., a machine-readable medium). The memory 74 may store non-transitory code or
computer instructions that may be executed by the processor 72. The ECU 25 monitors
and controls and operation of the engine 10, for example, by adjusting combustion
timing, valve 62, 64, timing, adjusting the delivery of fuel and oxidant (e.g., air), and so

on.

[0027]  Advantageously, the techniques described herein may use the ECU 25 to
receive, acquire, or sample data (e.g., noise signals) from the one or more crankshaft
sensors 66 and/or the one or more knock sensors 23. In order to detect and/or locate any
coincident noises within the engine 10, data from the sensors (e.g., knock sensors and/or
crankshaft sensors 66) may be sampled at both the same rate and taken at the same time.
In certain embodiments, the noise signals utilized to detect and/or locate coincident
noises may be received solely from the one or more knock sensors 23. In other
embodiments, the noise signals may be utilized to detect and/or locate coincident noises
may be received from both the crankshaft sensor 66 and the knock sensors 23. Each
noise signal represents a noise signature of the engine 10 detected at a respective knock
sensor 23. In certain embodiments, the ECU 25 creates a “noise” signature by plotting
the knock sensor 23 data against the crankshaft 54 position. The ECU 25 may then go
through the process of analyzing the data to derive normal (e.g.., known and expected
noises) and/or abnormal signatures (e.g., unknown or unexpected noises). The ECU 25
may then characterize the abnormal signatures (e.g., detect and/or locate coincident
noises), as described in more detail below. By providing for signature analysis, the
techniques described herein may enable more optimal and more efficient operations and

maintenance of the engine 10.

[0028] FIG. 3 is a flow chart illustrating an embodiment of a process 76 for
monitoring engine health (e.g., the engine 10 in FIG. 2). A similar process may be

utilized in monitoring health of a reciprocating device (e.g., compressor). The process 76
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may be implemented as computer instructions or executable code stored in the memory
74 and executable by the processor 72 of the ECU 25 or any reciprocating device
controller. The process 76 includes receiving one or more signals from one or more
knock sensors 23 coupled to the engine 10 (block 78). The process 76 also includes
sampling and analyzing the one or more signals received from the one or more knock
sensors 23 (block 80). In certain embodiments, a single signal from a single knock sensor
23 may be continuously sampled and analyzed. In other embodiments, signals from
multiple knock sensors 23 may be continuously sampled and analyzed, individually
and/or in combination. The knock sensor 23 may be sampled in time buckets of equal
sized octants or hexa-decants. For example, if the engine 10 is a four-stroke engine, two
rotations of the crank occur for every combustion cycle. The knock sensors 23 would
sample every 45 or 90 crank angle degrees during the four stroke cycle for a total of 8 or
16 times for each combustion event, respectively. In certain embodiments, a minimal

filter may be applied (e.g., anti-aliasing filter) during the sampling of the received signals.

[0029]  As described in greater detail, analyzing the sampled signals may include
processing the sampled signals, for example, via temporal filtering. Temporal filtering
assists in analyzing the signal because a small window of the signals>is sampled (e.g.,
non-compression events during a combustion cycle). Temporal filtering may include
applying a window function to the sampled signals prior to applying a fast Fourier
transform (FFT). The window functions may include a Hamming window, flat top
window, Blackman window, or any other type window function that may temporally
filter the signals to enable analysis of the desired portion of the sampled signals. Certain
mechanical failures or events in the engine 10 (or a reciprocating device such as a
compressor) are associated with specific bands (e.g., specific frequencies within a
spectrum of buckets or bins) and/or specific non-compression windowed events. A non-
exhaustive list of these events may include abnormalities in peak firing pressure, an
intake or exhaust valve sticking open or closed, a damaged intake or exhaust valve,
damaged valve train, worn or damaged piston, worn or damaged piston pin and/or

bushings, worn or damaged connecting rod and/or bearings, loose connecting rod bolts,

10



CA 02916466 2015-12-30

275759

loose counterweights and/or bolts, damaged main bearings, cam shaft lobe wear, broken
or damaged piston rings, excessive blow-by in combustion cylinder, severely fretted
cylinder liner, and/or severely scored cylinder liner. By temporal filtering the sampled
signals, particular frequency and magnitude bins associated with specific events may be
analyzed (subsequent to FFT). Subsequent to temporal filtering, analysis of the sampled
signals may also include applying FFT and then obtaining a power spectral density (PSD)
(magnitude) from the sampled signals. The power spectral density includes several
spectral bins or buckets. An array of the spectral bins or buckets (e.g., associated with a
specific event of interest such as peak firing pressure) obtained from multiple combustion
cycles (or stroke cycles in the case of reciprocating devices such as compressors) may be
averaged to obtain a baseline for each bin or bucket. In certain embodiments, each event
(combustion cycle or combustion event) may have a weighted coefficient applied to

generate a weighted average for the respective baseline.

[0030]  As the engine wears, specific frequency bins associated with specific events
(e.g., engine failures, faults, or abnormal conditions) may increase, while others decrease
relative to the baseline. The process 76 further includes monitoring engine health
utilizing SQC techniques such as SQC charting statistics (block 82) (e.g., to enable
statistical process control). Monitoring engine health may include monitoring changes in
real time (i.e., controlling the engine by receiving and processing the data from the knock
sensors 23 and returning the results sufficiently quickly to affect the engine at that time)
in the specific spectral bins or buckets to enable performance of diagnostics or advanced
prognostics. A variety of SQC charting techniques may be utilized to generate control
charts (e.g., process charts or quality control charts) that determine whether a sample of
data (data from the knock sensors 23) falls within the common or normal range of
variation. A variety of control charts may be utilized (e.g. I-Chart, q-q plot, etc.).
Additional graphical techniques may also be utilized (e.g., such as histograms) in
conjunction with the control charts. In certain embodiments, a chart may be displayed for
a multidimensional array of spectral bins, where each bin includes an indicator that

represents the trend in magnitude of the specific bin (e.g., an arrow pointing up for an

11
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increase in magnitude, an arrow pointing down for a decrease in magnitude, a horizontal
arrow for no change in magnitude). In certain embodiments, the indicators may be color
coated to indicate the severity of the trend (e.g., red for a 3-¢ deviation from a baseline,
yellow or orange for a 2-c deviation from a baseline, etc.). Multiple control charts and/or

graphical features may be generated for the different events described above.

[0031] In certain embodiments, monitoring engine health (e.g., long term engine
health) may include setting sigma (o) threshold levels (e.g., 3-c threshold levels, 2-c¢
threshold levels, etc.) relative to the respective baselines and comparing the information
derived from the presently sampled signals to look for trends and/or non-Gaussian
behavior in the information obtained from the knock sensors 23. In certain embodiments,
the baselines are continuously changing as new information is collected from the knock
sensors 23. In other words, the baselines are trended and not reset (i.e., noise floor grows

as a function of engine wearing).

[0032]  While monitoring engine health, the process 76 includes logging and/or storing
data gathered from the knock sensors and their subsequent analysis (block 84). The data
may be stored on the memory 74 of the ECU 25 and/or in a memory of a remote device.
The data stored may include flagged events and/or errors associated with deviations in the
spectral bins (e.g., deviation of magnitude of one or more spectral bins of 2-c or greater
relative to respective baselines). The process 76 also includes providing an indication of
engine health (block 86). This may include providing a warning (e.g., warning flag) that
certain frequency bands (i.e., spectral bins) are trending toward non-Gaussian behavior
(e.g., deviation of 2-c but less than 3-c relative to a baseline). Warning (e.g., warning
flags) may also be provided that certain frequency bands are at non-Gaussian levels (e.g.,
at or greater 3-c relative to a baseline). The warnings may include providing visual or
textual warnings on a display coupled to the ECU 25 or on a remote device associated via
a network (e.g., controller area network) with the ECU 25. Warnings may include
communicating error codes (e.g., associated with specific events such as those described

above) via proprietary software. Providing indications of engine health may also include

12
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displaying control charts generated utilizing the SQC charting techniques as well as other

graphical features (e.g., histograms).

[0033]  The process 76 further includes, in certain embodiments, outputting a control
action that affects the engine 10 (block 88). Examples of control action include adjusting
a condition within the engine (e.g., speed, load, positions of valves, etc.), shutting down
the engine, and other actions. Outputting a control that affects the engine 10 enables
closed-loop control of the engine 10 in response to the information obtained from the
knock sensors 23. In certain embodiments, control actions may only be outputted when
certain frequency bands have reached non-Gaussian levels (e.g., at or greater 3-c relative
to a baseline). In other embodiments, control actions may be outputted for certain
frequency bands trending toward non-Gaussian levels (e.g., deviation of 2-c but less than
3-c relative to a baseline) as well as frequency bands reaching non-Gaussian levels (e.g.,

at or greater 3-c relative to a baseline).

[0034] FIG. 4 is a flow chart illustrating an embodiment of a process 90 for
monitoring engine health (e.g., the engine 10 in FIG. 2) utilizing FFT and PSD. A similar
process may be utilized in monitoring health of a reciprocating device (e.g., compressor).
The process 90 may be implemented as computer instructions or executable code stored
in the memory 74 and executable by the processor 72 of the ECU 25 or any reciprocating
device controller. The process 90 includes receiving one or more signals from one or
more knock sensors 23 coupled to the engine 10 (block 92). The process 76 also includes
sampling the one or more signals received from the one or more knock sensors 23 (block
92) as described above in FIG. 3. In certain embodiments, minimal filtering may be
applied when sampling the received signals. For example, anti-aliasing filtering may be
applied when sampling the received signals (e.g., to restrict bandwidth of the signal to

satisfy the sampling theorem).

[0035]  In addition, process 90 includes processing the sampled signals (block 96), for
example, via temporal filtering. Temporal filtering assists in analyzing the signal because
a small window of the signals is sampled (e.g., non-compression events during a

13
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combustion cycle). Temporal filtering may include applying a window function to the
sampled signals prior to applying a FFT. The window functions may include a Hamming
window, flat top window, Blackman window, or any other type window function that
may temporally filter the signals to enable analysis of the desired portion of the sampled
signals. Certain mechanical failures or events in the engine 10 as described above are
associated with specific bands (e.g., specific frequencies within a spectrum of buckets or
bins) vand/or specific non-compression windowed events. By temporal filtering the
sampled signals, particular frequency and magnitude bins associated with specific events

may be analyzed (subsequent to FFT).

[0036]  Subsequent to temporal filtering, the process 90 includes applying FFT to the
temporally filtered, sampled signals (block 98) to generate Fourier transformed signals.
The process 90 includes obtaining or generating a PSD (magnitude) from each of the
Fourier transformed signals (block 100). The power spectral density includes several
spectral bins or buckets. An atray of the spectral bins or buckets (e.g., associated with a
specific event of interest such as peak firing pressure) obtained from multiple combustion
cycles (or stroke cycles in the case of reciprocating devices such as compressors) may be
averaged to obtain a baseline 102 for each bin or bucket (block 104). In certain
embodiments, the each event (combustion cycle or combustion event) may have a

weighted coefficient applied to generate a weighted average for the respective baseline.

[0037]  As the engine wears, specific frequency bins associated with specific events
(e.g., engine failures, faults, or abnormal conditions) may increase, while others decrease
relative to the baseline. The process 90 further includes monitoring engine health
utilizing SQC techniques such as SQC charting statistics (block 106) (e.g., to enable
statistical process control). Monitoring engine health may include monitoring changes in
real time (i.e., controlling the engine by receiving and processing the data from the knock
sensors 23 and returning the results sufficiently quickly to affect the engine at that time)
in the specific spectral bins or buckets to enable performance of diagnostics or advanced

prognostics. A variety of SQC charting techniques may be utilized to generate control
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charts (e.g., process charts or quality control charts) that determine whether a sample of
data (data from the knock sensors 23) falls within the common or normal range of
variation. A variety of control charts may be utilized (e.g. I-Chart, q-q plot, etc.).
Additional graphical techniques may also be utilized (e.g., such as histograms) in
conjunction with the control charts. In certain embodiments, a chart may be displayed for
a multidimensional array of spectral bins, where each bin includes an indicator that
represents the trend in magnitude of the specific bin (e.g., an arrow pointing up for an
increase in magnitude, an arrow pointing down for a decrease in magnitude, a horizontal
arrow for no change in magnitude). In certain embodiments, the indicators may be color
coated to indicate the severity of the trend (e.g., red for a 3-¢ deviation from a baseline,
yellow or orange for a 2-o deviation from a baseline, etc.). Multiple control charts and/or

graphical features may be generated for the different events described above.

[0038] In certain embodiments, monitoring engine health (e.g., long term engine
health) may include identifying potential issues in engine health (e.g., a trend toward non-
Gaussian behavior relative the baseline 102) based on changes in specific frequency
bands associated with particular events (block 108) utilizing the SQC charting statistics.
If potential issues are identified, the process 90 includes logging and/or storing data
gathered from the knock sensors and their subsequent analysis related to the potential
issue (block 110). The data may be stored on the memory 74 of the ECU 25 and/or in a
memory of a remote device. The data stored may include flagged events and/or errors
associated with deviations in the spectral bins (e.g., deviation of magnitude of one or
more spectral bins between 2-¢ and 3-c relative to respective baselines). If potential
issues are identified, the process 90 also includes providing an indication of the potential
issue with the engine (block 112). This may include providing a warning (e.g., warning
flag) that certain frequency bands (i.e., spectral bins) are trending toward non-Gaussian
behavior (e.g., deviation of 2-c but less than 3-c relative to a baseline). The warnings
may include providing visual or textual warnings on a display coupled to the ECU 25 or
on a remote device associated via a network (e.g., controller area network) with the ECU

25. Providing indications of the potential issue with the engine may also include
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displaying control charts generated utilizing the SQC charting techniques as well as other

graphical features (e.g., histograms).

[0039] In certain embodiments, monitoring engine health (e.g., long term engine
health) may include identifying current or actual issues (e.g., imminent) in engine health
(e.g., data displaying non-Gaussian behavior relative the baseline 102) based on changes
in specific frequency bands associated with particular events (block 114) utilizing the
SQC charting statistics. If potential issues are identified, the process 90 includes logging
and/or storing data gathered from the knock sensors and their subsequent analysis related
to the current or actual issue (block 116). The data may be stored on the memory 74 of
the ECU 25 and/or in a memory of a remote device. The data stored may include flagged
events and/or errors associated with deviations in the spectral bins (e.g., deviation of
magnitude of one or more spectral bins greater than 3-c relative to respective baselines).
If current or actual issues are identified, the process 90 also includes providing an
indication of the current or actual issue with the engine (block 118). This may include
providing a warning (e.g., warning flag) that certain frequency bands (i.e., spectral bins)
are displaying non-Gaussian behavior (e.g., deviation at or greater than 3-c relative to a
baseline). The warnings may include providing visual or textual warnings on a display
coupled to the ECU 25 or on a remote device associated via a network (e.g., controller
area network) with the ECU 25. Warnings may include communicating error codes (e.g.,
associated with specific events such as those described above) via proprietary software.
Providing indications of the potential issue with the engine may also include displaying
control charts generated utilizing the SQC charting techniques as well as other graphical

features (e.g., histograms).

[0040]  The process 90 further includes, in certain embodiments, outputting a control
action that affects the engine 10 (block 120) in response to identifying current or actual
issues in engine health based on the SQC charting statistics. Examples of control action
include adjusting a condition within the engine (e.g., speed, load, positions of valves,

etc.), shutting down the engine, and other actions. OQutputting a control that affects the
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engine 10 enables closed-loop control of the engine 10 in response to the information

obtained from the knock sensors 23.

[0041] FIG. 5 is a flow chart illustrating an embodiment of a process 122 for
monitoring engine health (e.g., the engine 10 in FIG. 2) utilizing FFT, PSD, and different
sigma (o) threshold levels. A similar process may be utilized in monitoring health of a
reciprocating device (e.g., compressor). The process 122 may be implemented as
computer instructions or executable code stored in the memory 74 and executable by the
processor 72 of the ECU 25 or reciprocating device controller. The process 122 includes
receiving one or more signals from one or more knock sensors 23 coupled to the engine
10 (block 124), sampling the one or more signals received from the one or more knock
sensors 23 (block 126), and processing the sampled signals (block 128) as described
above in FIG. 4. In addition, the process 122 includes applying a FFT to generate Fourier
transformed signals (block 130) and obtaining or generating a PSD for each of the

Fourier transformed signals (block 132) as described above in FIG. 4.

[0042]  The power spectral density includes several spectral bins or buckets. An array
of the spectral bins or buckets (e.g., associated with a specific event of interest such as
peak firing pressure) obtained from multiple combustion cycles (or stroke cycles in the
case of reciprocating devices such as compressors) may be averaged to obtain a baseline
134 for each bin or bucket (block 136). In certain embodiments, the each event
(combustion cycle or combustion event) may have a weighted coefficient applied to

generate a weighted average for the respective baseline.

[0043]  The process 122 includes setting 2-c and 3-c threshold levels relative to each
baseline (block 138). In certain embodiments, additional threshold levels may be set
(e.g., 1-0, 1.5-0, etc.). The process 122 also includes comparing specific bins or buckets
to their corresponding baselines to monitor for non-Gaussian behavior (block 140). The
process 122 includes determining if specific bin or buckets deviate from their respective
baselines at or beyond the respective 2-¢ threshold level (block 142). If the specific bin
or buckets do not deviate from their respective baselines by at least 2-c, then the process
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122 includes continuing the compare specific bins or buckets to their corresponding
baselines (block 140). However, if the specific bin or buckets do deviate at least 2-c
from their respective baselines, the process 122 includes determining if the specific bins
or buckets deviate from their respective baselines at or beyond the respective 3-6
threshold level (block 144). Blocks 142 and 144 may occur sequentially or
simultaneously. If the specific bin or buckets do not deviate from their respective
baselines by at least 3-c, then the process 122 includes logging or storing the issue (block
146) and/or providing an indication or warning with regard to the trend toward non-
Gaussian behavior (block 148) as described above in FIGS. 3 and 4. If the specific bin or
buckets do deviate from their respective baselines by at least 3-o, then the process 122
includes logging or storing the issue (block 150), providing an indication or warning with
regard to the non-Gaussian behavior (block 152), and/or outputting a control action with

regard to the engine (or reciprocating device) as described above in FIGS. 3 and 4.

[0044]  FIG. 6 is an embodiment of an example of a SQC chart utilized in the SCQ
charting techniques described above. The SQC chart depicted in FIG. 6 is a g-q plot (also
known as quantile-quantile plot or Quantile plot) 156. The q-q plot 156 depicts observed
peak values (e.g., corresponding to peak firing pressure) received from a knock sensor 23
for each combustion event (as represented by the pluses 158) relative to a straight line
160. The straight line 160 represents a Weibull plot of an empirical cumulative
distribution function that has been linearized. The y-axis 162 represents the value for the
peak values and the x-axis 164 represents the theoretical quantile or standardized
expected values. A temporal filter (e.g., window function) is applied to the data to
specifically analyze peak firing pressure. Different temporal filters may be applied to the
data from the knock sensor to look at other events (e.g., intake valve or other events

described above).

[0045]  FIG. 7 is an embodiment of a SQC chart and associated graphical feature (e.g.,
histogram) utilized in the SQC charting techniques described above. The SQC chart
depicted in FIG. 7 is an I-chart 166. The y-axis 168 represents the value for the peak
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values (e.g., corresponding to peak firing pressure). The x-axis 170 represents the
number of events or data points over time. The I-chart 166 depicts the observed peak
values (e.g., corresponding to peak firing pressure) received form a knock sensor 23 for
each combustion event (as represented by the pluses 172). The observed peak values 172
are time-ordered from left to right. The I-chart 166 depicts the moving range (e.g., short-
term variability) between consecutive observation points (i.e., values 172) as represented
by reference numeral 174. The I-chart 166 also depicts the average or baseline for the
values as represented by line 176. The I-chart 166 also depicts various o threshold levels
relative the baseline 176. For example, 1 6, —1 ¢, 1.5c (bias line), —1.5 o (bias line), 2 &
(warning line), =2 o (warning line), 3 o (action line), and —3 o (action line) are depicted
as represented by lines 178, 180, 182, 184, 186, 188, 190, and 192, respectively. The o
threshold levels may be utilized as described above in FIGS. 3-5. Fig. 7 also depicts a
histogram 194 that graphically demonstrates the number of events whose value (as shown
in the I-chart 166) fall within certain ¢ threshold levels. A temporal filter (e.g., window
function) is applied to the data to specifically analyze peak firing pressure. Different
temporal filters may be applied to the data from the knock sensor to look at other events

(e.g., intake valve or other events described above).

[0046]  Technical effects of the disclosed embodiments include providing systems and
methods for monitoring the health of a reciprocating device (e.g., combustion engine,
compressor, etc.). Utilizing information or data gathered from the knock sensors, SCQ
statistical techniques (e.g., SQC charting techniques) may be utilized to analyze specific
bin or buckets of the analyzed signal (e.g., for non-Gaussian behavior or trends towards
non-Gaussian behavior) to determine the occurrence or future occurrence of normal
wearing maintenance items and/or abnormal component failures in advance. The systems
and methods may utilized for diagnostics and advanced prognostics to minimize or avoid

damage to the reciprocating device as well as any downtime for the equipment.

[0047]  While there have been described herein what are considered to be preferred

and exemplary embodiments of the present invention, other modifications of these
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embodiments falling within the scope of the invention described herein shall be apparent

to those skilled in the art.
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WHAT IS CLAIMED IS:

1. A system, comprising:

a combustion engine;

a controller comprising a memory and a processor and communicatively coupled
to the combustion engine, wherein the controller is programmed to receive a signal
acquired by at least one knock sensor coupled to the combustion engine, to sample the
received signal, to temporal filter the sampled signal, to apply a fast Fourier transform to
the temporal filtered signal to generate a Fourier transformed signal, to generate a power
spectral density having a plurality of spectral bins from the Fourier transformed signal, to
apply a weighted coefficient to each spectral bin of the plurality of spectral bins, to average
each weighted spectral bin of the plurality of weighted spectral bins over a plurality of
cycles to generate a respective baseline for each weighted spectral bin for use with a control
chart, to utilize each weighted spectral bin as input into the control chart, to set 3 sigma
threshold levels for each weighted spectral bin relative to the respective baseline for use
with the control chart, to compare one or more weighted spectral bins associated with
known combustion engine failures from the plurality of weighted spectral bins to their
respective baselines and associated 3 sigma threshold levels, and to utilize statistical
process control utilizing the control chart to perform real-time diagnostics on the
combustion engine based on analysis of the received signal and to alter operation of the
combustion engine when one or more weighted spectral bins deviate from their respective

baselines by at least the 3 sigma threshold level.

2. The system of claim 1, wherein the controller is configured to temporal

filter the sampled signal by utilizing a window function.

3. The system of claim 1, wherein the controller is configured to set 2 sigma

threshold levels for each weighted spectral bin relative to its respective baseline.

4. The system of claim 3, wherein the controller is configured to compare

one or more weighted spectral bins associated with known combustion engine failures from
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the plurality of weighted spectral bins to their respective baselines and associated 2 sigma

threshold levels.

5. The system of claim 4, wherein the controller is configured to provide an
indication if the one or more weighted spectral bins deviate from their respective baselines

by at least the 2 sigma threshold level.

6. A method for performing real-time diagnostics on a combustion engine,
comprising:
utilizing a controller having a memory and a processor and communicatively

coupled to the combustion engine for:

recelving a signal from at least one knock sensor coupled to the
combustion engine;

sampling the received signal;

temporal filtering the sampled signal;

applying a fast Fourier transform to the temporal filtered signal to
generate a Fourier transformed signal;

applying a weighted coefficient to each spectral bin of the plurality of
spectral bins;

averaging each weighted spectral bin of the plurality of weighted spectral
bins over a plurality of cycles to generate a respective baseline for each weighted spectral
bin for use with a control chart;

utilizing each weighted spectral bin as input into the control chart, to set
3 sigma threshold levels for each weighted spectral bin relative to the respective baseline
for use with the control chart;

setting 3 sigma threshold levels for each weighted spectral bin relative to
the respective baseline for use with the control chart;

compare one or more weighted spectral bins associated with known
combustion engine failures from the plurality of weighted spectral bins to their respective

baselines and associated 3 sigma threshold levels; and
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utilizing statistical process control utilizing the control chart to perform
real-time diagnostics on the combustion engine based on analysis of the received signal
and to alter operation of the combustion engine when one or more weighted spectral bins

deviate from their respective baselines by at least the 3 sigma threshold level.

7. The method of claim 6, wherein temporal filtering the sampled signal

comprises applying a window function to sampled signal.

8. The method of claim 6, comprising setting 2 sigma threshold levels for

each weighted spectral bin relative to its respective baseline.

9. The method of claim 8, comprising comparing one or more weighted
spectral bins associated with known combustion engine failures from the plurality of

weighted spectral bins to their respective baselines and associated 2 sigma threshold levels.

10.  The method of claim 9, comprising providing an indication if the one or
more weighted spectral bins deviate from their respective baselines by at least the 2 sigma

threshold level.
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