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FIG. 1

(57) Abstract: Systems and methods to monitor a signal from an apparatus are disclosed. A feature extracted from the signal is au-
tomatically detined. Signals are received over a period of time wherein the apparatus is in a normal operational mode. Features are
classified in a learning mode and are applied to create a reference model that defines a within-normal operational mode. In a test-
ing mode a signal generated by the apparatus is received, a feature is extracted and classified. Instantaneous data generated in op-
erational mode by the apparatus is classitied by the system as abnormal if it does not lie within boundaries of the reference model
or contains information/structure in an orthogonal subspace. A learned reference model is augmented by a user or automatically.
In one illustrative example the apparatus is a power generation equipment and the signal is an acoustic signal.
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SYSTERMS AND METHODS FOR LEARNING OF NORMAL SENSOR SIGRATURES,
CORDITION MONITORING AND DIAGNOSES

Justinian Rosca, Heiko Claussen, Hans-Gerd Brumimel, Edward D. Thompson
CROSS REFERENCE TO RELATED APPLICATIONS
{8001 The present application claims the benefit of U.S. Provisional Patent Application Ser.
No. 61/352,855 filed on June 9, 2010, which is incorporated by reference herein in its entirety,
TECHNICAL FIELD
10002} The present invention relates to systems and methods for learning, monitoring and
diagnosing conditions in machines and systems.
BACKGROUND
{8003} Maintenance of operating cquipment is an ongoing problem. It is & particularly
challenging problem when the operating cquipment performs critical functions and must be kept
operating in good acceptable conditions,
{0004} One example of operating equipment that must be maintained, wonttored and
diagnosed is power generating equipment.  There are many components of a power generating
system. For example, power gencrating systems can include turbines, generators, botlers and
transformers.  They may also inchude related auxiliary equipment, such as pumps and drives,
fans, valves, exhaust gas cleaning systems cte. Fach of these components are subject to failure
and nmust be monitored and maintained to provide adequate performance, particularly in moission
critical circumstances.
[B005] Many other types of equipment are subject to the same considerations. For example,
medical equipment and other industrial equipment also need to be monttored to insure proper
operation.
{6006} There are many root causes for out-of-normal operational behavior of operational
machinery. This makes it very difficult to exhaustively characterize the physical operation of the
machinery. An exhaustive characterization of failure mechanisms of cquipment is also very
difficult. Thus, the monitoring and maintenance of the equipment is fime consuming and
expensive. It usunally requires very highly trained and certified personnel. Thus, companics

spend a great deal of human capital and make a large investiment to monitor and maintain
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operating eguipmonts, It is a constant worry for operating entitics and requires constant
vigilance.

10007} Accordingly, new and improved mcthods, apparatus and systems are necded to
mmprove the monitoring and maintenance of a varicty of different machines and systems,
SUMBMARY OF INVENTION

{0008} In accordance with an aspect of the present invention, a method to determine a status
of an apparatus is provided wherein one or more sensors capture a signal gencrated by the
apparatus to be processed by a processor in a learning mode. The processor avtomatically
defines a feature by using the signal, wherein the feature includes a representation of a
characteristic of a signal in a transform domain., The processor learns a reference model n a
lcarning mode that defines a normal operational mode of the apparatus m a first {feature space.
Then signals generated by the apparatus are captured by the one or more sensors in an
operational mode to extract an operational feature. The processor compares the operational
feature to the reference model to determine whether the apparatus is operating in the normal
operational mode. If the processor determines that the apparatus s not operating in the normal
operational mode, then the processor analyzes the signal n one or more second feature spaces to
determine whether there are additional features that define the normal operational mode.

18009} In accordance with an aspect of the present imvention, the second feature space is
orthogonal to the first feature space.

18814 In accordance with an aspect of the present invention, the additional features are
added to the reference model if it is determined that the additional features define the normal
operational mode.

{6011} In accordance with a further aspect of the present invention, the analysis of the signal
in the second feature space is performed by the processor with principal component analysis,
mdependent component analysis or mutual interdependence analysis.

18312} The representation of the characteristic can be selected from the group consisting of a
maximum amplitude, an average amplitude, an cnergy content, independent components,
principal components, a crest factor, a deviation from an average, a kurtosis, and a skew all

determined over a period of time in the ransform domain,
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108013} In accordance with another aspect of the present invention, the learning mode is in
cttect until the sensor data information for normal mode of operation is extensively captured.
18014} In accordance with a further aspect of the present invention, the processor determines
that an out-of-normal status of the feature docs not generate an alert,

{0015] The one or more sensors collect and capture different types of signals selected from
the group consisting of acoustic signals, clectromagnetic signals, teraperature signals, pressure
signals; vibration signals and combinations thereof.

{8016} The apparatus can be any type of apparatus, including but not limiied to a power

apparatyus,
[0817] The method can further include classifying an operational feature extracted from a

signal generated by a second apparatus, The method can also include relaxing a boundary of the
reference model automatically.

{6018 In accordance with another aspect of the present invention, a2 method s provided to
determine a status of an apparatus where a reference model has been learned in a first featore
space that defings a normal mode of operation. The method includes the steps of capturing a
signal generated by the apparatus by one or more sensors in an operational mode to extract an
operational feature and then comparing the operational feature to the reference model with a
processor to determune whether the apparatus is operating in the normal mode of operational and,
if not, then analyzing the signal in a second feature space that is different from the first feature
space to determine whether there are additional features that define the normal operational mode.
In accordance with an aspect of the present invention, the second feature space and the first
feature space are orthogonal.

{6019} The present invention alse contemplates a system to achieve the methods set forth
above and described herein. The system includes apparatus that operates in a normal mode of
operation, one or more sensors that capture signals while the apparatus is in an operating mode,
memory that stores a reference mode! that defines a normal mode of operation in a first feature
space and a processor connected to the one or more sensors and to the memory. The processor
extracts an operational feature from capture signals and determines accesses the reference model
to determine whether the apparatus is operating in the normal mode of operational and, if not,

then analyzes the captures signals in a second feature space that is orthogonal to the first feature
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space to determine whether there are additional features that define the normal mode of
operation.

1002¢] In accordance with further aspects of the invention, the processor adds the additional
features to the reference model if it is determined that the additional features define the normal
mode of operational. Further, the processor performs the analysis of the signal in the second
feature space with principal component analysis, independent component analysis or mutual
interdependence analysis,

{8021} The features n the first feature space and the second featore space are selected from
the group consisting of a maximum amplitude, an average amplitude, an encrgy content, an
energy content in a selected frequency band, independent components, principal components, a
crest factor, a deviation from an average, a kurtosis, and a skew all determined over a period of
time in the transform domain,

DESCRIPTION OF THE BRAWINGS

{8022} FIG. 1 dlustrates a system in accordance with an aspect of the present invention,
{6623} FIGS. 2 and 3 illustrate steps of a method in accordance with an aspect of the present
mvention; and

16624} FIG. 4 illostrates a data space that includes a learned space of features defining a
normal mode of operation and an additional space that may also define normal mode of
operation,

18025} FIG. 5 illustrates a system in accordance with an aspect of the present invention,
DETAILED DESCRIPTION

{8026} An aspect of the present invention includes monitoring and diagnosis of power
equipment. Power generation main components {(¢.g., turbines, generators, boilers, transformers)
as well as related auxiliary equipment {such as pumps and drives, fans, valves, exhaust gas
cleaning systems ctc.} have operational issues that are normally characterized by changes in their
acoustic signatures in sub-sonic, sonic and ultrasonic ranges, {(e.g., arcing, bearing or lubrication
issues, 1oose parts, leaks, etc.). As stated carlier, there are many root causes for out-of-normal
operational behavior, which makes 1t very difficult to specity the sound changes upfront. In
many cases of failure the related characteristic sound patterns are also not known, Moreover, an

exhaustive physical characterization is very difficult if not impossible. Useful requirements for a



E}

[y
i

25

WO 2011/156080 PCT/US2011/036188

(¥4}

multi-purpose acoustic analysis or diagnostics system are the applicability to the monitoring and
diagnosis of all kind of cquipment, automatic operation and analysis, including giving warnings
when an out of normal operation mode comes up. An additional requirement is that a monitoring
systern should be enabled to be operated by not highly trained personnel (no acoustic analysis
knowledge should be necessary). Furthermore, the system in one embodiment of the present
mvention 15 mstalled and put into operation casily. This is a desirable aspect, as a system in one
erobodiment of the present invention should be apphed to a variety of cquipment m 2
consecutive periodic manner,

18827} Selution Principle

[8028] Taking into account the general requirernents above, one goal of a system provided
herein in accordance with an aspect of the present invention is to capture and analyze, for
example, acoustic enussion data which is in a subsonic and/or sonic and/or ultrasonic range, of
power equiptment preferably in real-tume or substantially o real-titne and to automatically detect
out-of-normal operation before major problems arise.  This automation in analysis of acoustic
signatures, which is one aspect of the present jnvention, enables the system employment without
requiring specially trained staft or expert knowledge. The system output, in one embodiment of
the present invention, s a signal such as a virtnal signal hight that shows if and where action is
required.  An overview of a signal monitoring setup 100 for instance acoustic emission is
exemplified in FIG. T and will be forther explained below.

18029] A system 100 has at least one sensor 102 attached or close to a machine or device
101. A plurality of sensors may be provided, such as sensors 103 and 104. Sensors capture and
convey, for example, acoustical or vibrational signals generated by the equipment 101, They
may also collect temperature, pressure and other types of signals. In typical instantiation, the
range of a sensor is sub-sonic and/or sonic and/or supersonic. A vibration amplitude diagram
over a time period is illustrated as 105, The sensors pick up an acoustical or vibrational signal
and generate an clectrical signal or any other signal that can be processed by a processor 106,
The novelty of raw signals is cvaluated in short time intervals using feature
extraction/computation and classification. Feature computation is performed by the processor
106. The features arc represcniations/cues of physically motivated dats characteristics in a

particular transform domain ¢.g., Fouricr domain, wavelet domain, kernel space, ete. Possible
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features include, for example, kurtosis, skew, crest factor, band/wavelet energics, independent
components, principal components, ¢tc. Steps to compute features from a time variant signal or
representation in a transform domain are known in the state-of-the-art and are not further
explained herein.

18030} One illustrative example of a feature is energy in a particular frequency band during a
certain time interval, A feature can be classified i pre-defined features, for instance an energy
in a band from 0-30kHz, from 30-100kHz, 100kHz-150kHz, 150-200kHz. In a sonic range a
feature may mehude predefined frequency bands of 30-100 Hz, 1000Hz-1500Hz, 10kHz-11kHz
A feature can also be defined as a crest factor, standard deviation, skewness, kortosis or any
other descriptive property of a signal, preferable in a transform domain,

18431} In one embodiment of the present invention, the features are data dependent features.
It is not known before data s analyzed what significant data propertics are that define a uscable
feature. The system as provided herein determines what a meaningful feature 18, The system
thereto is programumed to analyze the data and fo determine what a meaningful feature is. For
mstance, using the carlier example, a system may analyze a complete frequency spectium fo
determine in which freguency bands there 18 a significant energy content.

16032} In one embodiment of the present nvention a data dependent feature i3 extracted
from a recorded signal for instance from an acoustic signal that can be subsonic, sonic or
ultrasonic or a combination of two or more thereof, by using principal component analysis or
independent component analysis. In another embodiment of the present invention, a feature is
extracted by a mutual interdependence analysis (MIA) as disclosed in U.S. Patent Application
Ser. No. 12/614,625 filed on November 9, 2009 which is incorporated herein by reference. MIA,
as disclosed in U.S. Patent Application Ser. No. 12/614,625, enables feature extraction,
dimensionality reduction, classification and novelty detection.

{6033} One step in automatically sclecting a feature in one embodiment of the present
invention includes also sclecting meaningful features. A meaningful feature can be sclected, for
mstance, to represent most of the signal energies {¢.g., largest x number of principal components
that jointly cxplain 90% of the signal encrgy), by applying predefined thresholds {(e.g., use the
crest factor if it exceeds values x, or varies more than X in the training data) or automatic feature

compression methods {e.g., boosting, independent components of features with highest encrgy).
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Automatic sclection of important features is accomphished, for example, by principal component
analysis. Further, independent component analysis or mutual interdependence analysis can also
be used. The incoming dats is processed using these known analysis techniques and the
mmportant features or structures within the data are identificd and sclected as the features to
monitor.  Thus, as set forth above, if 90% of the cnergy is accounted for in one of more
frequency bands, then those frequency bands would be antomatically sclected as a feature to be
monitored.

18034} Oune aspect of the present invention is the learning of features related to equipment
101 by the systemn 100, A database 107 and a related storage medinm such as a memory or a
hard-drive or the like that is enabled fo store data and to retrieve data, inchiding raw sensor data
and processed data, is provided as an aspect of the present mvention. A processor, such as
processor 106, is enabled to write data to the database and to retrieve data from the database,
{8035} In one crmbodiment of the present invention a signal generated by a plurality of
sensors during a period of time is recetved by 106 and is processed to extract predefined and data
dependent features.

{8036} Data analysis takes place in a module 112, In this module, data that may be unusual
and stored for later analysis can be analyzed using any number of technigues.

{8837} Puring a training phase, operating conditions of the monitored equipment {01 may
change or may be changed deliberately.  For mstance, oil temperature for hubrication and
cooling of the cquipment may gradually increase from initial start to fully stable operational
mode. During that period the features from signals generated by the sensors are recorded.
Furthermore, there are different stabie operational conditions. For instance, the temperature in a
gas turbine may fluctuate, the load on a power generator may fluctuate, the composition of fuel
provided to a generator may fluctnate. Al these fluctuating operational conditions may
mfluence the acoustic or vibrational features of the equipment. During a training phase or
training mode the features are recorded over an as wide as possible normal operational range.
{0038} In onc cmbodiment of the present invention signals, such as acoustic signals,
presented as an extracted operational feature to a system provide an indication of a possibility of
equipment failure, while normal operational parameters do not indicate or do not yet indicate a

troublesome operational situation. Especially operational features that have not been extracted
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and recorded during a training mode, may indicate that the equipment is not operating optimally
ot that a failure is about to take place on short or longer term. In general, one cannot train a
system to learn all fatlure modes. However, in accordance with an aspect of the present
mvention a systerm is frained to learn normal operational conditions and to provide an alert when
the equipment appears to be operating outside normal conditions, while standard operational
parameters, such as pressure, load performance, temperature and the like, appear to be normal.

[6039] In one embodiment of the present invention, features are classified by a processor ina
step or a module 109, For instance, a cluster diagram may be generated that displays the
dependency or correlation of two features of the monttored equipment within normal operating
mode. As an example a two-dimensional classification is shown in 109, It 15 to be understood
that higher dimensional classification of 3 or more features are possible and are fully
conteroplated. A classification diagram may thus show at least one or may show a phurality of
clusters that determine a normal operational mode., By calculating a feature in an operational
mode and comparing it to a classification determined in a training mode, a system may decide
that the feature determined from sensor data is tn an out-ofenormal range. As a result, an alert

(19

111, for mstance in a traffic hight mode “normal”, “abnormal” and “uncertain” is generated o a
receiver.

{8040} On-line diagnosis based on novelty detection and on-line leamning for large scale
problems, when it is unfeasible to keep around all data, is disclosed in 1S, Provisional Patent
Application Ser. No. 61/350,953 filed on June 3, 2010, which in incorporated herein by
reference. For example, a novelty detection system can use multi-channel sensor data at rates of
one million samples per second. One-class classification is a feasible approach if one can learn
the behavior of the system in normal modes of operation over longer periods of time, such as one
month.  Out-of-normal regimes of operation are usually hard to record or model.  The
requirement o have a novelty {one-class} classification machinery at any point in time that
adapts rapidly to the current regime of operation is disclosed in U.S. Provisional Patent
Apphlication Ser. No. 61/350,953. The classification step 109 in one embodiment of the present
mvention 18 preformed in accordance with a method and/or an apparatus as provided in the above

provisional patent application,
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10041} Features that have been learned from the signals gencrated by cquipment or by a
systern thus form a signature of the system or the cquipment which in onc embodiment of the
present invention defines a normal operation mode of the equipment or the system. In one
embodiment of the present mvention, a signature of a system or eguipment based on extracted
features 15 learned within 24 hours of operation time of the equipment. In another embodument
of the present invention, a signature of cguipment s learned in a timme period longer than 24
hours but shorter than 3 days of operation time of the equipment from features extracted from a
signal generated by the equipment. The amount of time spent learning is dependent on the
system bemng monitored. Large and complex equipment, like a power generating torbine, emils
many different acoustic signals depending on its operational state. These signals may depend on
the time of day, on quality of fuel on power demand, seasonal changes and the like. It is
conceivable that acoustic signals have to be captored during at least months of operation fo
define a meaningfol signature for such eguiproent.

18042} The decision by the processor 106 that the data is ont-ofinormal is transmitted to an
authority, to a system or to an operator or plant personnel who can take action in response to an
alert. In a further embodiment of the present invention, only novel data or time distant samples
are stored in the database limiting its size but enabling feature trend analysis. Measured or set
plant or equipment parameters are also recorded.  Features and set or measured plant or
equipment parameters in one embodiment of the present invention are correlated and analyzed.
18843} In one embodiment of the present invention a certain classification point or area is
associated with an optimized operation of the monitored equipment. An operator can use a
report of an actual feature classification 112 to manually optimize the settings of the equipment.
in a further embodiment of the present invention, an equipment control system that controls
operational parameter settings of the equipment uscs the classification data to tune or optimize,
possibly iteratively, the parameter settings of the equipment.

{044} A typical instantiation of the system architecture is presented in FIG. 2 which
provides a block diagram of a typical instantiation of the system architecture for learning of
normal sensor signatures, condition monitoring and diagnosis.

[8045] Referring to FIGS. 2 and 3, the process starts in step 200, In step 202, the processor

determines whether the system of the present invention is operating in the online mode., it is,
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then in step 204, the processor determines whether new data is available, If there is no new data
avatlable, the processor loops until new data is available. When new data is available, then in
step 206, the processor obtains the new sensor data.

{0046} If the system of the present invention is not operating in on online mode, then in step
208, the processor determines whether there is any new data available. If there 1s no new data,
then in step 209, the processor stops processing. I there is new data available, then in step 210,
the processor loads then oftline data,

18047} Then i step 212, the processor determunes whether the system of the present
mvention is operating in a training roode. I it s, then in step 214, the processor selects the data
dependent features. The processor performs this step in the manner previously deseribed.  In
selecting the data dependent features, the processor accesses the feature database 216, After the
processor has sclected the data dependent features, in step 218, the processor extracts the
relevant features, The processor performs this step in the manner previously described.

18848} Then, in step 220, the processor learns the model for normal operation. The
processor performs this step in the manner previously described.  During this step, the processor
accesses a model for normal operation and can also access a database of optional expert
knowledge 223.

{8049} In step 224, the processor determines whether the model has converged. If there is no
convergence, then the processor repeats these steps. If there is convergence, then the processor
turns the training mode off in step 226,

{6056 Going back to step 212, if the processor determines that the system of the present
invention is not operating in a training mode, then the processor performs step 230, In step 230,
the processor selects additional data dependant features while referring to the feature database
216 and the data dependant features 217,

{6051} This step can be performed regardless of the analysis of the feature database which
includes a first feature space. Such an approach is computationally unwieldy. It is therefore
preferred to analyze a second feature space and to sclect additional data dependant features if a
decision criteria 15 met. The decision criteria can be whether a predetermined threshold amount
of encrgy is accounted for in the first feature space. The decision criteria can also be based on

whether a predetermined threshold amount of energy is accounted for in another feature space,
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The thresholds can be empirically determined, and will depend on whether the first feature space
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or the sccond feature space is being considered as well as the type of system being monitored.
Alternatively, the decision criteria can be whether the apparatus is operating in the normal
operational mode.

10852) Then, in step 232, the processor performs feature extraction. Then, in step 234, the
processor performs classification. In step 236, the processor determines whether the system is in
a normal mode of operation. Then the processor performs a reasoning function n step 238 using
control parameters established in step 240. In this step, the processor determines whether the
machine being operated is operating properly or not or whether the mwachine is operating in a
guestionable mawner. The processor maintains the operational history of the machine in the
database n step 242 and alerts those monitoring the machine as o the operational status 1o step
244,

LUUSRY Drue to the unknown specification of most out-of-normal acoustic effects, the system
has to learn the normal sound emission mode using statistical processing of the recorded data
{tratning mode). As a first step, the system antomatically defines a set of features that describe
the statistical properties of the monitored equipment. The features are representations/cues of
physically motivated data characteristics in a particular transform domain ¢.g., Fourier domain,
wavelet domain, kernel space ete. Possible features include for example kurtosis, skew, crest
factor, band energics, principal components, independent components etc. The featires, which
are defined during the learning phase, are fixed after the sensor data information for normal
mode of operation is extensively captured. During testing, additional features are dynamuically
found and selected that sparsely represent the remaining information or cnergy, of the current
data instance, in subspaces orthogonal to the ones given by the fixed features from the learning
phase. This flexible/dynamic feature sclection enables a better representation of new unseen data
and thus improves the classification performance.

EEIRES For example, assume that the input of the system is of high dimensionality D = 1000
and the learning phase showed that the normal mode of operation 1s well captured by features in
the first $ principal component directions. The remaining 995 principal component directions do
not capture important information about the normal state. However, as there is no or only limited

out-of-normal data available for training, these directions are also not optimized to detect
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features of out-of-normal operation in new data. That is, onc cannot reliably detect out-of-
normal instances by modeling features in these 995 principal component directions as the encrgy
from out-of-normal data can disperse over the many dimensions, Also it is clear that testing in
the small subspace of the data that was found to represent normal operation cannot capture all
possible out-of-normal data either. Therefore, one ermbodiment of the present invention does not
only verity the normality in the space that represents normal operation but also scarches and
analyses the data i the remaining dimensions. A principal component analysis of the test data is
performed in the 995 dimensional space that 1s orthogonal to the mitially found principal
components. This step s performed, for example, in step 230 shown in FIG. 2. This can be used
to cancel the dispersion of a signal over the dimeunsions. Out-of-normal operation 1s mferred 1if
the new principal cormponents capture structure in the data where no structure was found in the
normal mode traiming data.  Principal component analysis uses the energy and its difference
between dumnensions as mndicator for strocture in the data. That is, e.g., if the energy of the fust
principal component or the difference between the encrgies of the first and second principal
component is larger than a threshold it is assumed that there exists structure in the data. A
similar approach to the discussed principal component analysis based example is taken for the
other predefined transform domains and features.

8355} When the feature set is found that best represents the training data, a model 1s
computed, or learned, from seusor data that represents the emissions of an instance of equipment
for all normal modes of operation. After learning converges and no additional modes of
operations are obscrved or employed, the system fixes the learned data representation as a
reference model. This learned model is given by boundaries in a multi dimensional feature space
which encloses the observed normal modes of operation of the monitored equipment. At any
time, the boundaries of the model can be further angmented e.g., to enable the incorporation of
expert knowledge, That is, if a certain type of false alarms occurs repeatedly or some mode of
operations was not contained in the training set, the boundarics can be relaxed manually by the
expert or automatically to incorporate this previously unknown scenario. During testing, an
mstantancous data point is considered from normal mode of operation if its feature
representation lics inside the boundaries of the reference model,  Abnormal emissions are

reported if the feature representation of an instantancous data point 18 found outside the
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boundaries of the reference model. Al training and testing can be performed online (in real-
timie} or offline,

{0056} The unsupervised learning principle of this system for monttoring normal modes of
equipment operation is independent of the monttored eguipment type. Thus, it can be used for a
multitude of equipments and employ various sensor types without requiring modifications in the
method. However, for optimal performance, the feature selection possibly has to be repeated if
different types of equipment are roomitored. I the mstances of monitored equipment are of the
same build, the statistical knowledge that is captured in the reference model is transterable, thus
enabling repeated evahluation of emissions of different instances of equiproent at periodic
mtervals, without the need to retrain a2 monitoring system. I only one instance of equipment is
monitored, the monitoring sysiem optimizes its performance to this device, 1t 15 expected that
acoustic cmissions differ between units due to variations in the build and mstallation
environnent. The adaptation results in higher reliability and accuracy of the detection of out-of-
normal operation.

{88571 Similarities to acoustic emissions from units of the same bwid are wsed to aid the
learning process such as providing a priori knowledge of unscen operational modes. Multiple
models can be used to capture different aspects of normal equipment operation e.g., a model for
the family of the equipment over its lifetime or a model of the particular instance of equipment
for a period of time.

18058} After the reference model is found, and no substantial convergence takes place, the
system in one embodiment of the present invention automatically switches to the monitoring
made, where misfits to the learned reference model are detected and it is reported if uncxpected
modes have been found in the input data during the analysis. In one embodiment of the present
invention a system is provided that is enabled to detect faulty machine behavior and ageing
effects already in their infancy stage and with higher sensitivity compared to other existing
methods. Hence, the results of this appreach indicates an optimal timing for a service interval or
allow ¢ven a delayed emergency shut down just in time prior to major conscquential damage.
New instantancous data are classified online (in real-time) or offline as normal or out-of normal
operation, That is, as discussed above, if the feature representation of the new instance Hes

inside the multi dimensional boundary of the reference model, the data is classified as normal
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mode of operation, Otherwise, out-of-normal operation is assumed.  If out-of-normal data is
detected, the instantancous raw data point, that represents this abnormal information, s stored for
iater analysis and learning. Also a selection of data points from mstantancous normal modes of
operation is periodically stored to enable trend analysis of the emissions ¢.g., in a post processing
step.

[0059] In a final stage, the system uses the classification information over time in a
reasoning module 110, optionally in combination with control parameters that define the current
regime of operation of the eguipment. This approach improves the robustness of the
classification and enables the diagnosis of the possible causes for the out-of-normal operation
and their criticality., The result of the reasoming module s displayed m a simple traffic light
mode that abstractly captures severity, number of occurrence of a particular fanlt ete. in a failure
mode and effect analysis (FMEA) fashion. This presentation of the monitoring results 1s casy to
understand by non experts and enables simple and fast decisions on further actions e.g.,
scheduling of maintenance in the next outage, additional monitoring with specialized equipment,
emergency stop of the machine ete.

18060} The classification module 109 is responsible for the decision if an input is outside of
the boundaries of normal operation. A reasoning module 110 in one embodiment of the present
invention 18 also imcluded. The reasoning module 110 in one exemplary embodiment of the
present invention assigns a normal mode of operation to an input that was classified as out-of-
normal if for instance an abnormal operation only occwrred for a short period of time, the
certainty of abnormal operation is low (to prevent the operator to be swamped with many false
alarms}, the machine paramcters indicate that the machine is in a save mode (e.g., oftline} etc.
{6061} When large and complex systems such as power cquipment are monitored it is
generally not feasible to record abnormal data.  Also, it is not possible to capture all possible
error scenarios due to the complexity of the large machineries.

18862} In one embodiment of the present invention a reasoning or classification module is
provided that is trained on classified errors that occurred over a long time on a fleet of devices to
diagnose the crror, allow an estimate of its severity, propose next steps {(immediate shutdown,
run on low load cte.) or the fastest way to repair the machine. However, this is very difficult due

to the large number of possible errors, low failure rates and vear by vear imtroduction of new
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machine designs. Thas, in another embodiment of the present invention, the reasoning module
110 applics one or more rules that cvaluates an occurrence of an cut-of-normal mode feature to
decide if such an occurrence may be ignored (for instance happens only once and lasts a very
short tiae) or should trigger a warning to be transmitted to a target such as a system or an
operator,

Systermn Implementation

{0063} To enable a broad apphcation of this system in the field, a practical realization should
be robust to rough environmuental conditions, That 15, weather proof design for outdoor
monitoring, shielding against radiation or electric and magnetic fields, temperature conirol eic.
Farthermore, the system can be connected to available diagnosis systems. Thus, it leverages
avatlable infrastructure, tools, datacenters ete. Morcover, the system can be operated remotely
e.g., via a mobile network, the Internet, GSM, Wi-Fi, LAN or via any other network that can
connect the systermn remotely with seusors at an apparatus or equiproent. This feature enables that
the software of a whole flect of devices can be casily updated and that the fleet can be managed
from a centralized monitoring center without additional need for infrastructure such as cabling in
the ficld. Finally, the system and data can be analyzed remotely by an expert without the
necessity for expensive and lengthy trips.

[8(64] The evaluation of the current mode of operation based on previously recorded data
requires in one embodiment of the present imvention the following signal properties. First, the
computed features have to reflect the changes in operational mode. As there is no out-of-normal
data available for training, it is assumed that the normal mode acoustic emissions are correlated
with physical equipment propertics such as ¢.g., power, rotation speed, pressures ete. Material
stress resulting from e.g., bearing damage will create additional acoustic emissions that are not or
differently correlated to the physical equipment propertics. Sccond, this monitoring model holds
it the acoustic cmission features are stable and thus predictable over long durations of time.
Third, the monitored machine during training in one cmbodiment of the present invention is in
normal mode of operation,

{8065} A system as provided herein that reguires receiving, processing and generating data
as an aspect of the present invention 18 illustrated m FIG, 5. The system is provided with data

that can be stored on a memory 1801 which can be data obtained from a scnsor. Data may be
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provided on an input 1806, An instruction s¢t or program exccuting the moethods of the present
mvention 15 stored on a memory 1802 and is provided to the processor 1803, which executes the
mstructions of 1802 to process the data from 1801, Data, such as an alert or any other signal
resulting from the processor can be outputted on an output device 1804, which may be a display
to display data or a loudspeaker to provide an acoustic signal. The processor also has a
conmmunication channel 1807 to receive external dats from a commumication device and to
iransmit data to an external device. The system in one embodiment of the present invention has
an input device 18035, which may be a keyboard, a mouse or any other device that can generated
data to be provided to processor 1803, The processor can be dedicated hardware. However, the
processor can also be a CPU or any other computing device that can execute the nstructions of
1802, Accordingly, the systemn as illastrated 1 FIG. 3 provides a system for data processing
resulting from a sensor and apparatus as provided herein and 1s enabled to execute the steps of
the methods as provided herein as an aspect of the present invention,

[8366] Thus, a system and methods have been described that learn (a model of) statistical
knowledge about the operation of an instance of cquipment (for instance power generating
equipment) from a training set of sensor data and apply the learned knowledge (model) for
diagnosis (normal/abnormal} of the mode of operation given by test set of data, comprising the
following modules which are implemented on the system:

a. a module that automatically defines a set of features to describe the statistical properties of

the equipment extracted from sensor data;

b. a module to compute, or learn, a model of the normal mode of operation from online recorded
signal emissions for instance from acoustic emissions of an instance of equipment for all normal
modes of operation possible;

c. a module to classify new instantancous data as normal or abnormal, with reference to the
learned model;

d. a module to reason about instantancous classifications over a time period to output a
normal/abnormal indicator for the regime of operation of the cquipment; and

¢. an interface to augment the learned model manually based on user input or automatically from
new data.

18067} The system can operate such that:
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a. Training data can be processed online, real-time, or offling;

b. Test data can be processed online, real-time, or offline;

¢. Statistical knowledge is stored as a model that IS transferable to other instances of equipment
of similar type; and

d. Multiple models can be used, such as meodel for the family of equipment over its lifetime,
model of the particular instance of cquipment for a period of timge, ctc.

{0068] The system automatically defines the set of features from two types of possibic
features:

a. Features to extensively capture information in all normal modes of operation of the eguipment
in one transtorm domain. Multiple subsets of this type can be used, each for a different transform
domain, ¢.g. Fourier domain, wavelet domain, kernel space, cte. These features are defined
during lcarning phase and fixed thereafter; and

b. Features to sparscly capture remaining information or encrgy in subspaces other than the ones
given by the fixed featurcs (from the lcarning phase). These are selected dynamically to
represent information in orthogonal spaces as compared to the fixed features.

{0069 Learning: After lcarning converges and no new normal mode cmissions are observed
or are employed anymore, the method fixes a learned reference model. This model is given by
boundaries, in a wmultl dimensional feature space, which enclose the normal operation states of
the eguiproent under test. Thereatter, the model can be used for online testing, or can be further
augmented, During ounline testing, an instantancous data point within these boundaries s normal,
otherwise it 1s considered abnormal. Abnormal acoustic emissions are reported 1f analysis resulis
are found outside the boundaries in the feature space.

{80784} Classify now instantancous data as normal or abnormal, with reference to the learned
model, for instance by a user.

18871} Reason about instantancous classifications over a time period to output a
normal/abnormal indicator for the regime of operation of the cguipment.

18072} Augment the learned model manually based on user input or automatically from new
data:

a. Store instantancous data points that represent instantancously abnormal mformation for later

analysis and learning; and
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b. Store a selection of data points from instantancous normal modes of operation periodically to
enable trend analysis,

18073} User interface:

a. Results are reported in Tratfic Light Mode which is casy to understand by non experts.

18074} Multi-Purpose Monitoring System

{0675] The monttoring system as provided herein is applicable to all kind of cquipment and
different type of systems, not only to power generating equipment, but any mechanical system
that produces acoustic signals during operation. Furthermore, the system and methods provided
herein can be adapted to process other than acoustic signals. For instance the “normal/abnormal”
mode of operation of a communication network can be monitored by a system and methods as
provided herein by extracting features from received wireless signals.

18076} In an illustrative example the monitoring signals are generated by equipment, for
instance by power generating equipment.  Monttoring of signals generated by another type of
equipment or by a system is also contemplated. In one tlustrative example generated signals are
acoustic signals. The use of other types of signals is also fully contemplated. For instance, one
can use avaiable plant parameters, time and date {to indicate ¢.g., when a high load/stress is
common}, ultrasound {to monitor material stress), subsonic vibration sensors, microphone arrays
{(for non contact monitoring ), heat sensitive cameras or sensors (to detect leaks, failing of cooling
systems, insulation damage), gas sensors, radio sensors {wireless sensors), radiation meters and
the like to monitor systems including a power generating system, a telecommunication system
and a patient healthcare system or a security system.

{B877} For instance, onc application is the monitoring of patients in the medical field {(c.g.,
coma patients that cannot notify anyone, patients in remote locations or that are mobile).
Furthermore, the discussed approach can be used for surveillance e.g., of malls or businesses at
night. Scnsors are mounted throughout the building (such as microphones, movement detectors,
video cameras} and normal operation such as a starting ventilator or a guard walking his rounds
are learned. Such a system includes specific features such as glass breaking, footsteps at
iocations that are not on the route of the guard or running to detect intruders, The examples of

the patient healthcare monitoring and the security system are examples of a surveillance system
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of which the operational purpose is security or surveillance rather than a correct operation of an
apparatus.

18078} Implementation related aspects:

a. The system in onc embodiment of the present invention is weather proof conditioned for
outdoor design to enable continued long term monitoring of outdoor cquipment,

b. The system can be connected to other diagnostic systems and tools leveraging avatlable
mfrastructure, tools, datacenters e,

¢. Remote operation of the system {e.g., via G3M, Wi-Fi, LAN etc.) cnables online system
upgrades, specialist analysis and a cormection to a ceniralized monttoring center without the need
of new infrastructure {¢.g., cabling) in the field.

{0679] The wnsupervised learning principle of the acoustic emissions for normal modes of
equipment operation is independent of the monttored equipment type. The system and methods
can be used to mounitor a nultitude of equipments and employ various sensor types without
requiring modifications in the method, possibly requiring changes in the features. For a given
type of equipment, the system can be used for acoustic analysis of emissions repeatedly, at
periodic intervals, without need to retrain.

{6080 The system and method optimizes s condition monitoring performance for cach
individaal monitored device. It is expected that acoustic emissions differ between units duoe to
variations in the build and installation environment. The adaptation results in higher reliability
and accuracy of the detection of out--of-normal operation.

{6081} In one embodiment of the present invention similarities to acoustic cmissions from
units of the same build are used to aid the learning process such as providing a priort knowledge
of unscen operational modes,

18882} While therc have been shown, described and pointed out fundamental novel features
of the invention as applied to preferred embodiments thereof, it will be understood that various
omissions and substitutions and changes in the form and details of the methods and systems
illustrated and in its operation may be made by those skilled in the art without departing from the
spirit of the mvention. It is the intention, therefore, to be limited only as indicated by the scope

of the clauns.
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CLAIMS

1. A method to deternuine a status of an apparatus, comprising:

capturing by one or more sensors a signal generated by the apparatos to be processed by a
processor in a lsarning mods;

the processor automatically defining a feature by using the signal, wherein the feature includes a
representation of a characteristic of a signal in a transform domaing

the processor learning a reference model in & learning mods that defines a normal operational
maode of the apparatus in a first feature space;

capturing a signal generated by the apparatus by the one or roore sensors 1o ao operational mode
to extract an operational feature; and

comparing the operational feature to the reference model to determine whether the apparatus is
operating in the norpal operational mode and it a decision oriteria is met, then analyzing the signal in a

second feature space that is different from the first feature space to determine whether thers are additional

features that define the normal operational ode.

2. The method of claim 1, wherein the decision criteria is whether a predetermined threshold amount of

energy is accounted for in the second feature space

3. The method of claim 1, whersin the decision criteria is whether the apparatus is operating in the

normal operational mode.

4. The method of claim 1, further comprising adding the additional features to the reference model if it is

determined that the additional features define the normal operational mode.

5. The method of claim I, wherein the analysis of the signal in the second feature space is
performed with principal component analysis, mdependent component analysis or mutaal

interdependence analysis,
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6. The method of claim i, wherein the step of automatically determining a feature s performed
with principal component analysis, independent component analysis or mutual interdependence

analysis,

7. The method of claim I, wherein the representation of the characteristic is one of the group
consisting of a maximum amplitude, an average amplitude, an energy content, independent
components, principal components, a crest factor, a deviation from an average, a Kurtosis, and a

skew all determined over a period of time in the transform domain,

8. The method of claim I, wherein the second feature space is orthogonal to the fivst feature

space.

9. The method of claim 1, wherein the signal is an acoustic signal and the apparatus is a power

apparatus.

1. The method of claim 1, firther comprising:
classifying an operational feature extracted from a signal generated by a second

apparatus.

11. The method of claim 10, further comprising:

relaxing a boundary of the reference model automatically.

12. A metheod to determine a status of an apparatus where a reference modeli has been learned in
a first feature space that defines a normal mode of operation, comprising:

capturing a signal generated by the apparatus by onc of more sensors in an operational
mode to oxtract an operational feature; and

comparing the operational feature to the reference model to determine whether the
apparatus is operating in the normal mode of operational and if a decision criteria is met, then
analyzing the signal in a second feature space that 1s different from the first feature space to

determine whether there are additional features that define the normal operational mode,
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13. The method of claim 12, wherein the decision criteria is whether a predetermined threshold

ammount of energy 1s accounted for in the sceond feature space.

14, The method of claim 12, further comprising adding the additional features to the reference

model if it is determined that the additional featurces define the normal operational mode.

15, The method of claim 12, wherein the analysis of the signal in the second feature space is
performed with principal component analysis, independent component analysis or mutual

mterdependence analysis,

16. A system, comprising:

apparatus that operates in a normal mode of operation;

one or more sensors that capture signals while the apparatus is in an operating mode;

memory that stores a reference model that defines a normal mode of operation in a first
feature space;

a processor connected to the one or more sensors and to the memory that extracts an
operational feature from capture signals and determunes accesses the reference model to
determine whether the apparatus is operating in the normal mode of operational and if a decision
criteria is met, then analyzes the captures signals in a second feature space that is orthogonal to
the first feature space to determine whether there are additional features that define the normal

mode of operation.

17. The system of claim 16, wherein the decision criteria is whether a predetermined threshold

amount of energy is accounted for in the second feature space.

18. The system of claim 16, wherein the processor adds the additional features to the reference

model if it is determined that the additional features define the normal mode of operational.
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19, The system of claim 16, wherein the processor performs the analysis of the signal in the
second feature space with principal component analysis, independent component analysis or

mutual interdependence analysis,

20. The systern of claim 16, wherein featurcs in the first feature space and the sccond feature
space are sclected from the group consisting of a maximum amplitude, an average amplitude, an
energy content, an energy conient i a selected frequency band, independent components,
principal components, a crest factor, a deviation from an average, a kurtosis, and a skew all

determined over a period of time in the transtorm domain,
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