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TRANSDUCER HEALTi_-I DIAGNOSTICS FOR STRUCTURAL HEALTH
MONITORING (SHM) SYSTEMS

BACKGROUND OF THE INVENTION
The present invention relates to monitoring or investigating the structural heaith
of a structure or object, and more particularly to transducer health diagnostics for
piezoelectric based structural healih monitoring or managenient' {SHM) systems.

New, lightweight composite materials, traditional metallic materials, and
other materials are being used and optimized in designs more extensively in the
aeroepace industry for commercial aircraft and other acrospace vehicles, as well as
in civil infrastructure, ground transportation, and other industries. The new materials
and new designs may be subject to extreme stresses or potential damage from an
impact or other cause. For example near a fuselage cargo door surround of a
commercial aircraft, baggage handlers often inadvertently collide with and cause
impact damage to the airplane fuselage. Any such damage needs to be quickly and
efficiently’identified, located, and the size and extend determined so that any needed
repairs can be performed and to reduce airplane maintenance costs and eliminate
airplane cancellation and delays. To implement quick non-destructive evaluations
that-may be performed quickly to ensure minimal maintenance times, numerous
transducers or sensors are required to transmit and receive signals to detect any
anomalies or damage. Transmitted and received signal quality can directly affect
overall damage or anomaly detection and mapping performance. Accordingly, being
able to differentiate between “good” transducers and “bad” transducers can
significantly improve the fidelity and reliability of SHM systems since the transducers
themselves and the bond of the transducers to the structure are also susceptible to
damage. ’

BRIEF SUMMARY OF THE INVENTION
In accordance with an embodiment of the present invention, a method for
diagnosing the health of a transducer may include electrically exciting a transducer '
to cause the transducer to transmit a stress wave into a structure being monitored,
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wherein the signal has a predetermined frequency rangé or bandwidth. The method
may alco inoludo clcotrically oxciting o tranaducer and receiving reaponae date for
the transducer and transforming the responsé data to obtain impedance versus
frequency curve for the predetermined frequency range. The method may further
inciude extracting selected parameters from the impedance versus frequency curve
to diagnose the heailth of the transducer. ’

In accordance with another embodiment of the present invention, a
mefhod for monitoring the structural health of an abjact ar structure may include
transmitting a signal to each of a plurality of transducers to cause each transducer to
transmit a stress wave intd the object or structure being monitored, wherein the
signal has a predetermined frequency range or bandwidth. The method may also
include measuring a time domain voltage across each transducer and a time domain
current. The method may additionally include transforming these measurements
into the frequency domain over tha pradatarminad fraquancy ranga for each
transducer to generate data representative of an impedance curve. The method
‘may further include extracting selected parameters from the imp‘edance curve of
eéch transducer to diagnose the health of each transducer. '

The method may further include transmitting the signal to the transducer comprises
transmitting the signal to each of a plurality of transducers associated with a system for
monitoring the structural health of the object.

The method may further include determining if each transducer is functioning and
replacing any non-functioning transducers. It may further include conditioning and
assessing a signal-to-noise ratio of each transducer and comparing the signal-to-noise
ratio (SNR) from a baseline measurement to a second measurement to determine if a
chénge of SNR ata predefined leve! has occurred. It 'may also include transmitting the
signal comprises transmitting a long duration broadband signal. The method may' also
include determining a state of the transducer.
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The method may further include determining the state of the transducer comprises
classifying thé transducer as one of healthy and useable for a current structural heaith
assessment; unhealthy and not useable for the current structural health assessment;
and marginal or partially damaged .and to disregard data from the transducer in the
current structural health assessment and to store the data from the transducer for future
diagnostics of the transducer and for possible future use for structural health

assessment.

The method may further include classifying the transducer comprises one of-setting
predetermined limits; using a Bayesian néural network; and using a rule-based process.

The method may further inciude performing any temperature or other environmental
compensation in diagnosing the health of the transducer or structural health monitoring
of the object.

In accordance with another embodiment of the present invention, a method for
monitoring the structural health of an object or structure, may include transmitting a
signal to each of a plurality of fransducers to cause each transducer to transmit a strass -
wave into the object or structure being monitored, wherein the signal has a '
predetermined frequency range. The method may further include measuring a time
domain voltage across each transducer and a time domain current through each-
transducer and traAnsforming the time domain voltage and current into fréquency domain
impedance over the predetermined frequency range for each transducer to generate
data representative of an impedance curve of impedance versus frequency over the
predetermined frequency range for each transducer. In addition te method may include
extracting selected parameters from the impedance curve of each transducer to
diagnose a health of each transducer. '

The method may further include ﬁtti'ng a plurality of curve portions to the impedance
curve of each transducer at selected narrow-band frequency regimes to determine
selected physical parameters to diagnose the health of each transducer.
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The method may further include fitting one curve portion to a low frequency portion of
the impedance curve for each transducer to determine a capacitance of each
transducer.

The method may further includse fitting a resonance peak portion and an anti-resonance
peak portion of the impedance curve of each transducer to respectively form poles and
zeros of a transfer function corresponding to the impedance curve of each transducer.
The method may further include determining a frequency and a damping term of the
anti-resonance péak from the zeros of the impedance curve, determining a frequency
and a damping term of the resanance peak from the poles of the impedance curve, and

determining a coupling coefficient for each transducer as a function of the frequency at

which the pole and zero of the impedance curve occur.

The method may further include 6omparing each selected parameter to a set of
predetermined limits and using any data from each transducer in a current structural
health monitoring assessment of the object in response to each selected parameter
being within the set of predetermined limits.

The method may further include disregarding any data from any of the transducers in a
current structural health monitoring assessment object in response to each selected
parameter of any of the transducers not being within the set of predetermined limits and
comparing each selected parafneter to a second set of predetermined limits in response
to each selected parameter not being within the set of predetermined limits. )
The method may further include replacing any transducer in response to each selected
parameter not being within the second set of predetermined limits and storing data from
any transducer ih response to each seleéted parameter being within the second set of
predetermined limits.

The method may further include determining a state of each transducer. .

The method may further include deiermining the state of the transducer comprises
classifying the transducer as one of healthy and useable for a current structural health
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assessment; unhealthy and not useable for the current structural health assessment,;
and marginal or partially damagéd and to disregard data from the transducer in the
current structural health assessment and to store the data from the transducer for future
diagnostics of the transducer and for possible future use for structural health

assessment.

The method may further include compensating for any temperature or other
environmental conditions in diagnosing the health of the transducer or structural health
monitoring of the object. '

in accordance witﬁ another embodiment of the present invention, a
system for monitoring the structural health of an object or structure may include a
plurality of transducers mounted to the object or structure at chosen locations. The
system may also include a-datq acquisition unit electrically connected to ‘each of the’
transducers. The system may further include a module to diagnose a health of each
transducer. '

The system may further include a transmitter to transmit a signal to each of the plurality
of transducers to cause each transducer to transmit a stress wave into the object or
structure being monitored, wherein the signal has a predetermined frequency range.

The system may further include a meter to measure a time domain voltage across each
transdheer and a time domain current through each transducer. The system may further
include a unit to transform the time domain voltage and current into frequency domain
impedance over the pradetermined frequency range for each transducer to generate
data representative of an impedance curve of impedance versus frequency over the

: predetérmined frequency range for each transducer and a unit to extract selected

parameters from the impedance curve of each transducer to diagnose a health of each
transducer.
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The system may further include a shunted resistive network for use in measuring the
time domain voltage across each transducer and the time domain current through each
transducer.

The system may further include a user interface to control operation of the data
acquisition unit, to provide information relative to the health of each transducer, and to
provide information relative to the structural health of the object or structure being
monitored.

The system may further include a data storage device to store SHM data from any
transducer in response to selected parameters for diagnosing the health of any A
transducer being outside of a first set of predetermined limits and within' a second set of

_predetermined limits.

The system may further include a classifier to classify a state of each transducer as one
of healthy and useable for a current structural health assessment, unhealthy and not
useable for the current structural health assessment, and marginal or partially damaged.
The system may further disregard data from the transducer in the current structurai
health assessment and to store the data from the transducer for future diagnostics of
the transducer and for possible future use for structural health assessment. The
classifier may further comprise one of a set of limits predetermined limits; a Bayesian
neural network; and a rule-based algorithm. '

In accordance with another embodiment of the present invention, a
compufer program product for diagnosing the health of a transducer may include a
computer usable medium having computér usable program code embodied
therewith. The computer usable medium may include computer usable program
code configured to transmit a signal to each of a plurality of transducers to cause
each transducer to transmit a stress wave into the object or structure being
monitored, wherein the signal has a predetermined frequency range or bandwidth.
The computer usable medium may also include computer usable program code A
configured to measure a time domain voltage across each transducer and a time
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domain current. The computer usable medium may further include computer usable
program code configured to transform the time domain voltage and current into
frequency domain impedance over the predetermined frequency range for each
transducer to generate data representative of an impedance curve of impedance
versus frequency over the predetermined frequency range for each transducer. The
computer usable medium may yet further include computer usable program code
configured to extract selected parameters from the impedance curve of each
transduéer to diagnose a health of each transducer. )

Other aspects and features of the present invention, as defined solely by
the claims, will become apparent to those ordinarily skilled in the art upon review of
the following non-limited detailed descriptioﬁ of the embodiments of the invention in
bon]unction with the accompanying figures.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Figures 1 Is a block schematic diagram of an example of a system for
structural health mohitoring (SHM) of a structure in accordance with an embodiment
of the present invention

Figures 2A-2C (collectively Figure 2) are a flow chart of an exemplary

‘method for determining or diagnosing the health of transducers in a SHM system in

accordance with an embodirment of the present invention.

Figure 3 is an illustration of an example of an impedance curve associated
with a transducer and fitting the impedance curve in specific frequency ranges to
determine physical parameters for a transducer in accordance with an embodiment
of the present invention.

Figure 4 is an illustration of an example of a curve of the real part of the
impedance versus frequency associated with the transducer to determine a
maximum of the real part of the impedance and the frequency of the maximum real
part of the impedance to determine the health of the transducer in accordance with
an embodiment of the present invention.

PCT/US2008/067505
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DETAILED DESCRIPTION OF THE INVENTION
The following detailed description of embodiments refers to the

' accompanying drawings, which illustrate specific embodiments of the invention.

Other embodiments having different structures and operations do not depart from
the scope of the present invention.

As will be appreciated by one of skill in the art, the present invention may
be embodied as a method, system, or computer program product. Accordingly,
portions of the present invention may take the form of an entirely hardware
embodiment, an entirely sqftwaré embodiment (including firmware, resident.
software, micro-code, etc.) or an embodiment combining software and hardware
aspects that may all generally be referred to herein as a “circuit,” “module,” “unit,” or
*system.” Furthermore, the preseﬁt invention may take the form of a computer
program product on a computer-usable storage medium having computer-usable
program‘code embodied in the medium.

Any suitable computer usable or computer readable medium may be
utilized. The computer-usable or computer-readable medium may be, for example
but not limited to, an electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, device, or propagation medium. More specific
examples (a non-exhaustive list) of the computer-readable medium would include
the following: an electrical connection having one or more wires, a tangible medium
such as a portable computer diske_tte, a hard disk, a random access memory (RAM),
a read-only memory (ROM), an erasable programmable read-only memory (EPROM
or Flash memory), an optical fiber, a portable compact disc read-only mémory (CD-
RCM), or other tangible optical or magnetic storage devices; or transmission media
such as those supporting the Internet or an intranet. Note that the computer-usable
or computer-readable medium could even be paper or another suitable medium
upon which the program is printed, as the program can be electronically captured,
via, for instance, optical scanning of the paper or other medium, then compiled,
interpreted, or otherwise proceésed in a suitable manner, if necessary, and then
stored in a computer memory. In the context of this document, a-computer-usable or
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computer-readable medium may be any medium that can contain, store,
communicate, propagate, or transport the program for use by or in connection with
the instruction execution system, apparatus, or device.

Computer program code for carrying out operations of the present
invention may be written in an object oriented programming language such as Java,
Smalltalk, C++ or the like. However, the computer program code for carrying out
operations of the present invention may also be written in conventional procedural
programming languages, such as the "C" programming language or similar
programming languages. The program code may execute entirely on the user's
computer, partly on the user's computer, as a stand-alone software package, partly
on the user’'s computer and partly on a remote computer or entirely on the remote
computer or server. In the latter scenario, the remote computer may be connected

“to the user's computer through a local area network (LAN) or a wide area network

(WAN), or the connection may be made to an external computer (for example,
through the Internet using an Internet Service Provider).

The present invention is described below with reference to flowchart
iflustrations and/or block diagrams of Enethods. apparatus (systems) and computer
program products according to embadiments of the invention. It will be understood
that each block of the flowchart illustrations and/or block diagrams, and
combinations of blocks in the flowchart illustrations and/or block diagrams, can be .
implémented by computer program instructions. These computer progfam
instructions may be provided toa processor of a general purpose computer, special
purpose computer, or other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the processor of the computer
or other programmable data processing apparatus, create means for implementing
the functions/acts specified in the flowchart and/or block diagram block or blocks.

These computer progrém instructions may also be stored in a computer-
readable memory that can direct a computer or other programmable data processlng.

_apparatus to function in a particular manner, such that the instructions stored in the

computer-readable memory produce an article of manufacture including instruction

PCT/US2008/067505
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means which implement the function/act specified in the flowchart and/or block
diagram block or blocks.

The computer program instructions may also be loaded onto a computer
or other programmable data processing apparatus to cause a series of operational
steps to be performed on the computer or other pi‘ogrammable apparatus to produce
a computer implemented process such that the instructions which execute on the
computer or other programmable apparatus provide steps for implementing the
functions/acts specified in the flowchart and/or block diagram block or blocks.

Figures 1 is a block schematic diagram of an example of a system 100 for
structural health monitoring (SHM) of a structure 102 or object in accordance with an
embodiment of the present invention. The structure 102 or object may be an
aircraft, ground transportation, water‘craﬂ. civil structure or other vehicle or structure.
A plurality of transducers 104 may be mounted or attached by bonding or other
means to a surface 106 of the structure 102 being monitored or tested. One
practical implementation of such a SHM system as the exemplary system 100
requires that the transducers 104 are attached or bonded to a structure and are
used for inspecting damage in the structure for maintenance reasons or quick
detection and assessment of damage. Since the transducers 104 also experience

the same environment as the host structure and thus are susceptible to damage.

The transducers 104 may be attached at predetermined strategic locations
on the surface 106, such as around or relative to critical structural elements, such as
cargo doors or other access points on an aircraft that may be susceptible to impacts
and possible damage. An example of a transducer that may be used for transducers
104 is described and claimed in U.S. Patent Application Serial No. 11/764,167,
entitled “Structural Health Monitoring (SHM) Each transducer 104 or sensor includes
a piezoelactric disk 105 capable to transmitting stress waves into the structure 102
and receiving responéive signals and/or any back scatter from any anomalies or
damage in the structure 102. The transducers 104 may be attached to the structure
102 by a conductive or a non-conductive adhesive (not shown in the drawings).

10
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The transducers 104 rﬁay require replacement during the life of the
system 100, depending upon the extent of any damage to the transducers 104. It is
not ideal, nor cost beneficial, if the SHM system 100 requires maintenance (i.e.
transducer replacement) every time a SHM measurement indicates some sign of
degradation. Accordingly, the transducer diagnostics metﬁod should be capable of
dete_rminihg whether or not a transducer shall be used in the SHM damage -
assessment. A full characterization of the extent that a transducer defect or damage
has on the SHM system performance is desirable. SHM system performance may
be defined as the accuracy of predicting or determining a location and size of any
anomalies or damage. If damaged sensors are detecléd, the sensors will not be
used in the damage assessment, and when the timing is appropriate, the damaged

sensors or sensor installations will be replaced.

The transducers 104 may be electrically connected to a data acquisition
unit 108. As described herein, the data acquisition unit 108 may send voltage

. signals to the transducers 104 to cause the transducers to transmit a structural

sti'ess_ wave or waves into the structure 102 and to receive a voitage response to the
stress waves to detect any damage or anomalies in the structure 102. The data
acquisition unit 108 may be a data processing device, computing device or similar
hardware device programmed to perform the functions described herein.

The data acquisition unit 108 may include a structural heaith monitoring
(SHM) or damage detection module 110 to analyze the data received from the
transducers 104 to detect and map any anomalies or damage in the structure 102.
A signal generator or transmitter and receiver 112 may be associated with the SHM
maodule 110 to generate particular types of signals to the transducers 104 to cause
the transducers to transmit the stress waves into the structuré 102 and to receive the
fesponsive signals or data from the transducers 104. The signal '
generator/transmitter and receiver 112 may also be integrated into the SHM module
110. :

The data acquisition unit 108 may also include a transducer health
diagnostic module 114 to diagnose the health of each transddcer 104 which may

. include determining a state of being or condition of each transducer. Diagnosing the

11
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health of each transducer 104 may also include determining if the transducer is
functioning properly; that the electrical connection to the transducer is not faulty; the
piezoelectric disk 105 is not cracked; the transducer assembly 104 is properly
electromechanically attached or coupled to the surface 106 of the structure 102; or
whether some other condition exists. that may affect any transducers ability to
accurately and reliably predict damage in the structure 102.

Results from the transducer diagnostics module 114 may feed into and
directly affect the overall flow of the SHM system protocol since a féulty transducer:
included in a damage Identiﬁcaﬁoh and mapping process (block 110) may produce a
false positive/negative indication or result in the reduction of the accuracy of the
damage detection output. Thé transducer diagnostic module 112 may qualify each
transducer 104 as functioning or non-functioning. If any transducer 104 has
completely failed, the transducer is preferably replaced at the next scheduled
maintenance check for the structure 102, aircraft or other object. If the transducer
104 is functioning, the transducer health diagnostics module 114 may output the raw
parameters as measured by the diagnostic system 100 or a percent change in the
measured parameters of the diagnostic system 100 as compared to previous
transducer diagnostics check. If one or a combination of measured parameters is
classified as unhealthy, then that transducer shall be disregarded In the current

Pparticular damage assessment of the structure 102, A classifier or classification

module 117 may be provided to perfprm the classification. Classification could occur
by one or more of the following methods: setting pfedeterrnined limits, a Bayesian
neural network, any rule-based algorithm or other classification method. Transducer
health may be defined as overall transducer efficiency of the conversion of electrical
energy into mechanical energy and vice versa. This efficiency is most commonly
observed to degrade appreciably when either of two failure modes occurs:
transducer disbonding and transducer or plezo cracking.

The transducer health diagnostics module 114 may utilize a shunted
resistive network 116 to measure a time domain voltage across each transducer 104
and a time domain current through each transducer 104. As described in more »
detail herein, the time-varying voltage and the time-varying current are then

12
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transformed into the frequency domain and used to 'bbtain the impedance curve for
each transducer 104 over a predetermined frequency range or bandwidth for
diagnosing transducer health.

The data écquisition unit 108 may further include a user interface 118 to

. permit a user to control operation of the system 100. The user interface 118 may

also provide information relative to the health of each transducer 104 in addition to
information relative to the structural health of the structure 102 or object being
monitored, as well as other information useful for structural health monitoring. The
user interface may include input and output devices, such as a keyboard, monitor,
printing device, computer media drive devices and the like. :

- The data acquisition.unit 108 may also include a data storage device 120.
The data storage device 120 may store information,or data related to transducer
health for statistical analysié; information or data related to manitoring the structural
health of the structure 102 as described herein; or other data. The data storage
device 120 may also be a remote storage device or a separate stofage device and
not a element of the data acquisition unit 108.

Figure 2A-2C (collectively Figure 2) are a flow chart of an exemplary
method 200 for determining or diagnosing the health of transducers in a SHM
system ih accordance with an embodiment of the present invention. The method
200 may be embodied in the transducer health diagnostic module 114 of Figure 1.
In block 202, a signal having a predetermined freqdency range or bandwidth may be '
sent to each transducer to cause the respective transducers to transmit a stress
wave into an 6bject or structure, such as structure 102 in Figure 1, under
investigation or being monitored. The signal may be a long duration broadband
electrical voltage signal. The signal may have a bandwidth of about 100 Hertz to
about 1.5 Mega Hertz. The voltage signal is sent through wiring to the piezoelectric
component (for example piezoelectric disk 105 in Figure 1) of the transducer thué
exciting several electromechanically coupled response modes.

in biock 204, response data or signals may be received from each
transducer. Time domain voltage across and current through each transducer may
be measured. As previously described, a data acquisition unit, such as unit 108 of

13
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Figure 1, may utilize a shunted resistive network to measure the current through as
wel! as voltage across each transducer. )

In block 206, a conditioning and signal-to-noise assessment of each
transducer may be performed. A signal processing approach may be utilized to
potentially detect any transducers which may be either non-functioning or damaged.
The approach considers two different types or classes of damaged sensors or
transducers.- In the first class, an assumption is made that the transducer was good
when any baseline data was acquired, but the transducer was damaged during a
time between the acquisition of the baseline data and acquisition of the test data. If
there is a difference Iargef than a predefined threshold in the signa‘l-to-noise ratio
(SNR) of the test signals when compared with the SNR of the baseline signal, the
transducer, wiring, or other failure has occurred or there exists a potentially defective
or damaged part of the system. Accordingly, transducers which exhibit a large
differential (larger than the predefined threshold) in SNR between bassline data and
test data may be flagged as non-fun-ctioning. The predefined threshold may be
about 5 decibels (dB); although, the threshold may change with the structure and
signal properties.

in the second class of damages, an assumption is made that the
transducer was damaged for both the baseline and test measurements. In such
cases, transducers that exhibit low signal-to-noise ratios may be flagged as non-

functioning.

In block 208, the time-domain voltage across the transducer and time-
domain current through each transducer are transformed into the frequency domain
to obtain electricai impedance for each transducer. Accordingly, the current and
voltage response data recei\ted from each transducer may be transformed into data
representative of an impedance curve-of impedance versus frequency for the
predetermined frequency range or bandwidth.

In block 210, a determination may be made whether the transducer is
functioning based on the SNR assessment in block 206 and an initial investigation of
the impedance data from block 208. If the determination is made in block 210 that
the transducer is not functioning,.i.e. the transducer has no response to the electrical

14
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inputs as judged by block 210, the method 200 may advance to block 220 and the
non-functioning transducer may be replaced or the particular wiring failure or other
failure for that channel may be repaired. If the transducer is functioning in block 210,
the method 200 may‘advance to block 212.

In block 212, data hay be generated representative of a curve or plot of
impedance versus frequency over the predetermined frequency range or bandwidth
for each transducer. The steady-state forced vibration solution of the goveming
equation of motion of a radial piezo disk as described in Giurgiuitiu, V. and A. Zagrai,
"Damage Detection in Thin Plates and Aerospace Structures with the Electro-
Mechanical Impedance Method”, 2005, Structural Health Monitoring, Vol.4 (2) gives
a measure of electrical impedance as a function of driving frequency as:

¢7] -(-0)-p(t+0)
ieC l-k§(¢"% f-(l—u)—y/(l+u)+kf,(l+v))

Eq. 1 (s)—

In Equation 1, Z(s) is impedance and w is radian frequency. Cis

- capacitance and a function of piezo permittivity, disk radius, and disk thickness. k;

is the device coupling coeflicient, Jo and J, are first and second order Bessel
functions, v is the piezo Poisson’s ratio, @ is a function of frequency, disk radius,
planér modulus, and density, W is the compléx stiffness ratio of the structure to the
piezo. These features or elements of Equation 1 contain information specific to the

_mechanical properties of the piezoelectric disk, adhesive used to surface-bond the

disk, and the electrical connection to the transducer. Fitting the impedance data to
assume the analytical form above over a broadband spectrum is difficult due to the
nature of the Bessel functions and complex numbers. An alternative method to
extract physical piezo properties is to curve fit in narrow-band frequency regimes, as

' wnII be described with reference to Figure 3.

. Figure 3 is an illustration of an example of an |mpedanoe curve 300

associated with a transducer and fitting the impedance curve in narrow-band

: frequency regimes to determine physical parameters for a transducer in accordance

15



10

15

20

25

30

WO 2008/157694 PCT/US2008/067505

with an embodiment of the present invention. The impedance curve 300 is
representative of the frequency dofn'ain impedance transformed from the current .and
voltage data received from each transducer and may be characterized or modeled
by Equation 1. The bandwidth or frequency range of the curve 300 may correspond
to the frequency range or bandwidth of the signal transmitted in block 202. The
impedance curve 300 contains information specific to the mechanical properties or
parameters of the transducer, such as mechanical properties of the piezoelectric
disk of the transducer, the adhesive used to surface-bond the disk to the structure
under investigation or being monitored, electrical connection to the transducer as
well as other characteristics, properties or parameters.

o Referring back to Figure 2, in block 212, fhe impedance versus frequency
curve {curve 300 in Figure 3) may be fit in narrow-band regimes or portions to
determing physical (electromechanical) transducer {plezo) properties or parameters
for each transducer to evaluate the transducer's health. Figure 3 also ilustrates
fitting a plurality of curve portions 302 to the impedance curve 300 at selected
narrow-band frequency regimes to determine selected physical parameters to
diagnose the health of the transducer. The curve fitting may be any type of complex
frequency domain (i.e., s-domain) fitting technique that may yield coefficients for the
forms or equations in the s-domain. For example, algorithms similar to those
described in “Complex-Curve Fitting” by Levi, E.C., IRE Transactions on Automatic
Control, Vol. AC-4 (1959), pages 37-44 may be used. However, any generic
algorithm to fit data may equally be used.

. In block 214 selected parameters may be extracted or determined from
the impedance curve 300 using the curve portions 302 fit to the impedance curve
300 at the narrow-band frequency regimes. For example, fitting the curve portion
302a to the shape of the impedance curve 300 at a low frequency portion of the
curve 300 (about 50 kHz to about 150 kHz) yields a capacitance of the transducer
assuming that Equation 1 is representative or models the impedance curve 300.
Capacitance is a function of the transducer electrode area, mechanical boundary

- condition, and wiring. Fitting the impedance curve at the lower frequency portion

may be represented by Equation 2:
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1
Eq. 2 Z(s)=—

q ) C

The resonance and anti-resonance peaks of the impedance data or

impedance curve 300 may be fit to assume the form of zeros and poles (curve fit
portions 302b and 302c, respectively) of the transfer function in Equation 3:
ns® +n,st +ms +ng
d,s’ +d,s* +ds+d,

Eq. 3 Z,.(s)=

The first two roots of the numerator of Equation 3, or zeros of the
impedance, can be used to solve for a frequency and a damping term, or sharpness
of an anti-resonance peak 304 as provided by Equation 4:

Eq. 4 S0 =—65@° tin® 1—¢2

_ ~ In Equation 4, the frequency in radians at the anti-resonance peak 304 or
zero is represented by w® and the damping term is represented by Ce.

The first two roots of the denominator of Equation 3, or poles of the
impedance, can be used to solve for a frequency and a damping term, or sharpness
of a resonance peak 306 as provided by Equation 5:

Eq. 5 S pote = —6p@° tiad®f1-¢2

In Equation 5, the frequency in radians at the resonance peak 306 or pole
is represented by w® and the damping term is represented by ¢p.

" A device coupling coefficient kg, defined as the effectiveness of the
conversion of mechanical to electrical energy or vice versa, can be determined as a
function of the frequency at which the pole and zero occurs as represented by

Equation 6:

Eq. 6 ki, =
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Other parameters may also be extracted from the impedance data. For
example, Figure 4 is an illustration of an example of a curve 400 of the real part of
the impedance versus frequency associated with the transducer to determine a

maximum of the real part of the impedance |(Z(w™))| and the frequency of the

maximum real part of the impedance real w™* to determine the health of the
transducer in accordance with an embadiment of the present invention.

It should be noted that there are many possible failure modes. By
extracting a number of parameters and then feeding that combination of parameters -
into a trained classifier, for example a probabilistic neural network algorithm, the
physical condition of the transducer can then be assessed with greater confidence
that all possible damage modes are idenfified.

In block 216, any tempe.rature or other environmental compensation may
also be applied to the analysis or in determining the different parameters related to '
diagnosing the health of each transducer. By plotting the distribution of raw
parameters, the diagnostics method is capable of adapting to changes in
environméntal conditions (e.g. temperature) from previous measurements. Itis the
deviation from the mean that determines outliers. Thus if the mean shifts due to
environmental changes, then the predetermined limits are shifted respectively.

Also in block 2186, statistical anélysis may be performed to determine the
accuracy and reliability of any test data from a particular transducer or group of
transducers or sensors in determining the location and size of any anomalies or
damage to a structure under investigation or being monitored. Each parameter
and/or the percent change in the parameter may be compared to a reépective first
set of predetermined limits or bounds for each transducer.

In block 218, a determination may be made by a trained classifier as to the
state of the transducer. The state of the transducer may fall within three possible
classifications: good transducer, partially damaged transducer or bad transducer.
Classification could occur by one or more of the following methods: setting
predetermined limits, a Bayesian neural network, any rule-based algorithm or other
classification method. The classifier determines three states and then three final
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outcomes respectively. If the transducer is determined as unhealthy, i.e. unusable
for damage assessment, that transducer is replaced. If the transducer is determined
as healthy, i.e. no damage, that transducer may be used in the current damage
assessment of the structure 222. If the transducer is determined as marginally
damaged, then that transducer is disrégarded_224 in the current damage
assessment of the structure, and stored 226 for future diagnostics on that transducer

and possible future use for damage assessment.

The flowcharts and block diagrams in the Figures illustrate the
architecture, functionality, and operation of possible implementations of systems,
methods and computer program products according to various embodiments of the
present invention. In this regard, each block in the flowchart or block diagrams may
represént a module, segment, or portion of code, which comprises one or more
executable instructions for implementing the specified logical function(s). It should
also be noted that, in some alternative implementations, the functions noted in the
block may occur out of the order noted in the figures. For example, two blocks
shown in-succession rhay, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order, depending upon the
functionality involved. It will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in the block diagrams and/or

- flowchart illustration, can be implemented by special purpose hardware-based

systems which perform the specified functions or acts, or combinations of special
purpose hardware and computer instructions.

The tenninoiogy used herein is for the purpcse of describing particular
embogiments only and is not intended to be limiting of the invention. As used
herein, the singular forms "a", “an” and "the" are intended to include the plural forms
as well, unless the context cleaﬂy'indicates otherwise. It will be further understood
that the terms "comprises" andlbr “comprising,” and “includes” and/or “including”
when used in this specification, specify the presence of stated feétures, integers,
steps, operations, elements, and/or componehts, but do not preclude the presence
or addition of one or more other features, integers, steps, operations, elements,
components, and/cr groups thereof.
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Although specific embodiments have been illustrated and described herein, those
of ordinary skill in the art appreciate that any arrangement which is calculated to
. achieve the same purpose may be substituted for the specific embodiments shown
and that the invention has other applications in other e.nviron'ments. This épplication
is intended to cover any adaptations or variations of the present invention. The
following claims are in no way intended to limit the scope of the invention to the
specific embodiments described herein.

20



10

15

20

25

30 -

WO 2008/157694 PCT/US2008/067505

CLAIMS

What is claimed is:

1. A method for diagnosing the heatth of a transducer, comprising:

-transmitting a signal to a transducer (104) to cause the transducer-to transmit a
stress wave into an object (1 62) beiﬁg monitored, wherein the signal has a A
predetermined frequency range;

receiving response data for the transducer (104); 4
transforming the response data to data representative of an impedance curve of

- impedance versus frequency for the predetermined frequency range; and

extracting selected parameters from the impedance curve to diagndse a health of
the transducer.

2. The method of claim 1, further comprising:

measuring a time domain voltage (204) across the transducer (104) and a time
domain current through the transducer; and

transforming the time domain voltage and current (208) into a frequency domain
impedance over the predetermined frequency range for the transducer to generate the
data representative of the impedance curve. )

3. The method of claim 1, wherein extracting selected parameters (214) from the
impedance curve comprises determining a capacitance of the transducer.

4. " The method of claim 1, further comprising determining a coupling coefficient for
the transducer as a function of a frequency at which a pole and a zero ¢of the impedance

curve occur.
5. The method of claim 1, wherein extracting selected parameters (214) comprises:

determining a maximum real part of the impedance; and
determining a frequency of the maximum real part of the impedance.
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6. The method of claim 1, furfher comprising 'ﬁtting a plurality of cuive portions to
the impedance curve at selected narrow-band frequency regimes to determine selected
physical parameters to diagnose the health-of the transducer.

7. The method of claim 6, further comprising fitting one curve portion to a lowest

frequency portion of the impedance curve (300) to determine a capacitance of the
transducer.

8. The method of claim 6, further comprising:

fitting one curve portion to a resonance peak of the impedénce curve (300) to
determine a frequency and a damping term of the resonance peak;

fitting another curve portion to an anti-resonance peak of the impedance curve to
determine a frequency and a damping term of the anti-resonance peak; and

determining a coupling coefficient for the transducer {104) as a function of the
frequency at which the pole and zero of the impedance curve occur.

9.  The method of claim 6, further comprising: A

fitting a resonance peak portion and an anti-resonance peak portion of the
impedance curve (300) to respectively form poles and zeros of a transfer function
corresponding to the impedance curve;

determining a frequency and a damping term of the anti-resonance peak from the,

zeros of the impedance curve;

determining a frequency and a damping term of the resonance peak from the
poles of the impedance curve; and '

determining a coupling coefficient for the transducer (104) as a function of the
frequency at which the pole and zero of the impedance curve occur.

10.  The method of claim 1, further comprising: ,
comparing at least one of each selected parameter and percent change in the

. parameter to a set of predetermined limits; and
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- range;

using any data from the transducer in-a current structural health monitoring
assessment of the object in response to each selected parameter being within the set of
predetermined limits. ' |

11.  The method of claim 10, further comprising: ' _ .

disregarding'any data from the transducer in the cdrrent structural health
monitoring assessment if any one of the at least one of parameters and percent change
in parameters of that transducer does not fall within of its respective predetermined
limits; '

comparing each selected parameter to a second set of predetermined limits in
response to each selected parameter not being within the first set of predetermined
limits; ‘ '

repiacing the transducer in response to any one of the parameters of that
transducer not falling within a second set of predetermined limits; and

keeping the transducer for future re-assessment and fut_u're use in response to all
parameters being within the second set of predetermined limits.

12. A computer program product for diagnasing the health of a transducer, the
computer program product comprising:
computer usable program code conﬁgured to transmit a signal to each of a

plurality of transducers to cause each transducer t6 transmit a stress wave into the
object or structure being monitored, wherein the signal has a predetermined frequency

computer usable program code configured to receive response data for
the transducers (104); computer usable pr_ograrh code configured to transform the
response data to data representative of an impedance curve of impedance versus
frequency over the predetermined frequency range for each transducer; énd '

" computer usable program code configured to extract selected parameters from
the impedance curve of each transducer to diagnose a health of each transducer.
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13. The computer program product of claim 12, further comprising computer usable
program code configured to fit a plurality of curve portions to the impedance curve (300)
of each transducer (104) at se!ected' narrow-band freciuericy regimes to determine
selected physical parameters to Adia.gnose the health of each transducer.

14. The computer program product of claim 12, further comprising computer usable
program code configured to fit one curve portion to a lowest frequency portion of the
impedance curve (300) for each transducer (104) to determine a capacitance of each

transducer.

15. The computer program product of claim 12, further comprising:
computer usable program code configured to fit a resonance peak portion and an

- anti-resonance peak portion of the impedancé curve of each transducer to respectively

form poles and zeros of a transfer function corresponding to the impedance curve (300)
of each transducer (104);
computer usable program code configured to determine a frequency and a
damping term of the anti-resonance peak from the zeros of the impedance curve;
computer usablé program code configured to determine a frequency and a

- damping term of the resonance peak from the poles of the impedance curve; and

computer usable program code configured to determine a coupling coefficient for
each transducer as a function of the frequency at which the pole and zero of the
impedance curve occur.

24



PCT/US2008/067505

WO 2008/157694

1/4

l‘Old

(A0LINO ONI38 JINLONULS

GOl

G0

N

MENISNVL

YOl

YOl

20l

0/0]!

Q01

oz viva

g1 asn

L1~ 8850 |

INCON
SAILSONOVID
YT HIWH
H3NASNVL

1 NUSISH
ou @INHS

FAON
11 ] ZH0LVEINTD
1 e

INDILOAL30
ou~|_ 2
TIG0N S

{013 '301A30 DNISSI00N
VY1v0) LINN NOILISINDOV V1va




WO 2008/157694 PCT/US2008/067505
2/4

200

TRANSMIT LONG DURATION BROADBAND VOLTAGE
SIGNAL AND SHORT DURATION SINGLE FREQUENCY
VOLTAGE SIGNAL TO EACH INDIVIDUAL TRANSDUCER | ~202
TO CAUSE EACH TRANSDCUER TO TRANSMIT
STRUCTURAL STRESS WAVES INTO A STRUCTURE
OR OBJECT UNDER INVESTIGATION

RECEIVE RESPONSE DATA FROM EACH TRANSDUCER |
(MEASLRE TIME DOMAIN VOLTAGE ACROSS AND  |~204
CURRENT THROUGH EACH TRANSDUCER)

CALCULATE SIGNAL CONDITIONING AND |
ELECTROMECHANICAL |~208 SIGNAL-TO-NOISE RATIO ASSESSMENT 206
INPEDANCE OF EACH TRANSDUCER

CURVE FIT IMPEDANCE DATA IN SPECIFIC | 212
FREQUENCY RANGES

FIG. 2A



WO 2008/157694 PCT/US2008/067505
3/4

EXTRACT IMPEDANCE PARAMETERS FOREACH TRANSDUCER:
CAPACITANCE; FREQ AND DANPING OF POLE:FREQAND | - 214
DAMPING OF ZERO; MAXIVM REAL PART OF IMPEDANCE;
FREQ OF MAXIMUM OF REAL PART OF IMPEDANCE; PIEZO

DEVICE COUPLING COEFFICIENT; ETC.

TENPERATURE OR OTHER ENVIRONVENTAL
COMPENSATION: PERFORM STATISTICAL ANALYSIS. | 2168
ON PARAVETERS AND/OR CHANGE OF
PARAMETERS (PRE VS, CURRENT) FOR EACH TRANSOUCER
BAD TRANSDUCER

APPLY
CLASSIFICATION
RULES

GOOD TANSDUCER

USE DATA FROM [REPLACE TRANSDUCER |~220
TRANSDUCER IN CURRENT |
ANOVALY ASSESSMENT OF |~ 222 PARTIAL
STRUCTURE OR OBJECT DAVAGED
UNDER INVESTIGATION TRANSDUCER

DISREGARD DATA FROM TRANSDUCER IN CURRENT
ANOMALY ASSESSMENT OF STRUCTIRE R~ |~ 224
OBJECT UNDER INVESTIGATION

STORE DIAGNOSTICS DATA FOR FUTURE ASSESSMENT
OF TRANSDCUER AND POTENTIAL FUTWRE USE OF {226
TRANSDCUER IN FUTURE ANOMALY ASSESSMENT(S)

FIG. 2B
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