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SIGNAL MONITORING SYSTEM AND
METHODS OF OPERATING SAME

BACKGROUND OF THE INVENTION

[0001] The present disclosure relates generally to signal
monitoring systems, and more particularly, to a signal moni-
toring system utilized to monitor strain applied to a composite
component.

[0002] Composite materials are used in engineering appli-
cations for a wide range of structural components. Composite
materials have advantages over structures fabricated from
other materials such as, but not limited to, a superior weight-
to-strength ratio, convenient fabrication for complex shapes
and the ability to vary material properties to suit specific
applications. Some composite materials, however, may have
disadvantages associated with repair costs and/or degradation
of strength, based on over-exposure to heat, humidity, and
ultra-violet environments. Because of such disadvantages,
structures such as vehicles may use an integrated structural
health monitoring (SHM) system to monitor the composite
components in some applications.

[0003] Some SHM systems may identify failure modes of
composite materials due to, for example, loads applied to the
composite component. Conventional monitoring systems
may use embedded sensors within the composite component
to monitor the strain induced in the composite component.
Some embedded sensors include strain gauges and displace-
ment transducers. The spectral response for such embedded
sensors, however, can be adversely affected by multi-axial
loading conditions, by the fiber orientation, and by the type of
load applied to the composite component. Moreover, some
sensors embedded between non-parallel fiber layers may cre-
ate significant distortions in the spectral response when sub-
jected to torque.

[0004] Some current systems that use embedded sensors to
detect strain may use an optical spectrum analyzer (OSA) to
interpret the reflected light spectrum from the sensors. How-
ever, some OSA devices are expensive and may not be suffi-
ciently robust to be embedded in the dynamic components of
machinery. Moreover, other factors, such as micro-bending
due to laminate configurations within the composite compo-
nent, may cause significant distortions on the reflected spec-
trum of the sensor. Because of the distortions of the reflected
spectrum, determining strain with an OSA from the reflected
spectrum may be difficult. Moreover, the processing required
by the OSA to interpret the reflected spectrum can be proces-
sor intensive.

[0005] Damage of the composite component can be diffi-
cult to categorize. The reflected spectrum from the embedded
sensors, as measured by the OSA device, can be used to
determine strain and/or damage and may be a function of
subjective personal judgment based on historical data from
various loading experiments and related stress field mapping
techniques. In at least some known processes, the strain may
be simply calculated using the location of the maximum peak
of the reflected spectrum of the embedded sensor. However,
such a calculation approach may not be indicative of the
actual damage within the composite component.

BRIEF DESCRIPTION OF THE INVENTION

[0006] In one aspect, a system for estimating strain of a
component is provided. The system includes a signal genera-
tor configured to transmit a signal toward the component. A
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sensor is coupled to the component and configured to receive
the signal and to generate a reflected signal. The system
includes a fiber Bragg grating filter coupled to the sensor and
configured to filter the reflected signal and to generate a
filtered signal. A detector is coupled to the filter and config-
ured to convert the filtered signal to a time domain signal. The
system includes an artificial neural network coupled to the
detector and configured to process the time domain signal to
facilitate estimating the strain of the component.

[0007] Inanother aspect, a method of estimating strain of a
component is provided. The method includes transmitting an
optical signal from a laser into a fiber Bragg grating sensor
and transforming the transmitted optical signal into a
reflected signal. The method includes directing the reflected
signal into a plurality of fiber Bragg grating filters and filter-
ing the reflected signal into a plurality of filtered signals. The
plurality of filtered signals is directed into a plurality of
photo-detectors. The method includes converting the plural-
ity of filtered signals into a plurality of time domain signals
and directing the plurality of time domain signals into an
artificial neural network. The method also includes analyzing
the plurality of time domain signals to facilitate estimating the
strain of the component.

[0008] Ina further aspect, a vehicle monitoring system for
monitoring the condition of a composite component of a
vehicle is provided. The system includes a laser configured to
transmit an optical signal toward the composite component.
The system also includes a fiber Bragg grating sensor coupled
to the composite component and configured to receive the
optical signal and to generate a reflected signal. A fiber Bragg
grating filter is coupled to the sensor and configured to filter
the reflected signal and to generate a filtered signal. A photo-
detector is coupled to the filter and configured to convert the
filtered signal into a time domain signal. The system includes
a data acquisition unit coupled to the photo-detector and
configured to compile the time domain signal. The method
further includes an artificial neural network coupled to the
data acquisition unit and configured to analyze the time
domain signal to facilitate estimating the strain of the com-
posite component.

[0009] The features, functions, and advantages that have
been discussed can be achieved independently in various
embodiments or may be combined in yet other embodiments
further details of which can be seen with reference to the
following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 illustrates a block diagram of an exemplary
sensor and monitoring system coupled to a vehicle.

[0011] FIG. 2 illustrates a schematic view of the sensor and
exemplary monitoring system shown in FIG. 1.

[0012] FIG. 3 illustrates an exemplary graphical represen-
tation of sensor data and filter data of the monitoring system
shown in FIG. 2.

[0013] FIG. 4 illustrates an exemplary graphical represen-
tation of an exemplary artificial neural network that may be
used with the monitoring system shown in F1G. 2.

[0014] FIG. 5 illustrates a flow chart of an exemplary
method that may be implemented to operate an exemplary
monitoring systen.

[0015] FIG. 6 illustrates an exemplary graphical represen-
tation of distorted sensor spectrums under exemplary strains
measured by the sensor shown in FIG. 2.
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[0016] FIG. 7 illustrates an exemplary graphical represen-
tation of data for one of loads shown in FIG. 6.

[0017] FIG. 8 illustrates an exemplary graphical represen-
tation of strain variations of the sensor shown in FIG. 2.
[0018] FIG. 9 illustrates an exemplary graphical represen-
tation of data extracted for exemplary strains measured by the
sensor shown in FIG. 2.

[0019] FIG.101illustrates an exemplary graphical represen-
tation of an exemplary training rate for the monitoring system
shown in FIG. 2.

[0020] FIG. 11 illustrates an exemplary graphical represen-
tation of exemplary outputs for various measured strains.
[0021] FIG.12illustrates an exemplary graphical represen-
tation of exemplary sensor spectrum for the sensor shown in
FIG. 2.

[0022] FIG. 13 illustrates an exemplary graphical output
generated by the monitoring system shown in FIG. 2.

[0023] Although specific features of various embodiments
may be shown in some drawings and not in others, this is for
convenience only. Any feature of any drawing may be refer-
enced and/or claimed in combination with any feature of any
other drawing.

DETAILED DESCRIPTION OF THE INVENTION

[0024] The embodiments described herein relate to a resil-
ient monitoring system and methods of operating the moni-
toring system. More particularly, the embodiments relate to a
system for monitoring structural components, which are dif-
ficult to access for inspection purposes, for detecting strain
and/or damage of the structural component. Moreover, the
monitoring system is utilized in a variety of environments
such as, but not limited to, military, civil, industrial, rail,
shipping, aerodynamic and consumer environments. [n one
application, the monitoring system described herein is uti-
lized with a composite component of a vehicle. It should be
understood that the description and figures that utilize vehicle
composite components are exemplary only. Moreover, it
should be understood that vehicle can include, but is not
limited to, an aircraft, spacecraft, launch vehicle, seaborne or
undersea vessel, or ground-based vehicle.

[0025] FIG. 1 illustrates a block diagram of an exemplary
sensor 10 and exemplary monitoring system 12 coupled to a
vehicle 14. More particularly, sensor is coupled to a compo-
nent of vehicle 14 and electrically and/or optically coupled to
monitoring system 12. Sensor 10 is configured to generate
electrical and/or optical signals 18 that indicate a condition of
component 16 in which sensor 10 is designed to detect. In the
exemplary embodiment, compornent 16 includes a composite
component of vehicle 14 with sensor 10 embedded within
and/or attached to a surface of composite component 16.
More particularly, sensor 10 1s coupled to composite compo-
nent 16 that is positioned in an inaccessible and/or hidden
location of vehicle 14 that would require physical deconstruc-
tion of vehicle 14 for condition inspection to be completed
using known inspection methods.

[0026] In the exemplary embodiment, sensor 10 includes a
fiber Bragg grating sensor that is configured to detect strain 20
of composite component 16. Alternatively, sensor 10 may
include any suitable micro-electromechanical devices, and/or
extrinsic Fabry-Perot interferometric devices and/or long-
period grating devices. Moreover, sensor 10 may include
corrosion, humidity, pH, chloride ion, metal ion, temperature,
acceleration, stress, pressure, load, and force sensors. In the
exemplary embodiment, sensor 10 is tolerant and/or immune
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to the effects of temperature, electromagnetic interference
(EMI), and/or corrosive environments. Any type of sensor
configuration to determine a condition of composite compo-
nent 16 may be used to enable monitoring system 12 to
function as described herein.

[0027] FIG. 2 illustrates a schematic view of monitoring
system 12 coupled to sensor 10. FIG. 3 illustrates an exem-
plary graphical representation of sensor data and filter data of
monitoring system 12. Monitoring system 12 includes a sig-
nal generator 22, a filter 24, a detector 26, a data acquisition
unit 28, and a processor 30 with an artificial neural network.
Monitoring system 12 further includes a fiber optic cable 32
and fiber coupler 34 configured to couple components of
monitoring system 12 as described herein. Monitoring sys-
tem 12 is configured to receive data from sensor 10 to facili-
tate estimating strain 20 and/or damage and/or life estimation
of composite component 16.

[0028] Signal generator 22 includes a laser configured to
generate and transmit an optical signal 36 toward sensor 10.
Sensor 10 is configured to receive optical signal 36 and to
generate signal 18 such as a spectrum response 38 which is
the reflected signal 40 with at least one wavelength of
reflected signal 40 (graphically illustrated as 40' in FIG. 3)
being spread and/or distorted based on a strain 20 applied to
sensor 10. More particularly, when composite component 16
is strained, sensor 10 is stretched and/or compressed and/or
distorted. In the exemplary embodiment, wavelengths 42 of
optical signal 36 are transmitted to sensor 10, such that sensor
10 is configured to reflect a pre-determined band of the wave-
lengths of optical signal 36 to filter 24. Sensor 10 is config-
ured to shift the wavelengths of light that returns as reflected
signal 40 to filter 24. By determining the shift of the wave-
length of reflected signal 40, strain 20 of composite compo-
nent 16 is estimated and/or determined by artificial neural
network 30 as described herein.

[0029] In the exemplary embodiment, fiber optic coupler
34 couples filter 24 to sensor 10. Alternatively, any coupling
mechanism can be used to connect filter 24 to sensor 10. Filter
24 is configured to receive and filter reflected signal 40 and to
facilitate generating a filtered signal 44 (graphically illus-
trated as 44' in FIG. 3). In the exemplary embodiment, filter
24 includes a fiber Bragg grating filter. More particularly,
filter 24 reflects a desired wavelength of light as filtered signal
44 and transmits selected other wavelengths through as sig-
nals 46. Filter 24 is configured to create a periodic variation in
the refractive index of the fiber core, which generates a wave-
length specific dielectric mirror (not shown) to facilitate
blocking and/or reflecting certain wavelengths.

[0030] Detector 26 is coupled to filter 24 by fiber coupler 34
and fiber optic cable 32. Detector 26 is configured to receive
filtered optical signal 36 and generate a time domain signal 48
representing an amount of filtered signal 44 received. In the
exemplary embodiment, detector 26 includes a photo-detec-
tor which is configured to convert light of filtered signal 44
into at least current and voltage. In one embodiment, time
domain signal 48 includes a voltage output that is propor-
tional to an amount of filtered signal 44 received.

[0031] In the exemplary embodiment, filter 24 includes a
first filter 50, a second filter 52, and a third filter 54. Filters 50,
52, and 54 are coupled to sensor 10 by fiber optic cable 32 and
coupler 34. Filters 50, 52, and 54 are selectably designed to
reflect different wavelengths to generate a plurality of filtered
signals 44. In one embodiment, the plurality of filtered signals
44 includes different wavelengths. Alternatively, the plurality
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of filtered signals 44 may include same and/or similar wave-
lengths. Moreover, detector 26 includes a first detector 56, a
second detector 58, and a third detector 60. Detectors 56, 58,
and 60 are coupled to respective filters by fiber optic cable 32
and coupler 34. Filters 50, 52, and 54 are configured to cap-
ture sensor reflection in different strain values of composite
component 16. In the exemplary embodiment, filter configu-
rations are based on the effective operating range of sensor
10, for an example a high strain range when signal distortion
is high. A number of filters 24 may be equal to a number of
detectors 26 or less than a number of the detectors 26. Alter-
natively, any number of filters 24 and an equal number of
detectors 26 can be used that enables monitoring system 12 to
function as described herein.

[0032] First filter 50 is configured to receive reflected signal
40 from sensor 10 and filter reflected signal 40 to facilitate
generating a first filtered signal 62. First detector 56 is con-
figured to receive first reflected signal 44 to facilitate gener-
ating a first time domain signal 64. Second filter 52 is con-
figured to receive reflected signal 40 from sensor 10 and filter
reflected signal 40 to facilitate generating a second filtered
signal 66. Second detector 58 is configured to receive second
reflected signal 66 to facilitate generating a second time
domain signal 68. Third filter 54 is configured to receive
reflected signal 40 from sensor 10 and filter reflected signal 40
to facilitate generating a third filtered signal 70. Third detec-
tor 60 is configured to receive third reflected signal 70 to
facilitate generating a third time domain signal 72. Fiber optic
cables 32 and couplers 34 are configured to channel reflected
signal 40 to filters 50, 52, and 54 and are configured to
channel filtered signals 44 to detectors 56, 58, and 60.
[0033] Data acquisition unit 28 is coupled to detectors 56,
58, and 60 and is configured to receive time domain signals
64, 68, and 72. Moreover, data acquisition unit 28 is coupled
to processor/artificial neural network 30. Data acquisition
unit 28 1s configured to perform preprocessing of received
timed domain signals 64, 68, and 72 based on the type of
signal received. In one embodiment, an electrical or wireless
connection couples data acquisition unit 28 and artificial neu-
ral network 30 to transmit signals 64, 68, and 72 from data
acquisition unit 28 to artificial neural network 30.

[0034] Data acquisition unit 28 includes a plurality of digi-
tal signal processing algorithms 76 which are configured to
perform functions such as, but not limited to, filtering and
data compression, power-time integration, and power spec-
tral density calculations. Data acquisition unit 28 includes at
least a signal processor 78 and a memory 80. Processor 78
processes the signals 64, 68, and 72 received from detectors
56, 58, and 60 in accordance with algorithms 76 to generate
digital data and stores the digital data in the memory 80. Data
acquisition unit 28 includes an interface 82 that is configured
to allow a connection to artificial neural network 30 and/or
various computer or data downloading serial port devices (not
shown), such as personal data assistants, laptop computers, or
adirect or wireless connection to artificial neural network 30.
Alternatively, other interface devices can be used to allow
data acquisition unit 28 to transmit data to artificial neural
network 30.

[0035] Artificial neural network 30 includes a plurality of
diagnostic and prognostics algorithms 84 that assess the cur-
rent condition state of composite component 16 to diagnose
composite component 16 for conditions such as fatigue life
and usage, overload conditions, and/or environmental expo-
sures, and to predict the condition at some future time given
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some assumed loading, usage, scenario, and/or environmen-
tal exposure. Prognostics algorithms 84 can include crack
growth or strain-life models, corrosion damage predictive
models, and/or other residual strength and life predictive
models. Artificial neural network 30 is configured to store the
data in a format specified by vehicle maintenance personnel
for planning future maintenance actions. After artificial neu-
ral network 30 is coupled to data acquisition unit 28, signal
processor 78 is configured to retrieve the stored digital data
from memory 80 based on requests from artificial neural
network 30. Artificial neural network 30 is configured to
receive data relating to time domain signals 64, 68, and 72
from detectors 56, 58, and 60 and estimate strain 20 on com-
posite component 16.

[0036] Artificial neural network 30 is configured to analyze
the behavior of operational conditions of composite compo-
nent 16 to facilitate modeling non-linear characteristics of
composite component 16. Although some aspects of non-
linearity associated with physical components can be mod-
eled mathematically to a certain degree, some aspects may
not be amenable to a mathematical model. Artificial neural
network 30 is configured to provide results when data is not
provided during a training process. Artificial neural network
30 includes architectures 86 such as, but not limited to, multi-
layer perception architecture having a back-propagation
algorithm 88.

[0037] Inthe exemplary embodiment, artificial neural net-
work 30 includes N, inputs and N, outputs. Given an input
vector xeR™ and an output vector yeR™°, the output of a given
neuron k([text missing or illegible when filed]) with N
input connections when a pattern p is presented to artificial
neural network 30 is given as a function of its activation (a,”)
shown in equation (1).

v =Fa]) = F(GDw® 7 +0,) (0

@ indicates text missingor illegiblewhen filed

[0038] Where F, is the activation function of the neuron k,
w;, represents the weight associated to the connection
between neuron j and neuron k, y# is the output of neuron
and 0 is the bias. Note that in the case of the input layer viis
equal to x#. The gradient descent rule (BP) minimizes the
quadratic error function to equation (2).

= 0 - @

@ indicates text missingor illegiblewhen filed

[0039] Whered ? is the desired output when the pattern p is
presented to the network and y 7 is the neuron output. Fol-
lowing the minimization process, artificial neural network 30
weights are adjusted by equation (3).

Aw,=[text missing or illegible when
filed]+aa[text missing or illegible
when filed]w[text missing or
illegible when filed] 3)

[0040] Where y is the learning rate, [text missing or
illegible when filed] the local gradient of neuron k, A[text
missing or illegible when filed] is the change made to
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the weight w,, when the last pattern q was presented to arti-
ficial neural network 30 and o is the momentum term.
[0041] FIG. 4 illustrates an exemplary graphical represen-
tation of artificial neural network 30. In the exemplary
embodiment, artificial neural network 30 includes a two layer
network 94 having hidden layers 96 and an output layer 98.
Alternatively, any number of hidden and output layers 96 and
98 may be used to enable artificial neural network 30 to
function as described herein. Moreover, artificial neural net-
work 30 includes three input neurons 100 and one output
neuron 102. Alternatively, any number of input neurons 100
and output neurons 102 may be used to enable artificial neural
network 30 to function as described herein. In the exemplary
embodiment, artificial neural network 30 includes three hid-
denlayers 96, having 20, 50, and 25 neurons, and output layer
98. In the exemplary embodiment, three pre-processed fixed
filter signals 62, 66, and 70 (shown in FIG. 2), detected by
detectors 56, 58, and 60, are delivered to artificial neural
network 30 via signals 64, 68, and 72 to three input neurons
100 and strain 20 at sensor 10 is estimated and/or predicted
and/or calculated through output neuron 102.

[0042] Artificial neural network 30 is trained for the initial
conditions of composite component 16 and the expected load
to be applied to composite component 16. In the exemplary
embodiment, back propagation algorithm 88 (shown in FIG.
2) is configured to train artificial neural network 30. The
induced distortions to reflected signal 40 are set as the refer-
ence normal condition, wherein the reference is used to iden-
tify strain 20 applied to composite component 16. Moreover,
artificial neural network 30 is configured to determine and/or
calculate a strain output value 106 (shown in F1G. 2) based on
estimated strain 20 of composite component 16. More par-
ticularly, artificial neural network 30 is configured to process
the information received and, based on training, provide a
strain analysis while taking into consideration noise such as,
but not limited to, signal losses, filter variations, and detector
variations. Moreover, artificial neural network 30 is config-
ured to generate a user-defined category (e.g., severe, mod-
erate, or mild) (not shown), for classification of the damage
that may have resulted from the strain 20, or the like. Artificial
neural network 30 is configured to generate an action
response plan and/or maintenance plan and/or monitoring
plan (not shown) based on estimated strain 20.

[0043] FIG. 5 illustrates a flow chart of a method 200 of
operating a monitoring system, for example monitoring sys-
tem 12 (shown in FIG. 2) to facilitate estimating strain of a
component, for example component 16 (shown in FIG. 2).
Method 200 includes coupling 210 a sensor, such as fiber
Bragg grating sensor 10 (shown in FIG. 2), to component. In
the exemplary embodiment, sensor is embedded within com-
ponent. Alternatively, sensor may be coupled to component
surface. A signal generator, for example laser generator 22
(shown in FIG. 2), transmits 215 an optical signal, such as
signal 36 (shown in FIG. 2), into sensor. Sensor 10 converts
the transmitted optical signal into a reflected signal, such as
reflected signal 40 (shown in FIG. 2). At least one wavelength
of reflected signal is shifted and/or distorted 220 based on
strain applied to component. Method 200 includes directing
225 the reflected signal into a plurality of filters, for example
fiber Bragg grating filters 50, 52, and 54 (shown in FIG. 2).

[0044] In the exemplary embodiment, filters filter 230 the
reflective signal into a plurality of filtered signals, for
example filtered signals 62, 66, and 70 (shown in FIG. 2).
Method 200 includes directing 235 the plurality of filtered
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signals into a plurality of photo-detectors such as photo-
detectors 56, 58, and 60 (shown in FIG. 2). Photo-detectors
convert 240 the plurality of filtered signals into a plurality of
time domain signals, for example time domain signals 64, 68,
and 72 (shown in FIG. 2). Method 200 includes directing 245
the time domain signals to a data acquisition unit, for example
data acquisition unit 28 (shown in FIG. 2).

[0045] Data acquisition unit receives time domain signals
from detectors, wherein data acquisition unit digitizes 250 the
received time domain signals. Data acquisition unit processes
255 the digitized time domain signal based on at least one
algorithm executed by data acquisition unit. Method 200
includes data acquisition unit integrating 260 the time domain
signals. The data acquisition unit stores 265 the digitized and
processed signals for later use.

[0046] Method 200 includes directing 270 the time domain
signals to an artificial neural network, for example artificial
neural network 30 (shown in FIG. 2). Artificial neural net-
work processes and analyzes the time domain signals accord-
ing to associated diagnostic and/or prognostic application
programs executed by the artificial neural network. Method
200 further includes analyzing 275 the time domain signals to
facilitate estimating 280 the strain of the component.

[0047] FIGS. 6-13 illustrate graphical representation of an
exemplary load applied to component 16 (shown in FIG. 2)
and data compiled by monitoring system 12 (shown in FIG. 2)
to estimate strain 20 applied to component 16. FIG. 6 illus-
trates an exemplary graphical representation of distorted sen-
sor spectrum resulting from exemplary strain 20 applied to
sensor 10. More particularly, FIG. 6 illustrates exemplary
power distortions (graphically illustrated as 41, 43 and 45 in
FIG. 6) observed in the spectrums resulting from strain 20
induced by three respective, exemplary loading levels—SON,
500N and 1 kN. In the exemplar embodiment, component 16
is loaded in four points in steps of 25N up to 1000N maximum
load. Subsequently, the readings from data acquisition unit 28
were recorded at each loading steps. As illustrated, reflected
signal 40 distorts with the resultant strain 20.

[0048] FIG. 7 illustrates an exemplary graphical represen-
tation of data for the exemplary strain 20 illustrated in FIG. 6.
More particularly, FIG. 7 illustrates a plot of data recorded at
an applied load of 725N with exemplary voltage responses
(graphically illustrated as 51, 53 and 55 in FIG. 6) of respec-
tive detectors 56, 58, and 60 at the applied load of 725N. FIG.
8 illustrates an exemplary graphical representation of strain
variations of sensor 10. More particularly, FIG. 8 illustrates
strain 20 calculated using the highest peak value of the dis-
torted reflected signal 40. Non-linearity of the readings is
caused by the distortions, wherein with the observed distorted
peaks, the calculated strain is not accurate.

[0049] Inthe exemplary embodiment, a detailed finite ele-
ment model is configured for component 16 using programs
such as, but not limited to, STRAND?7 software. The model
was loaded similar to the four point load applied to compo-
nent 16. This finite element analysis data is configured to
generate the initial training data for the sensor location in
artificial neural network 30 and to verify output results of
artificial neural network 30.
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[0050] Intheexemplary embodiment, the recorded detector
readings are pre-processed using an algorithm written on a
program such as MATL AB to read the time domain spectrum.
Weighted, pre-processed data is subsequently fed into artifi-
cial neural network 30 through three input neurons 100. FIG.
9 illustrates an exemplary graphical representation of data
extracted from reflected signal 40 for strain 20 of component
16. More particularly, FIG. 9 shows exemplary voltage 51,53
and 55 readings observed by respective detectors 56, 58, 60
while a 1000 N load is applied to component 16.

[0051] Artificial neural network 30 is trained to use the data
set until the RMS error of artificial neural network output is
reduced, in the exemplary embodiment, to about 0.3%. In the
exemplary embodiment, artificial neural network 30 took
35,000 epochs to reach the expected RMS error level. FIG. 10
illustrates an exemplary graphical representation of a training
rate of artificial neural network 30.

[0052] FIG.11 illustrates an exemplary graphical represen-
tation of exemplary strains 20. More particularly, FIG. 11
illustrates network input data (graphically illustrated as 61, 63
and 65) configured to train artificial neural network 30. The
non-linearity of the data is caused by the spectrum distortions
shown in FIG. 6. Asillustrated in FIG. 12, the embedded fiber
Bragg grating sensor peak’s location with no loading is (1541
nm), 3 nm away from first filtered signal 62 of first filter 50
(1538 nm). With loading, the sensor peak starts to shift
towards the bandwidth of the filters (1539 nm-1537.5 nm)
(graphically illustrated as signals 66 and 70 for respective first
and second filters 52 and 54. FIG. 11 illustrates an exemplary
operating range of monitoring system 12. By selecting
desired filters, monitoring system 12 is configured to work in
any of the regions of the operating range of sensor 10. By
increasing the number of filters 24, monitoring system 12 is
configured to increase the monitored strain range of monitor-
ing system 12. Moreover, by optimizing the filter bandwidth,
monitoring system 12 is configured to minimize and/or elimi-
nate the non-intersected regions and improve the learning
rates of artificial neural network 30.

[0053] FIG. 13 illustrates an exemplary graphical output
generated by monitoring system 12. More particularly, FIG.
13 illustrates a network output 108 and a desired output 110.
In the exemplary embodiment, desired output 110 s the finite
element analysis estimated strain at the sensor location within
component 16. In the exemplary embodiment, network out-
put 108 closely matches with desired output values. An initial
mismatch was found due to values recorded out of the filters
operating range. Hence, the percentage error for the strain
from artificial neural network 30 at 250 N is higher than strain
calculated from the fiber Bragg grating peak 104 as shown in
the Table 1 (7.4628%).

[0054] As illustrated in FIG. 13, the response spectrum of
sensor 10 has been significantly distorted under higher
strains, but artificial neural network 30 is configured to esti-
mate strain 20 with high accuracy illustrating its ability to
accommodate the distorted signal as shown in Table 1. More-
over, as illustrated in FIG. 13, the overall prediction of arti-
ficial neural network 30 is in alignment with calculated
strains. The maximum peak values show a considerable varia-
tion with the desired strains, thus disqualifying its use it as a
reliable measure. Table 1 shows the error which was calcu-
lated relative to the desired value as:
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TABLE 1

Percentage Frror

Strain

caleulated

from FBG
Load/N peak ANN
30 -5.3421 0.3463
250 -1.0045 7.4628
500 -6.2716 0.1315
750 -3.6897 0.0029
1000 16.1156 0.0636

(Desired Value — Strain from FBG peak or ANN) %
0

P tage Error =
ereentage Brror Desired Value

[0055] For the embodiments described herein, a spectrum
of a Bragg grating sensor, which is highly distorted as a
function of increased load, has been decoded with an artificial
neural network and the strain in the loaded component is
determined. In one embodiment, the artificial neural network
produced an error level less than 0.3% compared with strain
values calculated using a conventional finite element analy-
sis. The agreement of predictions of artificial neural network
and the calculated strains confirms that the developed artifi-
cial nevral network accommodates the inherent distortions of
the spectra induced by other factors besides damage. Further,
the system is capable of understanding an abnormal event
such as, but not limited to, a surge of strain due to damages
inside the component under four point bending loading. Addi-
tionally, the trained system acts as a reference for the particu-
lar component’s strain response under four point loading.
[0056] The embodiments described herein eliminate the
optical spectrum analyzer from the strain measurement sys-
tem and replace it with the invention described herein to
minimize and/or eliminate lengthy post-processing of data
and bulky equipment. Moreover, the embodiments described
herein employ artificial neural networks to facilitate minimiz-
ing and/or eliminating ambiguity and subjectivity in the clas-
sification of damage to the structural component. The
embodiments described herein include the artificial neural
network to model non-linear characteristics of physical com-
ponents while being robust to noise. Further, the embodi-
ments described herein minimize and/or eliminate the unnec-
essary data which was not caused by the damage inside the
structural component. The embodiments described reduce
the processing time to a level compatible with real-time sens-
ing of strain, reduces the cost of implementation, and
enhances the robustness/reliability of the system. Moreover,
this approach improves the probability of correctly identify-
ing and/or categorizing damage in the structural component.
[0057] The measurement subsystem may demodulate a
spectral shift in the reflected optical signal for purposes of
measurement (e.g.. strain measurement) by using, for
example, multiple channels for processing a reflected optical
signal to overcome limitations (e.g., noise) within the analy-
sis system.

[0058] Exemplary embodiments of systems and methods
for a monitoring system are described above in detail. The
systems and methods are not limited to the specific embodi-
ments described herein, but rather, components of systems
and/or steps of the method may be utilized independently and
separately from other components and/or steps described
herein. The disclosed dimensional ranges include all sub
ranges there between. Further, components of the monitoring
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system may be fabricated from any material that enables the
system to function as described herein. Each component and
each method step may also be used in combination with other
components and/or method steps.

[0059] Although specific features of various embodiments
may be shown in some drawings and not in others, this is for
convenience only. Any feature of a drawing may be refer-
enced and/or claimed in combination with any feature of any
other drawing. The embodiment described herein may
include, an automotive vehicle, an aircraft vehicle, or a civil
engineering structure. For example, if the monitoring system
is deployed in a civil application, the optical sensor may be
attached underneath a bridge or to a beam in a building. The
analysis system may be used to monitor health of the structure
to determine whether, for example, the structure is in danger
of buckling or collapsing. The monitoring system may be
used to monitor strain, movement, integrity, and the like.
[0060] This written description uses examples to disclose
the invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
structural elements that do not differ from the literal language
of the claims, or if they include equivalent structural elements
with insubstantial differences from the literal languages of
the claims.

What is claimed is:

1. A system for estimating strain of a component, said
system comprising:

a signal generator configured to transmit a signal toward

the component;

a sensor coupled to the component and configured to
receive said signal and to generate a reflected signal;

a fiber Bragg grating filter coupled to said sensor and
configured to filter said reflected signal and to generate a
filtered signal;

a detector coupled to said filter and configured to convert
said filtered signal to a time domain signal; and

an artificial neural network coupled to said detector and
configured to process said time domain signal to facili-
tate estimating the strain of the component.

2. The system of claim 1 further comprising a data acqui-
sition unit coupled to said detector and configured to compile
said time domain signal.

3. The system of claim 1 wherein said signal generator
comprises a laser.

4. The system of claim 3 wherein said signal comprises an
optical signal.

5. The system of claim 1 wherein said sensor is embedded
within the component.

6. The system of claim 1 wherein at least one of said
reflected signal is distorted based on the strain of the compo-
nent.

7. The system of claim 1 wherein said sensor comprises a
fiber Bragg grating sensor.

8. The system of claim 1 wherein said artificial neural
network comprises a power-time integration algorithm.

9. The system of claim 1 wherein said detector comprises a
photo-detector.
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10. The system of claim 9 further comprising a fiber optic
coupler configured to transmit photonic energy from said
fiber Bragg grating filter to said photo detector.

11. A method of estimating a strain of a component, said
method comprising:

transmitting an optical signal from a laser and into a fiber
Bragg grating sensor;

converting the transmitted optical signal into a reflected
signal;

directing the reflected signal into a plurality of fiber Bragg
grating filters;

filtering the reflected signal into a plurality of filtered sig-
nals;

directing the plurality of filtered signals into a plurality of
photo-detectors;

converting the plurality of filtered signals into a plurality of
time domain signals;

directing the plurality of time domain signals into an arti-
ficial neural network; and

analyzing the plurality of time domain signals to facilitate
estimating the strain of the component.

12. The method of claim 11 further comprising distorting at
least one of the reflected signal based on the strain of the
component.

13. The method of claim 11 wherein the plurality of filters
comprises a first filter, a second filter and a third filter which
are configured to filter the reflected signal into a first filter
signal, a second filter signal and a third filter signal respec-
tively.

14. The method of claim 13 wherein the plurality of detec-
tors comprises a first detector, a second detector and a third
detector which are configured to convert the first, second and
third filtered signals into a first time domain signal, a second
time domain signal and a third time domain signal respec-
tively.

15. The method of claim 14 further comprising integrating
the first, second and third time domain signals.

16. The method of claim 15 further comprising calculating
a strain output value based on the estimated strain of the
component.

17. A vehicle monitoring system for monitoring a condi-
tion of a composite component of a vehicle, said system
comprising:

a laser configured to transmit an optical signal toward the

composite component;

a fiber Bragg grating sensor coupled to the composite com-
ponent and configured to receive said optical signal and
to generate a reflected signal;

a fiber Bragg grating filter coupled to said sensor and
configured to filter said reflected signal and to generate a
filtered signal;

a photo-detector coupled to said filter and configured to
convert said filtered signal into a time domain signal;

a data acquisition unit coupled to said photo-detector and
configured to compile said time domain signal; and

an artificial neural network coupled to said photo-detector
and configured to correlate said time domain signal to
facilitate estimating the strain of the composite compo-
nent.

18. The vehicle monitoring system of claim 17 wherein

said fiber Bragg filter comprises a plurality of fiber Bragg
filters.
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19. The vehicle monitoring system of claim 17 wherein
said artificial neural network includes a plurality of inputs and
an output neuron.

20. The vehicle monitoring system of claim 17 wherein
each input includes a plurality of input neurons.
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