





Fig.72 Experimental Setup for Sweep Sine Based Monitoring

The S transform of the propagated waves received at the sensor side was utilized to
extract and encode the features indicating the condition of the structure. The
characteristics of the S transforms of the propagated waves varied according to the
property changes which influenced the propagation of surface waves. Fig.73 shows the S
transforms of the free tube and the same tube when the clamp was placed at three
different locations. In Fig.73, the time-frequency characteristics of the sensory signals of
the tube under the aforementioned conditions were illustrated by contours of the S
transforms. The contours represented certain amplitude levels. Fig.73 indicated that the S
transform contours of the free tube and the same tube with a clamp had different
characteristics. The free tube had the higher spikes since the clamps obstructed the

propagation of the surface waves and reduced their energies.
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c¢) Clamped at the Middle d) Clamped at the Right
Fig.73 S Transform of the Sensory Signals
Since the excitation signal was a sweep sine wave, the peaks located on a diagonal
line correlated to the dominant frequency increasing with time. The amplitude level of the
most significant peaks of the S transforms could be extracted to indicate the tube
conditions. Fig.74 compares the characteristics of the peaks of the free tube and that of

the tube clamped at the right.
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Fig.74 Contour of Peaks

The time, frequency and amplitude of the most significant peaks were isolated and
utilized to estimate the conditions of tubes. Fig.75 illustrates the peaks along the time axis
and Fig.76 illustrates the peaks along the frequency axis.

x 10° Peaks Along Time Axis
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Fig.75 Maximum Amplitude Along Time Axis
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Fig.76 Maximum Amplitude Along Frequency Axis

The encoded information of time, frequency and amplitude extracted from peaks of S
transforms of the dynamic responses under different conditions was presented to the
backpropagation neural network for training. The inputs and the outputs of the back-
propagation type neural network model are illustrated in Fig.77. The neural network had
four inputs, four hidden nodes and one output. The output was a HI which represented the
condition of the tube. The inputs were the encoded information of the frequency
responses at four critical frequencies identified from the S transform plots. These
frequencies were 37, 50, 70 and 87 KHz. From the experimental result, 16 cases were

chosen for training while the other 16 cases were used for test.
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Fig.77 Backpropagation Neural Network Model

The training and the test were carried out for two different purposes. First, the
diagnostic method aimed to separate the free and the clamped tubes. The HI of the
training data extracted from the free tube’s dynamic response was labeled as 0, and all
others were labeled as 1. The training of the neural network converged quickly, and the
estimation accuracy of the diagnostic system was 88%. Out of the 16 test cases, only 2
cases were identified wrongly. Secondly, the location of the clamp was estimated by the
neural network. The training and testing process was the same as the previous one except
that the HIs of the training data was labeled as 2, 3 or 4 according to the location of the
clamp (left=2, middle=3, and right=4). After the training process, the neural network
estimated HI of the tube with 38% accuracy for the test cases. Out of the 16 test cases,
only 6 were classified correctly. Based on the results, the proposed method might be
confidently used to determine the existence of a surface defects on a tube. If the clamp
used for holding components on a tube loosen up, it would be possible to detect the
problem. The confidence level would be much lower when the location of the obstruction

1s estimated.
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6.1.3 Lamb Wave Based Monitoring

Lamb wave based monitoring is an effective tool to evaluate defects on the surface of
composite materials, since the propagation of Lamb wave is very sensitive to the
variation of the material properties. In this study, experiments were carried out on the
carbon fiber tubes to testify the proposed integration of IBR with Lamb wave based SHM.
Fig.78 shows the perfect tube and the defect tube. The defect tube has a notch cut in the
middle and around the whole surface of the tube. The piezoelectric actuator attached on
the tube was excited by three 300KHz pulses. A microprocessor Picl6F690 was

programmed by Microchip’s Pikit 2 to generate the pulses, then, the signal was amplified

with an operational amplifier.

Fig.78 Perfect Tube and Defect Tube with a Notch
The generated Lamb waves would propagate along the surface of the tubes. Dynamic
responses received by the piezoelectric sensor were acquired by a Nicolet IntegralO four
channel digital oscilloscope. The experiment set up is shown in Fig.79. The same
experimental procedure was repeated on the defect tube and on the perfect tube when it

was squeezed at 40mm, 80mm or 120mm away from the actuator.
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Fig.79 Experimental Setup for Lamb Wave Based Monitoring
The frequency response data collected by the piezoelectric sensor was processed by S
transform to extract features. Fig.80 shows the results of S transforms of the perfect tube,

the perfect tube clamped at the left, at the middle, at the right and the defect tube.

x 10° S-transform (Perfect Tube) x 10° S-transform (Clamped at Left)

Frequency(Hz)
Frequency(Hz)

Time(S) -4

a) Perfect Tube b) Perfect Tube Clamped at the Left

Fig.80 S Transform of Dynamic Responses of Perfect and Defect Tubes
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x1
I10

x 10° S-transform (Defect Tube) 0

Frequency(Hz)

e) Defect Tube

From the figures, we can see that the peaks of S transforms occurred at different time,
but they were almost at the same frequency. The frequency was about 250KHz which
was the frequency of the pulse generated. The peaks of the S transforms indicated the
receipt of the generated Lamb waves and its echo at the sensor side. From this we can
estimate the delay time of the propagation of Lamb waves.

When we compared the results of the defect tube with the perfect tube, the noticeable

difference was that, for the defect tube, there were two extra distinctive peaks, and the
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6.3 Conclusions

In this study, IBR based SHM systems were developed and tested to evaluate the
structural integrity of tubes and propellers of a four rotor helicopter. The perfect and the
damaged carbon fiber composite tubes and propellers were excited using ambient
vibrations, Lamb waves and sweep sine waves through the piezoelectric actuators bonded
on their surface. Their frequency responses were measured by the piezoelectric sensors
attached on the opposite side of the structures. The dominant frequency characteristics of
the perfect and the damaged structural components were extracted with FFT and S
transformation. They were found different and were used to estimate the integrity of these
components.

The experimental study of composite tubes indicated that the defects may be
identified by evaluating the frequency response characteristics of a structure. The size,
location, and direction of the defect affected the frequency response characteristics of the
structure. A defect located at the fixed end of a tube and was parallel to the measurement
direction was easier to identify comparing to the case when the same defect was located
at the free end. The spectral responses of the perfect and the damaged tubes changed very
little when the hole was perpendicular to the direction of the measurement, no matter if
they were close to the fixed end or not. These results were very reasonable since the
stress was concentrated on the front and back of the tube. A hole which is perpendicular
to the measured vibration direction would influence the stress concentrated region much
less than a hole parallel to the measured vibration direction of the tube.

The Lamb wave approach is more suitable to identify the weakened structural

elements for maintenance purposes. It is very sensitive to the property change of the
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structure surface, and it can be used to identify the location of damages. However, the
Lamb wave approach requires more sensors for the large size assemblies, since at least
one sensor and actuator are required for every structural element. Another disadvantage
of this method is that special equipment is needed to generate Lamb waves on the
structures’ surface, which makes it difficult to apply Lamb waves on board as part of
SHM system.

In the experimental studies, piezoelectric elements provided excellent signals to
identify dynamic characteristics of the structures. If a structure was excited by ambient
vibrations, only one piece of piezoelectric element was needed to identify the structural
integrity. The amplitude of sensory data was good enough to be input directly to the
oscilloscope without any conditioning.

The dominant frequency characteristics could be extracted and encoded through
transformation algorithms. S transformation not only can get the FFT analysis but it can
also provide time frequency representation. It was a perfect match to analyze signals
acquired through Lamb wave approach. The frequency features were then presented to
neural networks for training. The training results were simplified as LUTs for IBR to
classify the structural integrity with HI values. The proposed approach was computational
efficient, and it could be implemented by microprocessors. The classification results of

IBR were acceptable accurate.
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CHAPTER VII
CONCLUSIONS AND FUTURE WORK

In the previous chapters, the Index Based Reasoning (IBR) system was introduced
and feasibility was studied. In this section, the important findings of the study and the
possible future work are presented.
7.1 Conclusions

The IBR was developed as a small low cost distributed diagnostic system for small
UAVs. Later, various capabilities were added to make it effective even in more
demanding conditions and to satisfy the needs of bigger UAVs. The proposed IBR was
used to identify the structural integrity of complex systems based on the dynamic
responses of ambient vibration, Lamb wave and sweep sine wave signals. Simulation and
experimental works proved that IBR systems could be applied to a wide range of systems
to evaluate the health conditions of versatile structures.

The listed conclusions of this chapter were based on the simulation and experimental

work:

e 3D graphic user interface was developed to program or train individual IBR
nodes. The IBR node could be trained to learn a pattern presented to it. An IBR
network with two layer structure was prepared. It processed the information of
both time and frequency domain. The programmer could automatically generate
the rule based MicroBasic code for the PIC processors of Microchip Corporation.

e The models of a High Displacement Actuator (HDA) and a turbojet engine SR-
30 were simulated. The IBR systems used the temperature and the frequency

response of the simulated system to monitor the health conditions. It was easy to
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The simulation of a four rotor helicopter and its control system was demonstrated.
The PID controller and the fuzzy logic controller were designed to guide the four
rotor helicopter climbing to the target height and hovering around. The
controllers were integrated with IBR to optimize the control strategy based on the
structural integrity. Fuzzy logic controller was more flexible; it could provide
fault tolerant control for UAVs. However, it needed prior knowledge and a
tedious trial and test process to design the membership functions and the rule set.
Experimental works were carried out on the components of the four rotor
helicopter; the carbon fiber tubes and the propellers. The piezoelectric elements
were utilized as actuators and sensors; they were light and thin, which could be
attached on the structures easily. Their signals could be directly acquired with
A/D converting. Simple amplifying circuits might be needed to amplify the
signals; however, for most of the cases, their signals were strong enough to be
utilized directly. They also worked well at low frequency and could monitor the
strain.

The structures were excited by the ambient vibration, the Lamb wave and the
sweep sine wave signals. The health monitoring systems based on the Lamb
wave or the sweep sine wave needed at least two piezoelectric elements for one

structure, and they generated more descriptive frequency domain characteristics.
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However, they needed external equipment and power to generate the Lamb wave
and the sweep sine wave, and they needed high frequency sampling data
acquisition systems. Lamb wave propagations were found sensitive to surface
damages, and they could be analyzed to identify the location of the problems.
The health monitoring based on ambient vibration needed less sensors, less
power, and less equipment. It might be used to identify global changes according
to the occurrence of damages, but it could not provide much local information,
such as the location of the damage.

Simulation and experimental works showed that frequency response
characteristics of the structures could be used to detect significant defects. If a
structure operated as a cantilever beam, then, the size, the location and the
orientation of the damage would affect the characteristics of the frequency
responses. The frequency of the dominant mode changed when the structure
weakened. It decreased with the increase of the distance between the damage and
the fixed end. However, it was much easier to identify the shift if a through hole
was located at the fixed end of a tube and was parallel to the measurement
direction. Identification of the hole was much more difficult when it was at the
same location but perpendicular to the measurement direction.

The proposed IBR approach was found computationally efficient and easy to
implement for experimental data. FFT and S transformation were utilized to
extract frequency and time-frequency characteristics of the data respectively. S

transformation was found more accurate to obtain the time-frequency
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representation of the signals. S transformation results might be encoded to
interpret the signal by using various methods.

e Self organizing maps (SOM) were also used for the preparation of the IBRs. The
learned patterns were used for selection of the parameters of the IBRs. The
proposed approach was found suitable for applications with lack of prior
knowledge about the characteristics of the system, which is the case for most of
the real life problems. The proposed approach reduced the computation burden,
thus, it could be implemented by simple and cheap hardware.

e The IBR evaluated and classified the health of the sub-system with an index. It
was carried to the higher level IBRs layer by layer. A wide range of methods
could be conveniently embedded into IBR nodes to improve the performance of
feature extraction and decision making. The IBR may be easily adopted to be
used for classifying the data of many applications.

e The preliminary hardware implementation of the IBR was prepared by using PIC
microcontrollers. Multiple versions were prepared to accept Analog or Digital
inputs and to report the condition with either analog (PWM) or digital signals.

7.2 Future Work

The simulation and experimental works proved that IBR systems are efficient,
flexible and economic for small UAVs. However, further research is needed for
commercialization of the proposed concept in this thesis:

1. Extensive testing of the frequency domain characteristics of the structure. The four

rotor helicopter studied in this thesis will be replaced with new models soon.
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2. Development of automatic programming code for IBRs with three inputs when
they use the look up tables. The automatic programming capability was developed
only for the rule based IBR in the thesis.

3. Consideration of the faster algorithms such as Kalman filters to add more efficient
signal processing capability to IBRs.

4. Implementation of DSPs for development of faster and more advanced SHM

systems.
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