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Abstract

Acoustic emission (AE) testing plays a significant role in structural health monitoring
(SHM) applications. Acoustic emissions are high frequency (20 kHz — 1 MHz) stress waves,
which are generated due to crack initiation and fracture growth behaviour of a
material/structure by the rapid release of transient energy from the confined sources. AE
testing involves the recording of these waves using piezoelectric sensors attached to the
surface of structures under test and then analyzing the signals to extract information about
the nature of the sources. There are different parameters associated with acoustic emission
signals such as peak amplitude, RMS, counts, cumulative counts, rise time, and event
duration. These parameters are beneficial for assessing the AE activity obtained during
SHM applications and provide vital information about the integrity of components. A few
commercial AE systems are available for these applications, the cost of which is very high,
and details of instrumentation development proprietary in nature. For continuous monitoring
of structures, typical AE sensing systems demand compact, portable and battery-operated
devices. Distributed AE sensing also demands less wiring complexities for the ease of
deployment and maintenance. In this context, the present thesis presents a first of its kind
details about the design and development of a wireless acoustic emission sensor system
(AE-SS) for structural health monitoring applications using the programmable system on
chip (PSoC). The design challenges and validation of different sub-modules of AE-SS, such
as signal conditioning unit (SCU), data acquisition (DAQ) device, and computational core

unit (CCU) have been realized towards achieving the objectives of the thesis:

A signal conditioning unit has been designed and developed for amplifying weak AE signals

enabling their further processing. The performance of the developed SCU has been validated

i



using artificial AE events generated by pencil lead break (PLB) test. A novel hardware
design approach has been proposed for the extraction of the parameters of AE signals. A
data acquisition device has been designed and developed on the programmable system on
chip. The developed DAQ device has also been validated by using an artificial burst type
AE signal. Zigbee based wireless communication unit is interfaced with the CCU for
transmission of AE parameters and their analysis. Different sub-modules of the wireless AE
sensor system have been fabricated and assembled in a compact single two-layer printed

circuit board (PCB).

Finally, the AE results obtained from compression and corrosion tests of concrete using the
developed wireless system have been compared with those obtained by using a
commercially available wired system for validation. The results of compression and
corrosion tests of concrete have been verified with scanning electron microscopy and X-ray
radiography methods. The developed wireless system offers several unique advantages such
as it is cost-effective, compact in size (85 mm x 56 mm), easy to install on structures,
portable, low power consumption (50 mA) capability to ensure long term monitoring in a
single charge battery supply and remote operational capability. The developed AE system
can be effectively utilized for condition monitoring and health monitoring of structures and
components such as nuclear power plant (NPP) containments, bridges, tanks, and
components in petrochemical industries where corrosion is a potential issue, with utmost

ease and efficiency.
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Chapter 1

1 Introduction

1.1 Preamble

This chapter provides a brief introduction to non-destructive evaluation (NDE), structural
health monitoring (SHM), principles of acoustic emission testing (AET), and acoustic
emission instrument. As the thesis is concerned with the development of an instrument for
SHM applications using acoustic emission method, a brief description of the method, and

signal analysis is discussed.

1.2 Non-destructive testing

Non-destructive testing (NDT) is an interdisciplinary technology that plays a vital role in
ensuring the quality and structural integrity of components and systems [1]. The NDT is
defined as the identification of the physical condition of materials/structures without
affecting their intended functions [2]. NDT technologies are essential in various industries,
including petrochemical, nuclear, acrospace, construction, automotive, and defence [3].
Several NDT methods are available based on a particular physical principle [4-9]. There
exist different NDT methods which are used for inspection of materials/structures such as
visual testing (VT), magnetic particle testing (MPT), radiography testing (RT), liquid
penetrant testing (LPT), ultrasonic testing (UT), vibration testing (VT), eddy current testing

1
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(ECT), infrared thermography testing (IRT) and acoustic emission testing (AET). These
methods are further subdivided into various techniques. These methods and techniques lend
themselves well to specific applications such as structural integrity assessment, online
monitoring, etc. through detection and characterization of damage and defects, e.g., cracks,
porosity, inclusions [10-11]. Judicious selection of methods and techniques is an essential

part according to the area of applications.

NDT methods can be classified into offline and online. The methods such as VT, LPT, MPT,
RT, UT and ECT are oftline while the vibration testing, AET and IRT are online. NDT
methods generally use some form of energy such as x-ray radiation, ultrasonic waves and
electromagnetic waves, to interrogate a material/structure. The interaction of this energy
with the material/structure is sensed to detect the presence of flaws. AET is an exception to
this, wherein the material/structure under test acts as a source for the emission of acoustic
waves which are associated with dynamic events such as the growth of cracks and
microstructural degradation [12]. Thus, AET is useful for the continuous monitoring of large
structures such as pressure vessels, aircraft and concrete bridges in real-time. The AE
method is distinct in two main aspects from other traditional NDT methods. Firstly, in the
AE method, an external stimulus is present to aid the dynamic events. Secondly, the AE
method detects the internal changes in materials subject to loading. AET is widely used for

early fault detection and diagnosis compared to other NDT methods for monitoring
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materials/structures [13-14]. The details of structural health monitoring are discussed

subsequently.

1.3 Structural health monitoring (SHM)

SHM is adopted to assess the healthiness/condition of structures through their monitoring
and any damage sensing before failure. SHM is vital for monitoring the health of any
structure to ensure the safety of working personnel and has economic implications [15].
SHM is a new concept in the field of engineering. It is intended for continuous monitoring
of structures in real-time. It also evaluates the structural performance under various external
stimulus to identify damage or deterioration, in order to ensure the healthiness of the
structures/components. Towards the advancement in SHM, many non-destructive testing
methods have been developed over the past three decades [16-17]. NDT including proof
loading, coring, radar methods and conductivity mapping have all been used for
enhancement of the visual inspection method for concrete and sandstone based civil
structures [18-19]. Many researchers have gone about trying to determine the best methods

of damage prognosis in mechanical, civil and aerospace structures for SHM applications.
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Structural health monitoring is applied to monitor the operational loads and to the
components/structures which are prone to accidental impairment [20].

The structural health monitoring on a continuous real-time basis is essential for
manufacturing, end-users and maintenance teams. SHM system allows optimal use of the
structure, avoidance of catastrophic failure and a minimized downtime. The SHM system,
once correctly implemented, shows improvement in a product and drastically changes
maintenance service. The drastic changes in maintenance philosophy are described in
several publications, particularly for civil infrastructure [21], military air vehicle [22], army
systems [23] and civil aircraft [24]. In civil infrastructure, wireless SHM is a potential tool
for condition monitoring applications [20]. SHM system involves the integration of
structures, sensors, computational core, data transmission, computational power, and
PC/Server/Base station. The typical block diagram representation of the SHM system is
given in Figure 1.1.

In an SHM application, the sensor is mounted on the monitoring material or structure for
the detection of signals generated by crack growth or fracture. The signals are acquired and
processed using the computational core. Finally, the processed signals are transmitted

through wired/wireless mode to the personal computer/server/Base station for data
4



Chapter 1

collection, data analysis and diagnostics towards structures/materials condition assessment.

The power management is taken care of by the computational power of the individual

system used in the design of SHM systems. The current trend and widely accepted methods

for monitoring large structures are based on sensor network technology where multiple

sensors are mounted on the structures.

Figure 1.1 Block diagram representation of the SHM system

Traditionally SHM uses wired technology for collecting AE data. SHM has advantages in
its anti-interference ability. Also, the wired system requires a large number of cables, and
increases workforce, wiring complexity and cost of maintenance as the number of sensor
node increases. Also, in some situations, it may not be possible to install cables for such

monitoring. The technological improvement in wireless technology has enabled the wireless
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system to overcome the constraints of the wired system. AET plays a significant role in
structural health monitoring. The details of AET, including its applications and

instrumentation, are explained subsequently.

1.4 Acoustic emission testing (AET)

Acoustic emission is generated by a release of transient energy from the localized source
when materials are subjected to an external stimulus like pressure, load and temprature[25].
Acoustic emission is one of the structural health monitoring techniques to monitor the
performance and integrity of the structure when subjected to a stimulus. AET has emerged
as a potential and reliable NDT method that can provide an estimate of the source location,
severity and type of damage in the material/structure [26-27]. The frequency range of
interest in AET is from 20 kHz to 1 MHz. AET is useful in the detection of initial stage
failure and onset of cracking during monitoring of structures under loading condition. There
are different structures such as bridges, buildings and aircraft which are vital for modern
society. While these structures are designed to provide sustainable functionality under
reasonable operating condition, it is also often necessary to re-examine their integrity in the
presence of any structural deterioration [28] or after extreme loading scenarios [29-30].

When a load is applied to a material, it results in the transient energy/stress wave release
from the material. The transient energy released travels in the form of a spherical wavefront
in the material. These stress waves undergo distortion and attenuation while travelling
through the material. The part of the wave reaching the material surface is highly distorted
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and attenuated concerning to the original wave. With the help of a suitable piezoelectric
transducer or sensor mounted on the surface of the material using couplant, these stress
waves are converted into electrical signals. The stress waves undergo multiple distortions
through material, couplant and transducer, and it depends upon characteristics of the transfer
function. The strength of the AE signal can be increased by interfacing a pre-amplifier with
the transducer and making it compatible with the analog to digital convertor. The amplified
signals applied to the filter along with the threshold levels are used to filter ambient noise
and unwanted frequency components from the signals. The process involved during acoustic

emission testing is shown in Figure 1.2.
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Figure 1.2 Process block diagram of the acoustic emission testing.
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The dynamic events such as dislocation movement, slip, twinning, phase transformation,
initiation and propagation of cracks, and fusion (welding) are typical examples of
mechanisms giving rise to AE. The magnitude and characteristics of the acoustic emission
generated from the material are dependent on the source characteristics such as the severity
of source, the metallurgical structure of the material and environment. Acoustic emission
technique is used to investigate the micro-mechanisms of deformation and fracture in
materials [31]. The sources of AE are related to the damage and growth of defects and is
used to predict the failure of materials or structures [32]. Partial discharge localization of

power transformers uses the method of acoustic emission [33].

Acoustic emission testing is widely used for integrity assessment or health monitoring of
structures/systems like pressure vessels, pipelines, reactor vessels, concrete structures, etc.
[34-37]. Fundamental studies on AE are directed at clarifying the mechanisms of AE
generation, correlation of AE signals to physical or mechanical processes, and evaluation
of the interaction of stress waves with the material/structure through which it passes [38].
Since practical applications of AE have become more demanding, more understanding of
the AE phenomena is required. An understanding of the acoustic emission signals generated
during various deformation and fracture processes is essential for successful monitoring of

the integrity of structural components. Fundamentals of AET are discussed subsequently.
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1.4.1 Acoustic emission (AE) source mechanism

Different mechanisms responsible for the generation of AE are given below [39]:

a) Naturally occurring sources

1. Earthquake
2. Rock bursts in mines

b) Sources in metals

1. Crack propagation

2. Grain boundaries and dislocations movement
3. Slip formation

4. Twins growth

5. Realignment or growth of magnetic domains
6. Grain boundary sliding

c) Secondary sources

1. Leaks and cavitations

2. Friction

3. Solid-solid phase transformation
When a certain magnitude of stress is applied to a material, then strain induces in the
material. During application of stress to the material, it is possible that the material may get

back to its original state (elastic deformation) or may get permanently deformed (plastic
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deformation) which depends upon the magnitude of stress during loading and unloading
condition [40]. The maximum AE activity is observed when the material is under plastic
deformation [40]. The occurrence of plastic deformation at a microscopic level causes the
slip of atomic planes past each other through the movement of dislocations [41]. These
movements of dislocations produce energy called as elastic waves. The elastic wave thus
produced can be conceived as naturally generated AE signal, travelling through the material.
When cracks exist in a material, the stress level present at the crack tip can be several times
higher than the surrounding area. Hence, AE activity will also be observed when the material
with a crack undergoes plastic deformation [42]. Fatigue cracks also cause acoustic
emission in two different ways. The first is emissive particles (e.g. non-metallic inclusions
or second phase precipitates) at the origin of the crack tip. The other source is crack growth
through the movement of dislocations and small-scale cleavage produced by tri-axial
stresses at the crack tip [43]. The maximum amplitude and amount of energy released during
emission depend upon the source mechanism. The magnitude of acoustic emission is
proportional to the velocity of crack propagation and size of the surface area created during
crack growth of the material. Large and discrete crack jumps will produce larger AE signals
than cracks that propagate slowly over the same distance [44]. Hence, the elastic signal
detection and its transformation into an electrical signal is the basis of AE testing. Analysis
of these signals yields valuable information regarding the origin and severity of flaws/cracks

in a material.

10



Chapter 1

The acoustic emission signals generated at different loading conditions can provide vital
information concerning the structural integrity of a material/structure. The levels of load
that have been previously exerted on a metallic material do not produce AE activity during
further loading and emit AE when the load is exceeded beyond the previous loading, is
known as Kaiser effect [45]. The cumulative emission versus load plot for the metallic

material is shown in Figure 1.3.

Cumulative Emission

Load

Figure 1.3 Basic of acoustic emission activity shows the Kaiser effect (BCB), Felicity effect

(DEF) and emission during hold (GH) [45].

The AE activity starts accumulating, as shown in the segment AB during continuous loading
of the material. The segment BCB corresponds to unloading and then reloading. The AE
activity starts generating only when the load is exceeded from point B. As the load increases,
AE activity also increases shown by BD and AE activity stops when the load is removed.

11



Chapter 1

At point F, the applied load is high enough to cause significant AE generation even though
the previous maximum load (D) is not reached, and it is known as Felicity effect [45]. The
Felicity effect is quantified by using Felicity Ratio, which is defined as the load where
considerable AE activity resumes divided by the maximum applied load (F/D). This felicity

effect is used for the study of composite materials [45].

1.4.2 Background noise

The amount of background noise often limits the sensitivity of an acoustic emission system.
Acoustic emission testing noise refers to the undesired signals detected by the transducer.
The noise from background in most of the situations where AET is performed is high. It is
essential to understand the types of noise sources and to ensure the elimination of their
influence on AE testing and analysis. It is required to take a survey on the influences of
noise which helps in identifying the amplitude/frequency, selecting sensor, setting threshold
and finalizing test procedure before AE testing. It has to be also noted that whether AE
signals during testing is detected above the background noise. The frequency response of
the noise helps in the selection of optimum operating frequency band (sensor frequency,
filtering, etc.) to avoid noise. Before AET, it is crucial to study the effect of background

noise and suggest ways to nullify it.

12



Chapter 1

Different types of noise are (1) Mechanical noise, (2) Hydraulic noise, (3) Cyclic noise, (4)
Electrical (Electro-Magnetic Noise). The types of mechanical noise are due to the following
reasons:

1. Mechanical part movement,

2. Fretting noise which gives a broad frequency spectrum,

3. Roller bearings with spalled races,

4. Riveted, pinned, or bolted structures usually are noisy due to their loose-fitting.
The mechanical noise is used for the detection of mechanical failures such as turbines,
blades, bearings, etc. Different types of hydraulic noise consist of a) Boiling of liquid, b)
Leaks in hydraulic system, c) Leaking airlines and d) Turbulence and cavitation. The cyclic
noise is periodic, which is bursty, e.g. electrode positioning during spot-welding and during
a specific time for every rotation in rotating machinery. It is possible to eliminate the
uniform noise generation having a low repetition rate by blocking the AE recording
periodically. Electromagnetic interference (EMI) is the noise associated with AE
instrumentation due to electrical conduction and radiation. There are different sources of
EMI which include noise from welding machines, fluorescent lamps, turning relay power
on/off with inductive load, and electric motor circuits. The electromagnetic noise can be
eliminated by providing better shielding to the sensor, pre-amplifier and main amplifier in
high conductivity metal cases and by grounding the cases at a common point. Use of
isolation to the transformer on the power supply side can also reduce EMI. A significant

problem may arise if the test structure has a ground system that is different from the AE
13
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system. The difference in potential between the structure and AE system can be substantial
and may produce high-frequency noise spikes which is much higher than the valid signals
detected by the sensors. Even a sensor is insulated from the structure, can influence
capacitively coupled noise. A differential type AE transducer will provide substantial relief
from such noise types. Auspiciously, researchers have developed viable techniques in order

to filter or discriminate the noisy test environments [12].

1.5 Advantages and limitations of AET

1.5.1 Advantages

AET is found to be most advantageous in source location and evaluation of dynamic
discontinuities in an entire structure in one stroke compared to other NDT techniques which
selectively test the localized area. The superiority of the AE technique over other NDT
techniques lies in its monitoring capability of the entire structure in real-time without
disturbing its operation [46].
The advantages of AET are listed as follows:

1) AET gives dynamic characteristics of active defects.

ii) It is a global volume technique, i.e. structures such as bridges, pressure

vessels and storage tanks can be monitored in one stroke by mounting

14
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several sensors on it from where the source of an acoustic event can be
realized.

iii) The AE data provides real-time detection of cracks/damage.

iv) AET is used for source location in components such as active flaws.

V) It can distinguish different types of active defects, i.e. source
characterization is possible.

vi) Though the initial cost is comparable with other NDTs, operational cost

is minimum for AET.

1.5.2 Limitations

The limitations of AET are as follows:

1) The limited accuracy of source localization.

i) The structure should be loaded to get the AE signals.

iii) It has very limited information on the size of a flaw.

iv) Usually, the transducer has to be placed on the structure under test.
V) Test object has to be stimulated to make the defects active.

vi) Extraneous noise is a severe problem in AE testing.
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1.6 Applications of AET

Acoustic emission technique can always be an aspirant when testing is associated with
dynamic changes of an object. Firstly, the AET is helpful for researchers in the laboratory.
Recorded AE data can provide useful information to a researcher for a better understanding
of test object properties. Secondly, AE testing assists in quality control during different
metal joining and metal forming operations such as brazing, welding, thermo-compression
bonding, punch press operating, shaft straightening etc. At last, AET helps to ascertain the
structural integrity of the dam, components in power plants, storage tanks, aircraft, pressure
vessels and bridges [34-38]. Partial discharge localization of power transformer uses the
method of acoustic emission [47]. A few of the applications of AET are shown in Figure

1.4. The detailed applications of AET are as follows [48]:

1) Testing of material: It involves different testing methods such as fatigue testing, crack
detection testing, detection of corrosion, hydrogen embrittlement detection, ceramic
material testing, integrity testing of composite materials, tribology testing of materials, and

reinforced plastics testing.
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Figure 1.4 AET applications: (a) pressure vessel, (b) pipeline leakage inspection, (c)

inspection of weld quality and (d) integrity monitoring of bridge [48].

2) Petroleum and chemical industries: It involves several applications such as integrity
monitoring of spherical tanks, pressure vessel testing, testing of cryogenic tanks, towers,
columns, hot piping systems and cool down for boiling reactors, tank bottom testing, real-
time corrosion monitoring, pipeline and FRP tank testing, gas valves leak detection, buried
pipes leak detection, offshore pipelines sand detection, and monitoring the integrity of the

maritime platform.
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3) Power plant and electric industries: It involves the applications such as monitoring and
diagnosis of power plant components and high-pressure vessels, testing of steam chests,
testing of steam line and its continuous monitoring, testing of partial discharge in
transformers, evaluation of valves for quantitative steam loss, testing of bucket trucks,
furnace monitoring, monitoring of leak detection in reheat pipelines, leak detection in the
boiler, testing and condition monitoring of turbine blade, and condition monitoring of

turbine bearing.

4) Aerospace and aircraft industries: It involves different applications such as proof testing
of aircraft, testing of aged aircraft, structures/aircrafts fatigue testing, monitoring landing
gear, wind turbine blade testing and testing of helicopter blade, continuous monitoring of
on-board aircraft, fuselage crack detection, skin lap joints and pivot bearing testing, in-
process tracking of helicopter gearbox transmission, composite fuel tanks testing and

examination of explosive bolt, aerospace launcher proof testing.

5) Metalworking industries: Applications such as detection of wear and breakage in the
cutting tool, grinding wheel/dresser touch detection and dressing verification, quality
control during metalworking processes, testing of forging press, detection of chatter, crash

detection and prevention during the manufacturing processes.
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6) Civil structure: Applications such as testing of the concrete building, testing of the bridge,
testing of the tunnel, testing of the dam, continuous monitoring of crack propagation in

structures made of concrete and testing of the crane.

7) Applications in transportation: Applications used for detection and location of flaws in
tube trailers, tank trucks and railroad cars, detection of a crack in railway materials and
structures, integrity testing of tunnels and bridges, flaw detection in train and truck ball

bearing, detection of cracks in components of the train such as shafts and wheels.

8) Other applications: Applications such as integrity testing of flasks, testing of wear and
friction, testing of pinpoint trouble spots in welds, detection of head disk interference, rock
detection, drought stress monitoring of woods and crops, seismological and geological
applications, monitoring of engine status, steel roller crack detection, monitoring of
automobile shaft strengthening process, monitoring of investment casting process and

monitoring of operations in rotating machinery.

1.7 Instrument of AET

AET instrument consists of a sensor, cable, amplifier, filter, acquisition system and personal
computer. AET can be performed in the field or the laboratory. The acquisition system and
personal computer are used for the measurement, storage and display of the AE data. A

description of the equipment used in AE testing is provided in the subsequent sections.
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1.7.1 Acoustic emission sensor

Acoustic emission transducer is a device that transforms local material displacements
produced by a stress wave to an electrical signal. The piezoelectric (PZT) type sensor is
commonly used for the detection of AE signal. A piezoelectric sensor is based on the
principle of piezoelectricity which converts the changes in temperature, pressure, vibration,
acceleration, and strain into electrical charges. PZT sensor is used for the measurement of
various processes such as process control, quality assurance, research and production
industries. The sensor is made of lead zirconate titanate, which is an inorganic compound
called PZT. It is a ceramic material that shows marked piezoelectricity effect, meaning that
the compound changes shape when an electric field is applied. The sensor is attached to the
material/structure by using couplant and measures the change in electrical impedance during
any damage in the material/structure [49]. Selection of a specific sensor depends on the
application, type of damage/flaw to be revealed, background noise characteristics and other
factors. AE sensors are classified into two categories based on their frequency response: (a)
resonant and (b) wideband or broadband. Resonant type sensors are most sensitive at
resonant frequencies, and the ranges of operating frequencies are a decisive factor for their
applications. The resonant type AE sensors are used where different AE parameters such as
RMS, amplitude, count, event duration and rise time are required for analysis [50].
Broadband sensors are used where one is interested in finding the dominant frequency in

the received signal [51]. AE sensors with in-build pre-amplifiers are called active sensors,
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whereas sensors without pre-amplifiers are known as passive sensors. A passive sensor
requires an external pre-amplifier. In general, the active sensor is more cost-effective
compared to the passive sensor. The resonant type AE sensors are used for applications
related to concrete which has high attenuation characteristics. The resonant type sensors
have higher sensitivity, but the range of frequency is lower than the broadband type AE

SENnSors.

1.7.1.1 Calibration of sensor

There is a possibility for the variation in sensor characteristics with time, operating
environment etc. Therefore, the calibration of sensors should be checked periodically for
frequency response and sensitivity before using. A reproducible artificial reference AE
source should be used for testing the sensors. Following the work of Hsu and Nielsen [52],
AE source is also called Hsu-Nielsen source. The Hsu-Nielsen source is most widely used
to simulate an AE event through pencil lead break test where the lead is pressed against a
workpiece or object [S3]. The standard method of Hsu Nielsen pencil lead break test is

shown in Figure 1.5.

The Nielsen-Hsu Pencil aids to simulate an event of AE by graphite lead break in an
appropriate fitting. The 2H pencil lead of 0.5 mm diameter is pressed to break at the surface
of the object with an approximate tip length of 3 mm (+/-0.5 mm). The pencil lead breaking

(PLB) against the surface generates intense signal similar to the natural source of acoustic
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emission [54]. The signal generated during the rapture process from a material is the same
as the signal produced by the PLB test. The application of force to the pencil lead against a

structure produces a local deformation which suddenly relieves during the lead break.
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Figure 1.5 Hsu-Nielson source.

Nielsen-Hsu Pencil and Nielsen shoe play a significant role in practical acoustic emission

testing applications. The pencil lead break creates a very short-duration source of signal

similar to the natural signal source of AE, e.g. crack.

Moreover, the amplitude range of the generated signal by the PLB test lies within that of the
actual source generated from cracks. The Hsu pencil breaking is a well-known procedure to

simulate the sources of AE in different applications, including source location techniques.
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It is widely used for finding the maximum possible distance among different sensors for
detection of the source. For the development of a graph, the amplitude values of signals at
different distances from the sensor are recorded through the PLB test. The average values

of amplitudes for different distances can be plotted against the distances from the sensors.
1.7.2 Amplification

The amplitude of the AE signal received from a sensor is very low, usually in the range of
microvolt. The amplification and filtering are required in order to process the signal further.
The amplification of the signal is performed by using an electronic amplifier circuit which
increases the power of the signal. Quantitatively the amount of amplification provided by
an amplifier is measured by amplification factor or gain. The amplifier circuit has the power
to gain greater than one. The gain of the amplifier is defined as the ratio of output power
(Pout) to input power (Pin) and is usually measured in decibel (dB). When measured in

decibel, it is logarithmically related to the power ratio:

Pout

(Gain)dB = 10 = log ( o) (1.1)

1.7.3 Filter

The sources of noise during AE testing may be due to impact loading, friction, liquid flow
and electromagnetic. The recorded AE signals during a test contaminated by background

noise will affect the reliability and accuracy of the test results. As the noise has always been
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an issue for acoustic emission testing, it is required to handle carefully and appropriately
during either practical AE application or laboratory testing. The undesired frequency can be
avoided by implementing the proper frequency range in a bandpass filter for the AE

application.

1.7.4 Cable

The function of cable is to transmit an electrical signal from source to load. The connecting
cables should be chosen to eliminate electromagnetic interference [S5]. For the application
of AET, coaxial cables are used universally because of their proper shielding. These cables
are offered with BNC, Microdot, or SMA connectors on the sensor end, and BNC

connections are used on the pre-amplifier end.

1.7.5 Couplant

The couplant plays an essential role in the accuracy of AET because of the low amplitude
of the AE signal. The couplant is used between the sensor, and the component surface is
essential for efficient detection of acoustic emission. A high viscosity fluid or a semi-solid
gel will help to transmit the AE waves from the surface of the structure to the sensor. Thus,
the purpose of a couplant is to ensure excellent acoustic contact on the microscopic level

between the two surfaces. Couplants should have the following characteristics:

1. High wettability
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2. Corrosion resistance
3. Sufficient viscosity
4. Easy removal

Some commonly used couplants are:

1. Natural wax
2. Silicone grease
3. Epoxy resin

4. Propylene glycol

Generally, silicone grease is most widely used in AE testing.
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2 Literature Survey

2.1 Preamble

This chapter presents the application of AE signal for damage detection of concrete. This
chapter also introduces the state-of-the-artwork in both AE testing as well as wireless system
design through literature survey, towards setting the motivation and identifying the

objective of this research work.

2.2 Acoustic emission signal

The majority of acoustic emission signals lie in the frequency range of 20 kHz - 1 MHz [28].
The waveform of the AE signal generated is broadly classified into burst type and
continuous type. The waveform of burst type AE signal is detected as single decaying
sinusoid due to resonance in the structures and transducers. It is generated during crack
growth and fracture in materials/structures [S6]. The waveform of continuous type emission
appears to consist of an overlapping sequence of individual bursts. The continuous type
emission is commonly associated with plastic deformation, grain boundary sliding and
dislocation movement in a metal or alloy [56]. Typical burst and continuous type AE signals
are shown in Figure 2.1 (a) and (b) respectively. The technique used for the analysis of

burst type AE signals is known as parameter-based technique. In this technique, several
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parameters from the received burst type signals are extracted without saving the waveforms.
The parameters of the burst type AE signals are peak amplitude, ring down count or AE
count, root mean square (RMS), rise time and event duration and these are used to assess
the AE activities [S7]. The pictorial representation of different burst type AE parameters
definition is given in Figure 2.1 (a). Each parameter of burst type emission is defined with

the mathematical expression and are as follows:
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Figure 2.1 (a) Burst type AE signal and (b) Continuous type AE signal [56].

Burst signal: It is oscillatory in shape whose oscillations have a rapid increase in signal
amplitude from an initial reference level followed by a decrease gradually to a value close
to the initial level. Harris et al. [S8] expressed the output voltage from a transducer excited

by an event of acoustic emission as follows:

V (t)=Vo e " sin wt -—(2.1)
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where, V (t) = Output voltage from the transducer, VO = Initial signal voltage, y = Decay

constant (>0), t = time and ® = Signal frequency.

Threshold: It is a voltage level set in the instrument to eliminate low amplitude noise from
the AE signal. An event of the AE signal is detected only when a threshold voltage is set
slightly higher than the voltage level of the background noise [S8-59]. The pencil lead break
(PLB) test is carried out to simulate AE events for calibration purpose of checking sensor
couplings and of defining threshold [152]. The mathematical expression of the threshold is

as follows:

Ve, =Voe 't (2.2)

V.= Fixed threshold voltage or Minimum voltage required to trigger the count or event, VO
= Initial signal voltage, t* = time for amplified acoustic emission signal to ring down or AE

count below the trigger level of the count and vy is the decay constant (>0).

Peak amplitude: It is defined as the maximum amplitude attained by an acoustic emission
signal. This parameter plays a vital role in the detection of acoustic emission event. The
magnitude of the AE signal varies from microvolt to millivolts range. The amplitude of the
AE signal can be expressed in term of a common logarithm to a reference voltage of 1 uV

[59] and is defined as follows:

Peak amplitude (dB) = 20 Logi, % ............. 2.3)
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Where, A0 =1 pV and Al = Maximum voltage of the AE signal.

AE counts: This is the number of thresholds crossing pulses in a waveform and is also called
ring down counts. The number of counts from a burst type AE signal depends on the

magnitude of the source event. It is defined as follows [58]:
AE Counts = ~2-20 In S 2.4)
2wy vt

Where, Vt = Fixed threshold voltage or Minimum voltage required to trigger the count or

event, VO = Initial signal voltage, ® = signal frequency and v is the decay constant (>0).

Root Mean Square (RMS): The RMS value is defined as the square root of the mean of the

squares of instantaneous values. The RMS of the AE signal can be expressed by equation

2.5 [60]:

AEgys = J%Z?LlAEZ(i) = \/éfo“AEZ(t)dt ----------- (2.5)

Where N represents the number of discrete values of AE data within AT, and AT represents
the integration time constant. AErms can be calculated by digital manner, or by analog RMS

filter through the right side of the equation (2.5).

Rise Time: It is defined as the time difference between the Time of the peak signal and Time
of the first threshold crossing of an AE wave [58-59]. This definition of rising time is used

for AET applications where the signal is generated by initiation and fracture growth from
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materials/structures under loading [S8-59]. Time to peak is a parameter used in AE signal
analysis and is the conventional rise time. The time to peak parameter is extensively used

by researchers to correlate various damage mechanism [50].

Event duration: It is defined as the time difference between the first threshold crossing to
the last threshold crossing of the AE wave. It is measured in microseconds. The event

duration depends upon the magnitude of the source and material properties [S8-59].

Only when the amplitude of a signal exceeds the threshold, it is recognized as an AE signal
and recorded by the system. Fast Fourier Transform (FFT) method is used for the analysis
of peak frequency characteristics present in the recorded time-domain signal. The
parameter-based technique shows advantages compared to signal-based technique
concerning storing speed and data acquisition. The extracted AE parameters from signals
offer useful information about failure or damage behaviour of materials/structures [11]. The
parameter-based AE system does not get crashed when processing a large amount of AE
data compared to signal-based AE system. The advantage of the signal-based technique is
that the post-processing of the AE signal can be performed on the saved data. Also, it is
possible to apply the signal processing algorithm to eliminate undesired signals from the
captured AE waveforms. The attributes of the signal-based AE technique require large
storing capacity, particularly for long-term monitoring. The financial support primarily
determines the preference of which approach to select and storing space of the AE system.

In metallic materials, both continuous and burst type signals are generated but in concrete,
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only burst type signals are generated by the development of microcracks and macro cracks
[61]. Hence, the parameter-based technique is more useful for concrete concerning low
usages of system physical memory and low development cost for the long-term structural
health monitoring applications. The burst type AE signals are detected from the resonant
type sensor. The parameters of burst type AE signals are used for the analysis of initiation
and fracture of materials/structures. Hence, this thesis only deals with the development of

wireless acoustic emission sensor system (AE-SS) using resonant type sensors.

2.3 AET for damage detection of concrete

Structures fail mainly by the occurrence of damage. Early-stage damage detection received
more priority from engineers/researchers towards deciding the healthiness of structural
components in the last few decades. More specifically, researchers focused on monitoring
the healthiness of structures using vibration technique in case of mechanical, aeronautical
and civil engineering communities. Because of this, various developmental work in the field
of NDT using structural vibration is seen published in recent years. It is also applied in the
detection of damage, identifying the severity of damage and finding the location of the
source. Moreover, the necessity for early-stage damage detection in structural components

leads to an increase in the use of NDT and its further developments.

Concrete is the most abundantly construction material used in the world [62]. Concrete

structures deteriorate with time and need to be repaired [63-65]. The health status of
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concrete structures, especially the ones under rigid circumstances is imperative to human
lives and properties. AET is widely used for the assessment of concrete under various types
of loadings such as impact loading, flexural loading, cyclic loading and chemical stimulus
such as corrosion [66-69]. AET is applied to monitor internal failure of concrete, which is
quasi-brittle [70]. AET has been successfully used to classify the types of cracking in
reinforced concrete structures [71-73]. The real-time corrosion detection ability of AET
makes it a strong candidate for serving as an efficient non-destructive test method and gives
advantages compared to another method of NDT [74-75]. Labuz et al. [68] carried out
compression, flexural, and indentation tests on quasi-brittle materials. They had identified
six intrinsic process zones when specimens were loaded to maximum stress. The length of
the zone is similar even in the samples of different sizes. Soulioti et al. [76] have carried out
four-point bending tests on fiber reinforced concrete (FRC) slabs having different fibre
content, to find the correlation between the acoustic emission characteristics and concrete
properties. It is observed that the activity of AE increases with an increase in the fibre
content of FRC. The transition of failure mode from tensile fracture to shear fracture has
been observed in the concrete slab with higher fibre content. Chen et al. [77] have studied
acoustic emission signal generation during three-point bend testing of concrete having
various notch depths and fibre content. A time delay in the appearance of AE peak during
bend testing and decrease in the amplitude of AE signal has been observed with an increase
in the notch depth. Weiler et al. [78] studied the importance of AET in concrete with three

different loading scenarios like compression, three-point bending, and axial tension.
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Golaski et al. [79] reported the applications of AE technique for in-situ monitoring of
reinforced concrete, pre-stressed concrete and concrete-steel bridges. The extent of damage
in concrete structures under uniaxial compression loading was evaluated by employing rate
process analysis [80-81]. The results show that the rate of acoustic emission count
generation is capable of identifying the damage behaviour in concrete without knowing its
fundamental properties like Young’s Modulus. AET has been applied for studying the effect
of moisture content and displacement rate on the properties of underground concrete
structures [82]. In another investigation, crack growth behaviour of fly ash and plain
concretes with different periods of curing applied during uniaxial compression test has been
studied using acoustic emission [83]. The variation in the value of cumulative count (CC)
with compression loading from plain concrete is similar to that from fly ash concrete for 7
and 14 days of curing period. But the variation in the value of CC for higher curing periods
(28 and 56 days) is different in the two types of concrete, as depicted in Figure 2.2 [83].
The result indicated three distinct stages of AE activity generation in both plain and fly ash
concretes, and these are attributed to micro cracking/crack closure, steady-state crack

growth and unstable growth of crack [83].
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Figure 2.2 Cumulative counts (CC) by compression tests in (a) plain concrete and (b) fly

ash concrete for different periods of curing [83].

2.4 Acoustic emission system

A typical instrument for AET consists of sensor, preamplifier, signal conditioning unit
(SCU) and computational core unit (CCU) as shown in Figure 2.3. The signal conditioning
unit manipulates the signals received from the sensor in such a way that make them suitable
for further processing without altering the characteristics of the signals. The processes
involved in the CCU are data acquisition, data processing and data transmission,
respectively. The data acquisition is performed by analog to digital converter (ADC). Data
processing in these regards processes the signals or processes the features of the AE signals.

The processed information can be transmitted through wired or wireless mode by using the
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communication device. Extraction of useful information from the AE signal and its
interpretation through offline/online means is needed for characterizing the source. A few
commercial AE systems (Mistras Physical Acoustics System, USA and Vallen System,
Germany) are available, the cost of which is exceedingly high. Also, details about hardware
circuit design and its software implementation towards the development of AE instrument

are not furnished in the open literature because of its proprietary in nature.
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Figure 2.3 Block diagram architecture of acoustic emission sensor system.

There exist two types of systems based on data communication between the sensor unit and
personal computer (PC). The one is a wired sensor system while other is a wireless sensor
system. The wired system requires the use of a lengthy cable and increases workforce,
wiring complexity, and maintenance cost as the number sensor nodes are increases. Also,
there will be some situation where complicated in cable installation for their monitoring of
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a structure. With the technological improvement in wireless communication, the
development of wireless sensor systems has become matured and can be applied to

monitoring the healthiness of structural applications [84-87].

2.4.1 Wireless structural health monitoring

Wireless structural health monitoring (SHM) systems have seen increased demand because
of two reasons: low system development cost, and abilities of wireless technology for
multiple distributions of sensor data for further processing [88]. The overall elements and
working procedure in SHM involve sensor system, data gathering system, data processing
and damage analysis [89-90]. Wireless SHM involves a much lower system and
maintenance costs and saves installation time which greatly boosts the practical use of SHM.
Several research papers are reported on the design development and practical use of wireless
SHM. Yoon et al. [91] developed a wireless sensor module using AVR microcontroller and
applied to the concrete beam. Yang et al. [92] developed a wireless SHM monitoring system
with multithread sensing device using 8-bit AVR microcontroller for the measurement of
vibration signals generated from the concrete structure. Hodge et al. [93] have carried out
an extensive survey on the use of wireless sensor network for monitoring railway
infrastructures. Wireless sensor-based instrumentation has been developed for natural
disaster monitoring and mitigation [94]. A synchronized wireless sensor network for nodal
analysis in SHM has been developed by using 16-bit TI microcontroller [95]. Sadeghioon

et al. [96] have developed a smart wireless sensor network for leak detection in water
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pipeline using 8-bit PIC microcontroller. Chaea et al. [97] have developed a prototype of
the wireless sensor network system using 8-bit Atmel microcontroller for health monitoring
of suspension bridge using accelerometer and strain gauge sensor. Bhattacharjee et al. [98]
have developed an intelligent wireless sensor node using 8-bit PIC microcontroller for the
measurement of temperature, humidity, and light in real-time towards environment
condition monitoring application. Ladgaonkar et al. [99] have developed a wireless sensor
node using 8-bit AVR microcontroller to monitor the humidity of the high-tech poly-house
environment. A prototype wireless system using FPGA and microcontroller is reported for
real-time detection of active fatigue cracks in aging railway bridges using the strain gauge
sensor [100-101]. Zhang et al. [102] presented the design of an acoustic emission data
acquisition system using FPGA for the detection of wood damage. Grosse et al. [103] have
developed wireless motes using 16-bit TI microcontroller for monitoring civil infrastructure
in the concrete bridge by the vibration sensor. Wu et al. [104] presents the development of
a novel wireless acoustic emission sensor platform designed using 32-bit STM
microcontroller for distributed large-scale wooden structure health monitoring. Carpinteri
et al. [105] reports a prototype acoustic emission wireless transmission system using FPGA
for structural and infrastructural networks. The wireless system development and sensor
networking are emerging as potential sensing models for consideration as an alternative
solution to the wired monitoring system in the field of acoustic emission testing. The
usefulness of AET as a potent wireless structural health monitoring system has been

highlighted [106].
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Currently, structural health monitoring by acoustic emission technique is performed by
using wired systems which have installation difficulty, noise associated with cabling,
portability issues, restriction on remote monitoring capability and wiring complexity.
Compared to the wired systems, the wireless systems enable remote monitoring, offer low-
cost system development, and has a low maintenance cost, and thereby significantly
enhancing the practical use of structural health monitoring for monitoring large-scale
structures. A wireless structural health monitoring is usually a more flexible solution with
the minor cost involved with the wireless system. It does not require any cable if nodes are
battery-powered. Concerning a wired solution, new problems should be considered for a
wireless system such as optimization of energy consumption, synchronization between the

sensor unit and remote end-user, and selection of adequate low-cost sensor and sensor unit.

The development of wireless systems using different kinds of sensors based on acoustic
emission, vibration, strain gauge, and accelerometer towards structural health monitoring
applications is reported in open literature using FPGA and microcontroller [92-105]. The
literature which deals with the development wireless acoustic emission sensor system is
proprietary domain since the work has been carried by a limited number of organizations or
agencies. Also, there is no such report available on wireless acoustic emission system using
the programmable system on chip (PSoC) technology. Hence, the present work has been
accomplished with minimal literature support, and cost-effective wireless sensor system has

been developed by using a programmable system on chip technology. The reason for

39



Chapter 3

selecting PSoC is that all components of electronic circuitry (buffer, a programmable gain
amplifier, successive approximation analog to digital converter (SAR ADC), comparator,
counter, synchronizer, voltage digital to analog converter (VDAC), interrupt, universal
asynchronous receiver and transmitter (UART), and a microcontroller to control operation
and command) can be designed in single integrated circuit (IC). Because of this whole
electronic circuitry can be minimized and hence reducing the board space, power
consumption and system cost while improving the quality of the system development [107-
109]. The design and development carried out in this work are the first of its kind using a
programmable system on chip technology on acoustic emission technique for concrete

structural health monitoring applications.

In order to develop a wireless acoustic emission sensor system (AE-SS), it is required to
design, develop and validate the individual sub-systems used for designing the wireless AE-
SS. These individual sub-systems are signal conditioning unit, computational core unit and
a wireless communication unit. Finally, the individual sub-systems are integrated and
validated for SHM of concrete. The details of individual sub-systems design with their

component selection are explained subsequently.

2.4.1.1 Signal conditioning unit (SCU)

Signal conditioning unit is an integral part of the acoustic emission system, and it is required

to be developed for next stage processing of AE signals. It is often necessary to acquire real-
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world analog signals by industrial systems for different applications. There are different
physical phenomena to be measured like temperature, pressure, the intensity of light,
vibration, acoustic emission, etc. by the sensor. Different applications often require the
measurement of different physical entities from the real world. Different type of sensors
have different electrical properties. Also, the output characteristics may vary for different
analog sensors like some have voltage output and some others have current output.
However, output signal amplitude of all type of analog sensors is usually weak in the range
of a few hundreds of microvolts to tens of millivolts. The signal conditioning of such weak
signals is required before their processing by means of amplification, filtering, isolation and
range matching. The operational amplifier is most widely used in electronics design for
signal conditioning of the weak signal received from a sensor. Hence, the role of the signal
conditioning circuit is to modify the analog signals to make them compatible for analog to
digital converter for next stage processing. The block representation of signal conditioning

is shown in Figure 2.4.

Sensor DAQ
Output

Amplifier

Figure 2.4 Block diagram of signal conditioning.
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A signal conditioning unit consists of buffer, amplifier, and filter corresponding to perform
impedance matching, amplification, and filtering to the signal. The development of an AE-
SS involves the design and development of high-performance advanced signal conditioning
front-ends. The signal conditioning units are usually employed to modify the characteristics
of the signals and make compatible data recording and processing by the instrument [110].
There are following possible set of operations to be performed like amplification, bandwidth
(BW) limiting, direct current (DC) signal shifting, impedance transformation, etc. [111].
There are different configurations of signal conditioning units [112]. These are used for
different types of sensors like electrochemical type sensors [113], MOS based type sensors
[114], magneto-resistive type sensors [115], resistive type sensors [116], inductive type
sensors [117], and PZT type sensors [118]. The switching mode type conditioning circuits
are used to generate a square wave with variation in frequency [119] or duty cycle variation
[120]. The growing trend for mixed-signal systems design necessitates the use of versatile
signal conditioning units that require digital control for the functionality of the SCU [121-
124]. With the integration of digitally control path to SCU, a sensor is made to operate in a

smart and intelligent manner [125].

It is pertinent from the above discussion that SCU is an important element in an AET system.
However, sensing interface circuit design for the development of an SCU using resonant
type AE sensor is not found in the open literature. Hence, the design and development of an

SCU are indispensable towards obtaining correct data for interpretation for the next stage
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processing. It also enables to receive AE signals at a maximum dynamic range to avoid

distortion using a digital gain control amplifier or by using a programmable gain amplifier.

2.4.1.2 Parameter processing of AE signal

The parameters of AE burst signals are correlated to the micromechanics of damage and
fracture in materials and hence desired to be extracted in real-time. The parameters
commonly used for analysis are peak amplitude, ring down count (or, AE count), root means
square (RMS) value of the signal, rise time, and event duration [57, 83]. The burst type AE

signal and its different parameters have been explained in Section 2.2.

For the applications related to structural health monitoring, real-time extraction of the
parameters from AE signals is advantageous. The development has been reported in this
direction using embedded systems [126-129]. But an embedded system has limitations with
respect to limited computational and storage resources, transmission bandwidth, smaller
data word size and relative slow clocks [130-131]. The challenges faced by various types of
designs for embedded system approach are discussed in detail [130-132]. Another potential
method is the combination of hardware and software co-design, which offers substantial
advantages regarding cost and quality for future embedded system development [133-135].
The combination of hardware and software co-design enables their concurrent design and
thus fulfilling the objective of the system development. This co-design concept has been

implemented in the development of wireless AE sensor system for data acquisition,
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processing and transmission of AE signals parameters. Towards this, parameter extraction
of AE signal in real-time reduces the processing load of the microcontroller, data processing
and data transmission. It thus offers a solution to the constraint of an embedded system. The
parameter-based technique involves comparatively low financial expense and low system
physical memory usage compared to signal-based technique when implemented for long

term health monitoring of concrete structures.

2.4.1.3 Data Acquisition (DAQ)

One of the essential units of AE-SS is data acquisition (DAQ). A DAQ is a system designed
to acquire physical signals from the actual process [136]. The DAQ device is used for the
acquisition and processing of acoustic emission signals without aliasing. The objective of

this device is to measure, process and store the data.

A sensor can be classified in many ways, depending on how the sensor senses the incoming
signal and the kind of output it delivers. In a DAQ device irrespective of the source, the
signals are converted to the digital format by using an analog to digital Converter (ADC);
this ADC is the crucial component of the DAQ device. The ADC must be able to track the
changes in the input and should have a high resolution to reflect these changes in the output.
Among various types of ADCs available most used are the Flash-type ADC, the Sigma-
Delta ADC, the integrating type ADC and the Successive Approximation Register (SAR)

ADC. The key difference among various types of ADCs is the way the incoming signal is
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sampled. Due to different methods of quantization, different ADCs provide outputs with
varying sampling rate. In an ADC, the incoming signals are sampled, and once they are
quantized, each signal level is assigned a binary value which is the representation of the
analog signal in digital format. The DAQ main clock triggers sampling of the input signal
at a periodic rate. Hence, the performance of the DAQ device will depend on the
performance of ADC parameters which include resolution, dynamic range and sampling

rate.

2.4.1.4 PSoC based DAQ device and computational core unit (CCU)

In an acoustic emission system, DAQ is used to acquire AE signals from SCU and transmit
the signal data to a personal computer (PC)/Laptop. Whereas the role of computational core
unit is to perform acquisition of signals, process the parameters of the signals and transmit
the processed data to the PC/Laptop. The selection of a DAQ device or CCU is important
to meet the application-specific criteria for concrete. Several embedded devices for the DAQ
application are available in the market. The technological progress in the field of embedded
system design has achieved the trade-off in the field of application-specific areas like
automobiles, telecommunications, smart cards, missiles, satellites, computer networking,
and digital consumer electronics. It is also used for real-time monitoring of the healthiness
of structures as an intelligent sensor. The programmable system on chip based technology

has been selected for the data acquisition and processing of AE signals. By this technology,
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the analog, as well as digital components, can be designed and interfaced in a single IC
[137]. The PSoC is a family of microcontroller integrated circuits developed by the
manufacturer Cypress Semiconductor. There is some other technology available such as
FPGA, ASIC and microcontroller, which was established a decade ago. After comparing
these technologies, it is found that FPGA is less expensive than ASIC. In a situation where
both of them are required, FPGA is designed in the Lab, but ASIC is designed outside the
Lab. Because of this, FPGA is less costly than that of ASIC. But, ASIC is technologically
superior and most versatile compared to FPGA. Whereas both PSoC and FPGA are quite
handy, PSoC is less expensive and consumes less power than FPGA. The embedded system
is programmed on the software side only. Whereas, PSoC possesses the advantage that the
user can program on both software and hardware sides. Kansal [138] explained the benefit

of PSoC selection compared to ASIC, FPGA and microcontroller.

The difference between PSoC and micro-controller unit (MCU) is that the PSoC includes
both analog and digital modules, and can have hundreds of built-in functions. Consequently,
there is a drastic reduction in design time using PSoC [139]. Figure 2.5 shows the block
diagram of a typical MCU that contains Central Processing Unit (CPU) and a set of
peripheral functions such as ADC, DAC, UART, Serial Peripheral Interface (SPI), and
general input/output (I/O), all linked to the CPU’s register interface [140]. CPU is the heart
of MCU and manages everything from setup to data movement to timing. Figure 2.6 shows

the block diagram of PSoC 5, which is quite different from MCU. The Central Processing
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Unit, analog, digital, and I/O units are equally important in the PSoC system. In a PSoC, the
analog and digital peripherals are interconnected with a highly configurable routing matrix,
which allows users to create custom design program to meet the desired application
requirements. The PSoC can be programmed to emulate an MCU, but the MCU cannot be

programmed to emulate a PSoC.

Figure 2.5 Block diagram of typical MCU [139].
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Figure 2.6 Block diagram of PSoC 5LP [139].
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2.4.1.5 PSoC family

There are three families of a programmable system on chip (PSoC), namely, PSoC 1, PSoC
3 and PSoC 5. The PSoC 1 uses 8-bit microcontroller core which works at a speed of 4
MIPS (million instruction per second). The PSoC 3 also uses an 8-bit microcontroller which

operates at a speed of 33 MIPS. The production of PSoC 3 stared in December 2010.

PSoC is a mixed-signal array which consists of programmable digital block and analog
block, and processor core giving programming routine and their interconnection. The
available microcontrollers from different manufactures such as ST microelectronics, Texas
instrument, Analog devices, Microchip, Intel etc. only have 8-bit, 16-bit or 32-bit processor
core. PSoC enables the integration of complete analog and digital circuit design along with
microcontroller single integrated circuit (IC). Because of this, the overall bill of material
(BOM) costs for system design gets reduced. Also, PSoC has exceptional flexibility for
programmable analog and digital circuit design that uses a PSoC creator integrated
development environment (IDE). This IDE provides the combined hardware and software
design to the programmable system on chip for version 1, 3 and 5 based system
development. The processor used in PSoC 1, PSoC 3, and PSoC 5 is M8C, 8051 and ARM
Cortex M3 processor core respectively. PSoC has three separate memory such as memory
registers, flash memory for instructions and fixed data, and SRAM for data, accessing and
command control to the configurable logic block and their intended functions. Application

peripheral Interfaces (APIs) initialize the user selected components in Visual Studio (VS)
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or LabView for the graphical user interface (GUI). PSoC 5 is the latest disruptive technology
because of its powerful ARM-based processor. The IDE design tools and architecture of
PSoC 3 and PSoC 5 are compatible with each other. PSoC 5 has 32-bit ARM Cortex M3
processor core which performs at a speed of 100 MIPS. Figure 2.7 shows a comparison of

PSoC 1, PSoC 3, and PSoC 5.

PSoC 5
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Figure 2.7 Comparison of PSoC family.

PSoC architecture is widely used for numerous applications. Fernando et al. [141] have used
the PSoC architecture to design a data acquisition system for the educational purpose. In
another study, J. Guevara et al. [142] have designed data acquisition, control and wired
remote display system using PSoC. Similarly, in [143], PSoC-5 based system has been used
by Hyejung Kim et al. to demonstrate a technique to design low-cost and highly accurate

ECG data acquisition system. In a separate study [144], the analog system of PSoC-1 has
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been used by Cabrera Lopez et al. to realize a reconfigurable filter stage. This system can
adapt itself as per the incoming signal. Usage of PSoC in the wireless sensor node is
proposed [145], where, Fatecha et al. have used the configurable capabilities of the hardware

to minimize the power consumption.

The programmable system on chip kits has a right balance among different components,
i.e., analog blocks, digital blocks and processor. This offers a single chip solution to
different design applications. The production of PSoC 5 started in the second quarter of
2011. PSoC 5 architecture has programmable and configurable analog and digital blocks of
sub-systems. There are different blocks of programmable analog sub-systems with a good
precision used in PSoC 5. These are 12-bit SAR ADC, 20-bit Delta-Sigma ADC, DAC,
Mixers, PGA (programmable gain amplifier) with 25 mA driving capacity, Op-Amps etc.
which can be configured to satisfy the design requirements. There are different blocks of
digital sub-systems used in PSoC 5 which include digital logic blocks, counter, timer (8, 16,
24 and 32-bit timers), and pulse width modulation (PWM) that can be configured and
programed. There are some digital peripheral components available with PSoC 5 like
pseudo-random sequence (PRS) generators, quadrature decoders, and cyclic redundancy
check (CRC). It also supports wide ranges of communication interfaces including UART,
SPI, 12C, CAN and USB, for data communication. The current consumption for PSoC 5 in
sleep mode is 2.0 pA, whereas it is 2.0 mA in active mode [137]. The new and disruptive

architecture of PSoC 5 consumes extremely low power and can be operated in a 0.5 to 5.5
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voltage range. It offers programmable routing for any analog signal or digital signal to any
general-purpose input/output device for easy circuit board layout. By considering the
characteristics of different PSoCs, it is found that PSoC 5 is a new disruptive technology
which can work with both analog and digital circuit blocks along with the microcontroller

on a single system on chip IC.

2.5 Motivation and objective

A wireless AE system offers several advantages over the existing wired based AE systems
for online monitoring of structures. Some of the benefits of wireless AE systems are
compactness, ease of installation, low wiring complexity, low power consumption
capability, economical (associated with low cabling cost) and remote operational capability.

Thus, the development of a wireless AE system seems attractive.

A few commercial AE systems are available, the cost of which is very high and the details
of instrumentation are also not furnished. A few papers have reported the design and
development of wireless systems for vibration, strain gauge, and accelerometer towards
SHM applications based on FPGA and microcontrollers. However, for continuous
monitoring of structures, typical AE sensing systems demand compact, portable and less
power consuming (preferably battery operated) devices. Distributed AE sensing also
demands less wiring complexity for ease of deployment and maintenance. Thus, the

development of a programmable system on chip based wireless system is expected to be
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efficient for AE applications. However, information related to wireless AE systems lies in
the proprietary domain and scarce in the open literature. Hence, there is a strong requirement
for dedicated efforts to develop wireless acoustic emission sensor system for structural
health monitoring applications. In order to design and develop the wireless AE sensor
system, several novel design steps, challenges and issues were addressed in the thesis, as

mentioned below:

1) Design of signal conditioning circuit for acoustic emission signals which enables
maximum dynamic range and rail to rail input-output swings for next stage
processing of AE signals.

2) Development of methodologies and its hardware implementation to extract the AE
features and transmission of data in a wireless environment.

3) Design of compact system on chip-based hardware and software for acquisition and
processing of AE signals for structural health monitoring applications.

4) Selecting the appropriate protocol towards establishing communication between the
sensor unit and the control unit for wireless data transmission.

5) Finally, implementation and test validation of the designed and developed wireless

AE system for typical SHM applications.

Following objectives have been set to meet the above challenges and to address the issues.
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Design development and validation of a signal conditioning unit for the acoustic
emission signals.

Design of hardware-based parameters extraction for the burst type AE signals using
Multisim software.

Design development and validation of embedded hardware and software for
acquisition and processing of an event of AE signals using a programmable system
on chip.

Acquiring AE signals from sensors through embedded hardware and software using
the programmable system on chip. Extraction of AE parameters from the received
signal and wireless transmission of AE parameters.

Validating the performance of the wireless AE system with a commercially available

wired AE system in the laboratory for SHM of concrete.

2.6 Organization of the thesis

The rest of the thesis is organized into four major working chapters addressing the identified
objectives, towards developing a wireless acoustic emission sensor system for structural

health monitoring applications, followed by conclusions and future works.

Chapter 3 presents the design and development of signal conditioning unit for the

acquisition of acoustic emission signals towards application to concrete as well as to
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metallic materials. The performance of the in-house developed SCU has been compared

with a commercially available one, and the results are presented in this chapter.

Chapter 4 proposes a simulation study for the extraction of parameters from AE signal such
as peak amplitude, ring down count or AE count, RMS, rise time and event duration.
Multisim software is used for simulation of the hardware design, and the results are

presented in this chapter.

Chapter 5 explains the data acquisition of acoustic emission signals using the
programmable system on a chip. Fast Fourier Transform (FFT) has been performed for the

signal analysis and validation of the acquisition unit.

Chapter 6 discusses the prototype design aspects and development of wireless AE-SS for
structural health monitoring of concrete. The integrated prototype system has been
fabricated, assembled and validated in the laboratory by signal validation tests, and by
conducting compression tests and corrosion test on concrete specimens for dynamic

detection of defects.

Chapter 7 summarizes the major conclusions drawn from the research work and provides

the scope for future research.

54



Chapter 3

3 Design development and validation of
the signal conditioning unit

3.1 Preamble

This chapter presents the details of in-house design and development of a signal
conditioning unit (SCU) for the acquisition of acoustic emission signals from metallic and
concrete materials. The performance of the developed SCU has been compared with a

commercially available one, and the results are presented in this chapter.

3.2 Introduction

A piezoelectric type sensor is used to detect acoustic emission signals generated from the
surface of an object under test. For most of the metallic and concrete structural health
monitoring applications, the AE sensor frequency lies in the range of 100 kHz to 400 kHz
and 20 kHz to 100 kHz, respectively [146]. The raw AE signal acquired by a piezoelectric
sensor is of very low level, usually in the range of microvolts (1V), and needs to be
amplified for further processing. Hence, there is a strong requirement to develop SCU to
maximize the dynamic range of AE signals and to make it suitable for analog to digital
conversion for correct AE data representation. A schematic representation of a typical

acoustic emission system consists of (a) sensor with an integral pre-amplifier, (b) signal
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conditioning unit and (c) data acquisition (DAQ) as shown in Figure 3.1. The detailed

descriptions of each block are explained in the subsequent sections.

Sensor with Signal Data

Integral Conditioning acquisition
Pre-amplifier Unit Device

Figure 3.1 Block diagram of the acoustic emission system.

3.3 Sensor with integral pre-amplifier

3.3.1 Sensor

Selection of the proper frequency range of an AE sensor is important for any particular
application, and different factors to be considered for sensor selection are the nature of
material or object under test, type of environment, and test condition. Acoustic emission
sensors are mostly specified for normal environmental condition as one would practice
during field testing or testing in the laboratory. Table 3.1 provides the specifications of two
different piezoelectric resonant sensors used for the validation studies of the developed SCU
for application to metallic materials. Both sensors have integral pre-amplifier and are
manufactured by M/s. Physical Acoustics Corporation (PAC), USA. The sensors (PK151
and R15I) resonate at 150 kHz and operate in the frequency range from 100 to 450 kHz and

50 to 400 kHz, respectively. The sensor PK151, selected for the validation test requires 5.0
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mA current in an active mode which needs an excitation of 5.0 volts and is used with the
developed SCU in the laboratory. The sensor R151 needs DC excitation of 28 volts to the
pre-amplifier and is used with the commercially available SCU (PAC, USA) system. Both

sensors are directly mounted on the metallic plate by using vacuum grease as couplant.

Table 3.1 Specifications of the sensors used for metallic material

Specifications Sensor (PK15I)* Sensor (R151)**
Type Integral Integral
Operating Frequency Range 100-450 kHz 50-400 kHz
Resonant Frequency ~150 kHz ~150 kHz

Input Voltage 5 Volt 28 Volt
Pre-amplifier Gain 26 dB 40 dB

* Sensor (PK151) is used with the developed SCU in the laboratory
** Sensor (R15]) is used with the PAC, USA system

Table 3.2 provides the specifications of the sensor used for the concrete specimen. The sensor
PK6I has been used for the validation of SCU. The AE signal generated from concrete is burst
type. Hence, the resonant type AE sensor has been selected for this work. The sensor (PK6I)
manufactured by M/s. PAC, USA is used in the system which requires 4 to 7 Volts DC power
supply and has a resonant frequency at 55 kHz. The sensor gives a good response in the

frequency band of 35 to 65 kHz and has an integral pre-amplifier of 26 dB gain. The sensor is
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directly placed on the concrete beam using vacuum grease as couplant so that AE event can be

easily sensed with less noise.

The sensor has an integrral pre-amplifier. The weak signal acquired by the sensor is amplified
by the integral pre-amplifier and the amplified signal becomes sufficiently strong to tolerate
any noise, towards post-amplification or further processing. The pre-amplifier matches high
impedance of sensors to low impedance of signal cable in order to avoid signal degradation
(typically 20 kQ to 50 Q). High input impedance requires only a minimal amount of current to
sense the input signals. The pre-amplifier is kept very close to the sensor. The sensor with
integral pre-amplifier has been selected for the detection of AE signals in this work. The integral
pre-amplifier is a charge-coupled amplifier having moderate gain, high bandwidth, high

common-mode rejection ratio (CMRR) and excellent signal-to-noise ratio (SNR).

Table 3.2 Specifications of the sensor used for concrete specimen.

Specifications Sensor (PK61)*
Type Integral
Operating Frequency Range 35-65 kHz
Resonant Frequency ~55 kHz

Input Voltage 5 Volt@5SmA
Pre-amplifier Gain 26 dB

* Sensor (PK6I) is used with the developed SCU in the laboratory.
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A low power sensor with integral pre-amplifier of 26 dB fixed gain is used to increase the
signal level form microvolt (uV) to millivolt (mV) range of the output of pre-amplified

signal interfaces with the SCU. The design details of sensing SCU is explained below.

3.4 Signal conditioning unit

The signal conditioning unit is an integral part of the acoustic emission system, and it is a
basic component of all measurement devices. A wide range of sensor signals can be fed as
input to the SCU towards giving their optimal level for next stage processing and analysis.

Figure 3.2 shows the schematic functionality of the proposed SCU.

Sensing interface
Gain
Sensor 0st-
—> Buffer = . = confrol —> Band-pass|—> DAQ
Output amplifier .
amplifier

Figure 3.2 Block diagram of the signal conditioning unit.

As shown in Figure 3.2, the SCU consists of a buffer, post-amplifier, gain control amplifier
and bandpass filter. The SCU is directly connected to the sensor output, and the output of
the SCU is connected to the data acquisition (DAQ) which essentially consists of an analog
to digital converter (ADC). The commercially available Agilent DAQ is used for a

preliminary study of the AE signal received from the conditioning unit. Development of a
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dedicated DAQ for wireless AE system is presented in Chapter 5. The design details of

signal conditioning blocks are discussed in subsequent sections.

3.4.1 Sensing interface circuit

The primary function of the conditioning unit is to acquire a signal from an AE sensor
without degrading the signal to noise ratio. The sensing interface circuit senses the pre-
amplified signal from the sensor. The amplified signal is fed to the buffer and subsequently
to the post-amplifier, as shown in Figure 3.2. There are diffrent important parameters are

to be consider while designing the sensing interface circuit which include:

1. Impedance matching
2. Amplification gain

3. Frequency bandwidth

The buffer provides impedance matching to the load. Impedance matching is in practice
used for maximizing the power transfer or minimizing signal reflection from the load. The
voltage buffer is a unity gain amplifier which is also called a voltage follower because the

output voltage follows or tracks the input [147].

The signal amplitude received from the sensor may vary significantly depending on the

strength of the source generating AE. Therefore, gain adjustment is required to amplify the
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output voltage levels appropriately for optimal use of the analog to digital conversion by

using post-amplifier.

The decibel (dB) is the most common way of quantifying the gain of an amplifier. The gain

is expressed by the following equations [147].

(Gain)dB = 20 * log P 3.1
where, Vout = output voltage of the amplifier, Vin = input voltage of the amplifier

The dual operational amplifier based small outline integrated circuit (SOIC) AD8629
(manufactured by M/s. Analog Devices) has been selected for this buffer and post-amplifier
design in a single integrated circuit. The integrated chip AD8629 has features of wide
bandwidth, rail-to-rail input and output swing, and low noise [148]. The -circuit
interconnection and the components used in the design of the sensing interface circuit are

shown in Figure 3.3.

The post amplifiers have the gain of 12 dB to the pre-amplified signals. Thus, a total gain
of 38 dB has been provided to the raw AE signals to bring the voltage level from mV to
Volts range. In this design, the signal is shifted to a DC level of V/2 to see the full swing
of the AE signal in the range of zero DC level to V.. Where V. is the supply voltage of 5
volts. A supply voltage of 5 volts is required for the excitation of integrated circuit (IC). The

DC shifted signal is corrected in the software while processing the AE data.
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Figure 3.3 Sensing interface circuit design.

3.4.2 Gain control amplifier

A digital gain control amplifier is used in this design to provide a wide amplitude input
signal range. The gain-bandwidth product (GBP) is an important parameter for the
performance and its selection of the operational amplifier [147]. The GBP for a given

amplifier is constant. It means that if gain increases then BW reduces [147].

Several gain control stages provide the best coverage of the input signals, which can be
varied in steps of 3 dB and maximum up to 45 dB [149]. The IC AD8369 (M/s. Analog
Devices) has been selected for the high performance digitally controlled gain control
amplifier having a wide bandwidth of 600 MHz [149]. Hence, the selected IC is suitable for
the application of both concrete as well as metallic materials without distortion of signals.
The post-amplifier output is routed through the digital gain control amplifier. The biasing

circuit of the gain control amplifier is shown in Figure 3.4.
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Figure 3.4 Circuit design for the digital gain control amplifier.

3.4.3 Filter design

Noise is a common and pervasive problem in electronics design and debug. It originates
from numerous external and internal sources to disturb the signals of interest [150]. A major
concern in noise-related signal is the measurement of true voltage of the signal. Noise makes
the measurement of timing difficult by increasing jitter. It is required to have the signal
noise-free and clean for the intended design of signal conditioning [150]. The pickup sensor
output signals are affected by external noise; hence a filter circuit is to be included to reduce
noise. The frequency of application of acoustic emission signals for metallic and concrete
lies in a certain frequency band. Hence there is a strong need to design bandpass filters that
can be used to isolate or filter out certain frequencies of AE signals that are lying within a

particular band or range of frequencies. There are two cascading stages involved in the
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design of bandpass filter, one stage is high pass filter, and another is low pass filter. The
bandpass filter is designed by cascading the high pass filter and the low pass filter. The
bandpass filter passes signals within a certain band or spread of frequencies without

distorting the input signal. The equation for the upper and lower cut-off is given below

[151].
High t — off fi = fL = ! 3.2
igh pass cut — off frequency = fL = STRIC1 (3.2)
L t — off fi =fH = ! 3.3
ow pass cut — off frequency = fH = STR2C2 (3.3)

A passive linear bandpass filter circuit has been designed and simulated with an artificial
signal of 150 kHz in Multisim, as shown in Figure 3.5. The simulated result is used for the
design of the filter. It is clearly seen that the passband width of the filter can be controlled
by the positioning of the two cut-off frequency points of the two filters. The upper and lower
cut-off frequencies of the bandpass filter are approximately 402 kHz and 100 kHz

respectively for metallic material.
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Figure 3.5 Schematic design and simulation results of the bandpass filter.

As per the design, sensing interface circuit, gain control amplifier, and bandpass filter has

been fabricated and assembled in a two-layer PCB. The photograph of the assembled

prototype signal conditioning unit is shown in Figure 3.6. The integrated prototype SCU

has been validated by conducting pencil lead break (PLB) tests on both metallic materials

(AISI type 310 stainless steel) and concrete in the laboratory. The experimental descriptions

and their results are presented in the subsequent section.
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Figure 3.6 Photograph of prototype signal conditioning unit.

3.5 Design validation of the SCU

3.5.1 Metallic material

Experiments have been performed for the validation of signal conditioning unit by capturing
artificial AE events generated on a 310 stainless steel (SS) plate by using a commercially
available wired AE system. The experimental setup has been made in the laboratory for the
acquisition and analysis of AE signals using the in-house developed SCU as well as a
commercially available one from M/s. Physical Acoustics Corporation (PAC), USA. The
photograph of the experimental setup is shown in Figures 3.7 (a) and (b). The pencil lead
is made to break against the surface of the material/structure under test. The surface of the
structure gets deformed by breakage of the pencil lead and this results in the sudden release

of acoustic energy which propagates throughout the structure [152].
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The AE signals generated from the PLB tests at different locations of the SS plate are stored
in ASCII form by using the data acquisition unit for post-analysis. Two similar sensors of
the model (PK15I) were connected to channels 1 and 2 of the data acquisition unit of the
developed SCU (Figure 3.7a). Two other similar sensors of the model (R15I) were
connected to channels 1 and 2 of the PAC system (Figure 3.7b). In Figure 3.7, Sensor 1
and Sensor 2 represent Channel 1 and Channel 2 of the two systems. The event of AE signals
was captured by both the developed SCU coupled with Agilent DAQ system (Figure 3.7a)
and the PAC, USA system (Figure 3.7b) simultaneously when it crosses the particular
threshold voltage. The value of the threshold voltage varies depending on the background
noise generated from the physical environmental condition. The PLB tests were conducted
at different distances of 20 cm, 40 cm, and 60 cm from sensor 1 to capture the single event
of AE signal using both sensors 1 and 2. The event of the AE signal generated by the PLB
tests at different locations was stored in the data acquisition unit as well as in the PAC

system for plotting and further analysis using Origin software.

Figure 3.8 and Figure 3.9 show the time domain AE signals from pencil lead break test
acquired by the developed SCU and by the PAC system, respectively. Figure 3.8 and
Figure 3.9 show the measured time differences between the signals captured by two sensors
from PLB tests. The PLB tests are performed at locations of 20 cm, 40 cm and 60 cm from
sensor 1 and 100 cm, 80 cm, 60 cm from sensor two respectively. The pattern of AE signals

and the measured time differences of the signals from the developed SCU (Figure 3.8)
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matches well with the results obtained from the commercially available PAC system

(Figure 3.8).

DSO

Sensor
input
ey

Sensor 1 Conditioning Conditioning Sensor 2

Figure 3.7 Photograph of experimental setup used for acoustic emission testing on a metallic
plate using (a) developed signal conditioning unit and (b) commercially available PAC

system.

The measured time differences are 259 ps, 129.5 ps, and 0 ps. In this 0 ps delay indicates
that the source of AE lies at the midpoint of the two sensors. The longitudinal velocity of
the stress waves computed with this time delay was found to be 3088 m/s which also
matches well with the longitudinal velocity of the sound wave in AISI type 310 stainless

steel [153].
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Figure 3.8 Result of pencil lead break test of AE signals for the plate received from sensor

one and sensor two respectively by the developed conditioning unit.
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Figure 3.9 Result of pencil lead break test of AE signals for the plate received from sensor

one and sensor two respectively by the PAC system.
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The frequency spectra of the captured AE events were also compared by computing Fast
Fourier Transform (FFT) of the time domain signals captured at different locations. Figure
3.10 shows the power spectral density of the signals received by the PLB tests of the SS
plate at distances of 20 cm, 40 cm and 60 cm from sensor one which is connected to channel
1 (chl) of the in-house developed SCU. Figure 3.11. shows the similar results obtained
using the commercial PAC system. It can be seen that the peak frequency of the signals
acquired by both the systems is approximately the same. Also, it can be seen that the peak
frequency of the event occurring at different locations for both the systems is approximately
the same, i.e., peak frequency is 125.34 kHz for tests at distances of 20, 40, and 60 cm from
channel 1 using the developed SCU; and frequency is 122 kHz for tests at 20, 40, and 60
cm from channel 1 using the PAC system. In both the systems, the peak frequency varies
within the operating frequency range (100 kHz to 400 kHz) of the sensor. However, there
is statistical fluctuation in frequency caused by any minute difference in excitation by an
external force applied during the pencil lead break test. Since the characteristics of the

source influence the frequency content of the propagating AE signal [152].
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Figure 3.10 FFT of PLB test signals acquired using the developed SCU.
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Figure 3.11 FFT of PLB test signals acquired using the PAC system.
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3.5.2 Concrete

An experiment has been performed for the validation of the developed signal conditioning
unit for concrete material. The frequency of operation of AE for concrete is different from
metallic materials. Hence, the bandpass filter has been designed with their upper and lower

cut-off frequencies of 27 kHz and 90 kHz respectively for concrete material.

An experimental setup was made for the acquisition and analysis of AE signals using the
in-house developed signal conditioning unit. A concrete beam of dimension (length = 400
mm, breadth = 100 mm, thickness = 100 mm) was used for the experiments. The

experimental photograph of the test setup is shown in Figure 3.12.

Sensor
-

'-

10 cm

20 em

Figure 3.12 Photograph of the experimental setup used for acoustic emission testing in

concrete.
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The commercially available Agilent digital storage oscilloscope (DSO) was used for data
recording and display. The measured voltage level in the DSO is 20 mV without pencil lead
break test, and the trigger was set in the channel to capture the signal event on DSO. The
pencil lead break test was done at different locations on the concrete beam, i.e. at 10 cm, 20
cm and 30 cm from the PZT sensor to capture the single event of the AE signal. The sensor
PK6I was used with the developed SCU, as shown in Table 3.2. When the signal level
crosses the particular threshold voltage, one event is recorded. The event of the AE signal
generated by pencil lead break tests at different locations is stored in the DSO for further
analysis. The captured AE signals were analyzed by processing, computing the event

statistics and peak analysis.

The signals acquired by the PLB tests at different locations on the concrete beam were used
for finding the resonant frequency and peak amplitude of the AE signal. Figure 3.13(a),
Figure 3.13(b) and Figure 3.13(c) show the PLB signals and the corresponding FFT for the

distances of 10 cm, 20 cm and 30 cm from the sensor respectively.
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Figure 3.13 PLB signals and corresponding FFT for distances of 10 cm (a), 20 cm (b) and

30 cm (c) from the sensor.

It can be absorved that the resonant frequency of the event occurring at different locations
is approximately the same (51 kHz to 57 kHz), which varies around the resonating sensor
frequency (55 kHz). As the distance of the AE source increases from the sensor, the
amplitude of the signal decreases. This is due to the attenuation of the AE signal as given in
Figure 3.14. The result of decreasing amplitude with the increasing distance shown in

Figure 3.14 is in line with that reported in the literature [154].
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Figure 3.14 Peak amplitude of the AE signal versus distance from the sensor.

3.6 Summary

A signal conditioning unit has been designed and developed for amplification and filtering
noise in the acoustic emission signals for the resonant sensor. The buffer, post-amplifier,
gain control amplifier, and filter has been designed and integrated for the development of
SCU. The developed SCU provides a wide range of sensor signals, rail-to-rail input and
output swings, and reduces the complexity of biasing and provides an optimal level for
further processing of AE signals. An appropriate bandpass filter has been designed and
simulated for application to metallic materials as well as to concrete structures to avoid
external noise interruption with AE signals. A combination of high pass and low pass filter

has been designed with their 3 dB cut-off frequency of 100 kHz- 400 kHz for metallic
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material and 27 kHz - 90 kHz for concrete respectively. The performance of the in-house
developed SCU has been compared with a commercially available system through the pencil
lead break test. The time-domain and power spectral density of the AE events reproduced
by the in-house developed SCU and a commercially available system has been found to
agree with each other. The resonant frequency at different locations is found to be the same
and lies within the operating frequency range from 100 to 400 kHz for metallic material and

35 to 65 kHz for concrete respectively.
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Chapter 4

4 Simulation study for parameters
extraction of burst type AE signals

4.1 Preamble

This chapter proposes a new approach for transmitting the parameters of burst type AE
signals as against the entire signals over a wireless network, which would require huge
computational and hardware resources. It presents the hardware design using Multisim
simulation software and experimental validation of the hardware for extracting the AE

signal parameters.

4.2 Hardware design for parameter extraction

Subsequent to the amplification and filtering of AE signals from the source using the SCU,
processing of the signals needs to be carried out to extract features for meaningful
interpretation of the results. But, wireless transmission and processing of the complete AE
signals require huge bandwidth and computational resources, respectively. In this context,
the new and novel hardware-based design has been proposed for extracting the parameters
of AE signals. Hence, this chapter is dedicated to the development of hardware for feature
extraction from AE signals and its validation. A combination of analog and digital circuit
design is presented in this chapter for the extraction of AE parameters using Multisim
simulation software. There are different parameters of acoustic emission signals such as
peak amplitude, root mean square (RMS), counts, rise time, and event duration. Parameter-

based analysis technique is routinely applied for the burst type AE signals. The derived
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parameters in turn are correlated to the deformation and fracture behaviour of materials. In
this technique, parameters from received burst type signals are extracted without saving the
waveforms at the controller. Parameter-based AE technique is advantageous over the signal-
based technique with reference to storing speed and data acquisition. The parameter-based
AE system will not have any shortage of computational resources and requirement of
bandwidth compared to waveform-based or signal-based AE system when dealing with a
large amount of data to be acquired and transmitted. The attributes of signal-based technique
require huge computational resources and large transmission bandwidth. The parameter-
based technique seems beneficial and advantageous in view of low cost, low physical system

memory, and low transmission bandwidth towards long term monitoring of structures.

The schematic design of a hardware system for extraction of the parameters from the AE
signal is shown in Figure 4.1. It consists of a signal processing board (AE Board) and
microcontroller blocks in addition to the sensor and the SCU. The details of the SCU have
been discussed in the previous chapter. The output signal from the SCU is fed into the AE
Board, as shown in Figure 4.1. A combination of analog and digital circuit design is
embedded in the AE board for extracting the AE parameters. The AE Board uses two crystal
clocks (frequencies 100 kHz and 50 kHz) which will be used for measuring timing-related
AE parameters. The microcontroller block is used for parameter processing and real-time

control.
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Figure 4.1 Schematic design of a hardware system for parameter extraction of the AE

signal.

A flow chart representing the working function of the hardware system design is shown in
Figure 4.2. An AE signal event occurs randomly, and it could be attributed to the
redistribution of localized strain energy that is generated by microscopic changes in a
material/structure under load. When the system starts, it continuously monitors the activity
of AE signals during loading condition. The event of the AE signal is detected when the
signal level crosses the threshold set by the digital to analog converter (DACO0) of the
controller block. Typically, an AE signal consists of a train of bursts of diminishing energy,
and there is no activity between the consecutive bursts. The controller block starts extracting
the parameters when the burst signal reaches the peak amplitude and completes at the end
of the signal. Therefore, at the end of each AE burst, the circuit has to extract all the

parameters. The controller block triggers the software command signal (AE_Softclear) to
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reset the AE board so that the system becomes ready for the parameter extraction from the

next burst. The design description of the AE board is explained in the subsequent section.

Start

Fead amplitude of AE signal

|
. |
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Detected an event of AE signal
.
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Detect peak and end of the burst -
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Extract AE parameters

.

Generate AE_Softclear to the AE Board

g

Ready for the another burst

Figure 4.2 Flow diagram representation of the hardware system functionality.

4.2.1 Processing board (AE Board)

AE Board is an electronic circuit and is the heart of the hardware system extracting the
signal parameters. The block diagram of the AE Board with the components used in the
design is shown in Figure 4.3. It consists of two major building blocks, namely analog and
digital circuit blocks. The components such as comparator, peak detect circuit, RMS circuit,
differentiator circuit and rise time clock circuit are used for the design of the AnalogCircuit

block. While, the components such as pulse circuit, monoshot circuit, retriggable monoshot
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circuit, AND gate, OR gate, NOT gate and T-FF (Toggle Flip Flop) are used for the design

of digital circuit block.

4 :/;:;Sjlgnal processing board (AE B oa:di):i:,‘

i a——

v ¥
Analog Circuit ‘ ‘ Digital Circuit ‘

- Pulse circuit

L St - Monoshot circuit

- Peak detector circuit : Ei:l)gsiecfta:ifcuit

- RMS circuit - AND eate

- Differentiator circuit - OR gt
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Figure 4.3 Block diagram of AE Board with the components used in the design.

The interconnection of input and output signals from the two blocks for the AE Board design
in Multisim software is shown in Figure 4.4. As for as the design is concerned, there are
two types of parameters associated with the burst type AE signals, namely analog and
digital. The AE signal parameters such as peak amplitude and RMS are analog parameters
while counts, rise time and event duration are digital parameters. The analog parameters are
extracted from the analog circuit block, and the digital parameters are extracted from the
analog as well as digital circuit block. The design description of the two blocks is explained

in the subsequent sections.
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Figure 4.4 AE Board design.

4.2.1.1 Analog circuit block

The analog circuits block measures the peak amplitude and RMS values of AE burst signal
and also generates prerequisite signals for the timing measurement by the digital circuit. A
Multisim design of the analog circuit block with the interconnection of different circuit

blocks such as comparator, PeakDetect, RMScircuit, Differentiator and RTclkGen is shown

in Figure 4.5.
AE_Signal
& i AE Clk
AE_Threshold 2 —0
B =~ Comparato
omparator RMS_ Out
AEsignal  RMSout a
RMScircuit
Peak Out
AE PK reset |AE_Signal PeakOut i 8|
L1 PKreset L Diff i‘a‘
PeakDetect PeakOut DiffOut L
y g RT clk
Differentiator Out sl
RTclkGen

Figure 4.5 AnalogCircuit (Analog circuit) block design.
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In the burst signal, a threshold voltage is used to distinguish the signal form background
noise [155]. AE activities are counted only when the signal level crosses the set threshold.
As shown in Figure 4.5, a comparator compares the AE_Signal received from the signal
conditioning unit with the threshold voltage (usually set in the DACO of the micro-
controller) to generate a TTL (Transistor-Transistor Logic) compatible clock denoted as
AE_Clk (Acoustic Emission Clock). Cumulative count (sum of the AE clocks), event count,
event duration and rise time parameters of the AE burst are embedded within this AE_Clk

and hence extensively used for the timing measurement by the digital circuit block.

a) Comparator

The comparator compares the input signal (AE Signal) level with a reference voltage

(AE_Threshold) to produces an output signal.

if AE _Signal > AE _Threshold = +Vcc = AE_Clk

if AE _Signal < AE_Threshold = 0 Volt = AE_Clk

where Vcc is the comparator supply voltage.

b) Peak amplitude measurement

The peak detect circuit is an important building block of the AE Board and used to measure
the peak amplitude parameter of the signal. The peak detect circuit design is shown in
Figure 4.6. The Peak detect circuit holds the last detected peak value until it gets the next
higher amplitude in an AE burst signal (as shown in the inset of Figure 4.6). This process

continues until the AE signal reaches an absolute maximum of the burst. The circuit also
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produces a peak reset signal, as shown in Figure 4.6. The peak circuit design is embedded
in the peak detector block with their input and outputs as AE_Signal, Peak Out and PKreset.

This peak amplitude value is read by ADCI1 of the controller block.

vee f
AE_Signal —
O Peak_Out
v o
R3 2 1N5712 15002
50k() LT1190CJ8 c1
; 0.0047uF R1
L L J 1 i
PKreset -
o

Figure 4.6 Peak detect circuit along with peak reset.

¢) RMS measurements

Root Mean Square (RMS) is the most useful measurement of the amplitude of the time-
variant signals. RMS is only unifying metric of all time-varying signals. It is implied to an
AC quantity of current or voltage in terms of functionality equivalent to their DC values
[156]. Measurement of the RMS value requires an RMS-to-DC converter, which provides
a DC output equal to the RMS value of any input AE signal. The AD536AJD IC
(manufactured by M/s. Analog devices) is used in the Multisim design as an RMS-to-DC
converter. The RMS circuit design is shown in Figure 4.7. The RMS circuit design is
embedded in the RMScircuit block with their input and output pin as AEsignal and RMSout
respectively. The output of the RMS circuit is read through the ADCO of the microcontroller

block.
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Figure 4.7 RMS circuit design.
d) Differentiator circuit and rise time clock circuit

In addition to the peak amplitude and RMS parameters of the burst type AE signal, the
analog circuit block generates a differentiated signal of the peak detect circuit called
differentiated output (Diff Out) signal. The differentiator produces an output voltage which
is proportional to the rate of change of input voltage. The output voltage depends on the
circuit RC time constant and input frequency. The differentiator circuit is embedded in the
differentiator block with input and output pin as PeakOut and DiffOut respectively. The

differentiator circuit design is shown in Figure 4.8.
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Figure 4.8 Differentiator circuit design.
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The derived clock signal from the differentiator output is called rise time clock (RT Clk)
signal. The rise time circuit design is embedded in the RTclkGen block with their input and
output pin as DiffOut and RTclk respectively. The rise time clock circuit design is shown
in Figure 4.9. The Diff Out and RT_Clk are the output signals from the differentiator block
and RTclkGen block respectively, which are used during timing measurement of AE signal
using digital circuit block. The design description of the digital circuit block is explained in

the subsequent sections.

vCC

5V
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Diffout R13 > 10
ATAA" +
R11 1%Q pqa e - RTclk
AP - 1kQ '8

R14

TG

Figure 4.9 Rise time clock circuit design.

4.2.1.2 Digital circuit block

Digital circuit block measures all the timing and count related parameters such as AE count,
event duration and rise time. The digital circuit block consists of a monoshot, retriggerable
monoshot and short pulse circuits, to generate pulses required for the timing measurements.
A Multisim design of the digital circuit block with their interconnection of circuit blocks
such as RTmonoshot and Pulse with the AND gate, OR gate, NOT gate and T-FF is shown

in Figure 4.10.
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Figure 4.10 Digital circuits (DigitalCircuit) block design.

The monoshot circuit has only one stable state and produces a single output pulse when it is
triggered externally. The design circuit for the monoshot using the logic gate and JK Flip
Flop is shown in Figure 4.11. In a retriggerable monoshot the output will be extended by
the additional input pulses by keeping the circuit in an unstable mode. The monoshot circuit
design is embedded in the RTmonoshot block. The design circuit for the retriggerable
monoshot is shown in Figure 4.12. The Short pulse circuit generates a very narrow single
shot for every rising edge in its input of AE clock. The pulse circuit design is embedded in

the Pulse block and is shown in Figure 4.13.
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Figure 4.12 Retriggerable monoshot circuit design.
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Figure 4.13 Short pulse circuit design.
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a) Count measurements

The AE_Clk output from the AnalogCircuit block (Figure 4.4) is interfaced with the pulse
sub-block of the DigitalCircuit block (Figure 4.10) for the measurement of counts. The
pulse sub-block generates a very narrow single shot for every rising edge in its input of
AE _clk. This single narrow shot is required for noise immunity, and the counters count these
narrow shots. The AE Pulse output from the DigitalCircuit block is counted by the counter
zero (CNTO) to get counts and cumulative counts (sum of counts in each event) from the

controller block (Figure 4.1).

b) Event duration and event counts measurement

AE clk is also fed to two retriggerable monoshot circuits to generate RTM1, and RTM2
signals and are used for event duration and event count measurements respectively. In order
to measure the event duration, the RTM1 signal is clocked by 50 kHz clock. The internal
delay of RTM1 is set to be 3T where T is the pulse width of 50 kHz clock, i.e., 20 ps
(microsecond). This 3T should be wider than the largest possible width of AE_Clk. So, for
every AE Pulse, the output of the RTM1 extends to 60 ps, which results in a constant offset
in event duration. Hence, the actual event duration is determined by subtracting 60 ps from
the measured time difference between the start and end of the events. The event duration
pulse is ANDed with a 100 kHz clock (10 ps tick width) to generate ED Tick (Event
Duration Ticks). CNT 2 counts the ED Ticks. The count value (the number of ED_Tick)
multiplied by the ANDed clock period of 10 ps minus 60 ps (3T) is the value of measured

event duration. EV_Start (Event Start) and EV_End Intr (Event End Interrupt) are
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generated from the rising and falling edges of an Event Duration signal. EV_start pulse is

used to count the event count by CNT 1 counter.

¢) Rise time measurement

In order to measure the rise time of the burst, one has to know the time elapsed from the
first occurrence of AE count until it reaches the peak. The first occurrence of the AE counts
starts from when the AE signal crosses the threshold. The rise time clock (RT_clk) generated
from AnalogCircuit block and interfaced to the DigitalCircuit block is shown in Figure 4.4.
The RT clk generated by using interfacing of peak detect circuit (PeakDetect), differentiator
circuit (Differentiator) and rise time clock generator circuit (RTclkGen) is shown in Figure
4.5. The output of the peak detect circuit has a rising edge followed by a steady-state, and it
continues until it reaches the maximum amplitude of the AE Signal (inset of Figure 4.6).
So, the rising edge ceases to exist after the arrival of the peak. If the peak output is
differentiated by the differentiator circuit (Figure 4.8), there will be pulses at every rising
edge of the PK_out (Peak out) signal. The Diff out signal from the differentiator circuit of
the analog circuit block is used for this purpose of generating the pulse at every rising edge
of the PK out signal. The pulses (Diff out) are then amplified and made TTL level by
RTclkGen block (Figure 4.9). Finally, we get RT clk (Rise Time clock) pulses. The last
pulse of RT clk indicates the end of rise time. Therefore, the time duration between event
start pulse and the last pulse of RT clk will be the rise time. RT Clk is used to measure the
rise time duration. RTM2 also has an extra 3T delay as explained previously in the event
duration measurement. Although RTM2 is used for the generation RT Duration (Rise Time
Duration) but there will be an error in RT_Clk. The RT Clk is generated from an analog

differentiator block where sufficient growth in peak value is required to get RT Clk. So, the
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initial RT Clk may arise stochastically before or after EV_Start. To avoid this ambiguity,
the rise time is evaluated between the EV_Start and PK_Intr (Peak Interrupt). 100 kHz clock
ANDed with RT Duration is used to get RT Tick (Rise time Tick). The number of
RT Ticks are counted by CNT 3 counter for rise time measurement in psec. Thus all the

parameters are extracted in the hardware.

4.2.2 Results and discussion

Multisim is an advanced SPICE simulation environment. The simulation is done on real AE
data collected by the pencil lead break tests on a concrete block, as discussed in the previous
chapter. The AE data is stored in ASCII format using the developed signal conditioning
board. The pencil lead test AE signal is amplified and stored for 2 ms (millisecond) and the
signal contains four AE bursts (AE_Signal). Approximate duration of each AE burst varies
from 150 to 200 ps. The AE Signal is applied to the AE Board and simulated in the
Multisim simulator. The simulated result of analog circuit (AnalogCircuit) blocks such as

AE clk, AE RMS, AE Peak, Diff Out and RT clk are shown in the Figure 4.14a.

Similarly, the simulated result of digital circuit (DigitalCircuit) blocks such as AE CIk,
AE Pulse, EV_Duration, EV_Start Pulse, EV_End Intr, EV_Tick, RT Clk, PK Intr,
RT Duration, RT Tick, 100 kHz and 50 kHz are shown in the Figure 4.14b. The simulated
result from AnalogCircuit blocks are used for the measurement of analog parameters such
as peak and RMS of the AE signals. The simulated result of DigitalCircuit blocks are used
for the measurement of digital parameters such as counts, event duration and rise time of

the AE signals.
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Figure 4.14 Simulation results of (a) AnalogCircuit block and (b) DigitalCircuit block.

As observed from Figure 4.14a, the comparator output of the analog circuit block is a TTL
compatible AE Clk. The RMS of the AE signal is a DC signal with nominal fluctuations
[139]. The peak detector output as expected rises steps by step (for every event) till it reaches

the maximum peak. Differentiator circuit generates pulses at the rising edge of AE Peak
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signal. The RT Clk generation depends on the RC time constant of the differentiator.
Differentiator output should be amplified largely so that small changes in the peak amplitude
are detected. This large gain after differentiation sometimes gives pulses even before the
AE signal crosses the threshold. Because of this, the start and end are considered as event
start (EV_Start) and end of rise time respectively (PK _Intr). Once all the parameters are
read, the controller sends AE_softreset (acoustic emission software reset) to reset capacitor
of the peak detect circuit, CNT 1 and CNT_3 counter simultaneously. Diff Out signal is
made TTL compatible pulse, called RT Clk (Figure 4.14a). The simulated results of AE
parameter values such as peak amplitude, RMS, AE counts, cumulative count and event
count are given in Table 4.1. This timing diagram clearly demonstrates that the extracted

parameters are reliable.

Table 4.1 AE parameters measurement values (Figure 4.14a and Figure 4.14b)

RMS Peak AE Cumulative Event
Burst (Volt) (Volt) Count Count Count
No.
1 242 2.85 13 13 1
2 1.88 2.44 10 23 2
3 1.27 2.06 12 35 3
4 0.86 1.38 15 50 4

The simulated result of event duration calculation along with the results of percentage error
is given in Table 4.2 The event duration pulse (EV) width is calculated by the time
difference between event end (EV_End) and event start (EV_Start) pulse of the signal.
However, a minor error has been observed in event duration values. The error in the event
duration values is calculated by the difference between the designed event duration (EV1)

and measured event duration (EV2) divided by the designed event duration (EV1) as given
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in Table 4.2. The value of EV1 is determined by subtracting 60 ps from the time difference
between the event end (EV_End) and event start (EV_Start) pulse of the signal, i.e. EV as
given in Table 4.2. The measured event duration (EV2) is determined by counting the
number of EV_Tick multiplied by the ANDed clock period of 10 ps and subtracted with
extra 3T (60 ps). The EV_Tick is generated by using an input of AND gate clock frequency

(100 kHz) with the event duration pulse width (EV).

Similarly, the simulated result of rise time calculation along with the results of percentage
error are given in Table 4.3. The rise time duration pulse (RT) width is calculated by the
time difference between peak interrupt (PK Intr) and event start (EV_Start) pulse of the

signal. However, a minor error has also been observed in the rise time values.

The error in the rise time duration is calculated by the difference between the designed rise
time duration (RT1) and measured rise time duration (RT2) divided by the designed rise
time duration (RT1) as given in Table 4.3. The measured rise time duration (RT2) is
determined by counting the number of RT Tick multiplied by the ANDed clock period of
10 ps and subtracted with extra 3T (60 ps). The RT Tick is generated by using an input of

AND gate clock frequency (100 kHz) with the rise time pulse width (RT).

The maximum error in the event duration (<2%) is less than that in rise time (<12%). This
is due to less number of clocks are associated with the rise time measurements. However,
error associated with the event duration and rise time can be further reduced by increasing
the clock frequency since the number of EV_Tick and RT Tick increases by increasing the

input of AND gate clock frequency.
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Table 4.2 Event duration measurement values taken from the simulation data (Figure
4.14b)

Ev_Start Ev_End  EV_Duartion (EV) Designed No of Measured Ev_duration Ev_Duration
Burst ) (E) (E-S) Ev_duration (EV1) Ev_Tick (EV2) Error %
No. in ps in us in us (EV-60) (T) 1 EV1 —EV2
in ps (T Tookrz 0% (Tgyp 100

1 18.5 291 272.5 212.5 27 210 1.17

2 605 838 233 173 23 170 1.73

3 1136 1364 228 168 23 170 -1.19

4 1696 1963 267 207 27 210 -1.44

Table 4.3 Rise time measurement values taken from the simulation data (Figure 4.14 b)

Ev_Start PK Intr ~ RT_Duartion (RT) Designed No of Measured RT_duration RT_Duration

B (S) (P) (P-S) RT duration (RT1)  RT_Tick (RT2) Error %

urst s in ps in ps (RT-60) (T) 1 RT1 — RT2

. Tx————60 ————— %100

No. in ps (T oo rez ~ 000 gpp <100

1 18.5 176.05 157.55 97.55 16 100 251

2 605 728.47 123.47 63.47 12 60 5.46

3 1136 1286 150 90 16 100 -11.11

4 1696 1846 150 90 16 100 -11.11

4.3 Summary

In this chapter, the design of new hardware for extraction of acoustic emission signal
parameters were presented, and these are peak amplitude, RMS, AE counts, event count,
cumulative count, event duration, and rise time. Combinations of analog and digital circuits
were employed in this design, and the simulation results were presented. Implementation of
the hardware had resulted in reliable extraction of the parameters and has been found to be
promising for wireless transmission for SHM applications. The hardware extracted AE
signal parameters showed good agreement with the offline measurements. This design
concept can be effectively utilized for the development of a wireless acoustic emission

sensor system for monitoring concrete structures.
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Chapter 5

S Design development and validation of
data acquisition device

5.1 Preamble

This chapter deals with the deployment of a programmable system on chip (PSoC) based
data acquisition device for efficiently acquiring the AE signals and parameters in a wireless
environment. It presents the hardware and software developments using PSoC. Generating

and acquiring burst type AE signals has been demonstrated in this chapter.

5.2 Introduction

Digital storage oscilloscopes (DSOs) are well suited for acquiring data using sensors in a
laboratory environment, as has been reported in the previous chapter. However, for field
applications, surged and dedicated systems capable of acquiring AE signal parameters are
essential. Moreover, a DSO is a general-purpose equipment designed to acquire, display and
record the signal from any transducer and hence has many additional features which are not
essential for integrating with AE equipment. Thus, a portable and modular data acquisition
(DAQ) system needs to be developed for wireless AE applications. Such a DAQ system

should meet the following requirements.

1. The throughput of the DAQ system should be reasonably high so that the
system can acquire all possible changes in the physical processes.

2. The DAQ should be rugged for structural health monitoring applications.
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3. The DAQ should have the capability for interactive human-machine
interface.
4. It should be possible to control the data export rate to an external computer
for further processing.
5. It should have the simplest of design and control features so that the same
can be operated by another user.
6. The DAQ should be cost-effective and extremely portable.
Considering these aspects, work has been carried out to design and develop a data
acquisition system based on PSoC for structural health monitoring. The configuration
software has been designed using the PSoC creator 4.0 platform. Subsequently, a Human
Machine Interface (HMI) has been developed for an interactive layout and to process the
event of AE signals acquired using the PSoC. The development of the PSoC based DAQ
has been validated by acquiring artificial AE signals in the laboratory. It is shown that the
results are comparable with those obtained using DSO. This device can be used as an
alternative to DSO for dynamic defect detection by AE signals. A detailed description of
how the design evolution of the PSoC based system was made and how the design concept

was used for wireless AE sensor system development, are described in this chapter.

5.3 Description of PSoC family and its selection

The PSoC is a highly configurable system-on-chip architecture for embedded control and
design, manufactured by Cypress Semiconductor. It integrates the configurable digital and
analog circuits controlled by an on-chip microcontroller. System on chip (SoC) is a

technique where all the components of electronic circuitry can be designed in single IC, and
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because of this, whole electronic circuitry can be minimized and hence reducing the board
space, power consumption, and system cost while improving the quality of the system
development. Even noise immunity can be improved, which is one of the most important
aspects when dealing with acoustic emission. The PSoC has several blocks like Read-Only
Memory (ROM), Random Access Memory (RAM), Flash Memory, etc. It also encompasses
Ethernet Port, UART (Universal Asynchronous Receiver/Transmitter), SPI (Serial
Programming Interface), and USB (Universal Serial Bus). Hence, PSoC provides a perfect
platform to design an instrument based on the specific embedded design for acoustic
emission testing that needs to be in a single board. There are various members of the PSoC

family. A brief description of their types and specifications are given in Table 5.1.

Table 5.1 PSoC types and specifications

PSoC 1 PSoC 3 PSoC 5

&-bit Microcontroller and 8-bit 8051 core and 32-bit ARM Cortex-M3

processor core and
optimized performance optimized performance

high performance

Flash memory of 4 kB to 32| Flash memory 8 kB to 64| Flash memory 32 kB to 256
kB, kB, kB,

The clock frequency of 24| The clock frequency of 67| The clock frequency of 67
MHz and 4 MIPS, MHz and 33 MIPS, MHz and 84 MIPS,

Static RAM of 256 bytes to| Static RAM of 3 kB to 8 kB | Static RAM of 16 kB to 64
2kB and and kB and

Operating voltage 1.7t0 2.5V | Operating voltage 0.5 to| Operating voltage 2.7 to
5.5V 5.5V

6-14-bit one Delta-Sigma| 8-20-bit one Delta-Sigma | 8-20-bit, one Delta-Sigma
ADC, 131 kSPS @ 8-bit, ADC, 192 kSPS @ 12-bit, | ADC, 192 kSPS @ 12-bit,

6-8-bit up to two DACs 8-bit up to four DACs
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12-bit two SAR ADCs @1
MSPS,

8-bit up to four DACs

2 mA active current and 3 JA
sleep current

Communication  protocol:
UART, I?C, FS USB 2.0, and
SPI

2 mA active current 1 PA
sleep current and 200 nA
hibernate

Communication protocol:
UART, I’C, FS USB 2.0,
SPI, LIN and CAN

2 mA active current 2 YA
sleep current and 300 nA
hibernate

Communication  protocol:
UART, I’C, FS USB 2.0,
SPI, LIN and CAN

Requires ICE Cube and Flex
Pods

Programming interface:
SWV, SWD, On-chip
JTAG and Debug and Trace

Programming interface:
SWV, SWD, On-chip JTAG
and Debug and Trace

64 input/output port

72 input/output port

72 input/output port

The number of bits and sampling frequency of the PSoC member (Table 5.1) are essential
features to be considered while selecting PSoC for the AE application. The dynamic range
can be improved by increasing the number of bit conversion of an ADC [157]. The useful
frequency ranges for acoustic emission generated from concrete based materials/structures
is 20 kHz to 100 kHz. In the case of Analog to digital conversion (ADC), in order to satisfy
the Nyquist criteria, the minimum sampling rate should be twice of the maximum frequency
present in the signals [147]. However, for true representation of the signals ten times
sampling frequency is widely used [158]. Based on these, a PSoC-5 based CY8CKIT-059
PSoC 5LP Prototyping kit has been selected for the development of DAQ. It has successive
approximation (SAR) ADC with a maximum sampling rate at a speed 1 MSPS with 12-bit
resolution, which makes it suitable for further correct representation of AE data. In addition,

the performance of PSoC 5LP architecture is enhanced through the following features [108]:
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1.  32-bit ARM Cortex-M3 high-end processor, Direct Memory Accesses

(DMA), and clock frequency up to 80 MHz.

2. It has ultra-low power consumption.

3. Programmable analog and digital peripherals.

4. Provide the flexible routing of digital and analog peripheral function to any
input/output pin.

The block diagram representation of CY8CKIT-059 PSoC SLP development kit is shown in

Figure 5.1. The PSoC 5LP kit has the following key features:

1. Programmable Kit (KitProg): It has onboard debugger/programmer for
debugging and programming to the target Kit. The PSoC SLP device can also be
programmed through the SWD (Serial Wire Debug) interface in standalone
mode. It acts as a bridge between USB and UART or UART and 12C.

2. Expansion Headers: It brings all input/output in two expansion header, which
allows the maximum accessibility to the device.

3. Micro-USB Connector: The onboard micro-USB connector provides access to
the USB block of the device to develop the USB applications.

4. User LED: This user LED on the board can be used for display and brightness
control to indicate different states of the PSoC 5LP device.

5. Push Button: It can be used to provide input to the device.

6. Reset Button: It is used for resetting the device.

7. Kit Programming (KitProg) Boatload: It is used to provide KitProg into the boot
loader mode when the key is pressed while connecting trough USB port of the
Laptop/PC.
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The application-specific system on chip can be designed in the PSoC creator, which
is provided by the manufacturer Cypress Semiconductor. PSoC Creator is a tool for
providing integrated design environment (IDE) towards concurrent hardware
configuration and software editing, debugging, and compiling of PSoC [108]. The
digital and analog components are represented by a symbol which an user can drag

and drop into his design, interconnect, and configure for PSoC applications.

PSoC 5LP Input/Output Headers

Kit Programmable
Circuit
Bypass
Capacitor

PSoC 5LP PSoC 5LP

Programmable

- Target Device
Kit

Switch

Bypass
Capacitor

PSoC 5LP Input/Output Headers

Figure 5.1 Block diagram representation of PSoC SLP kit [108].

The components used in mixed-signal Cypress catalogue is configured and dynamically
generate API (Peripheral Application Interface) libraries. Different components and their
peripherals used in the design are configured. Routing, firmware executing and debugging
can be performed in the PSoC Creator IDE. The PSoC creator code can be exported to third-
party IDEs like IAR Embedded Workbench, Eclipse, and ARM microcontroller based Kkit.
PSoC Creator is available freely in the window-based integrated development environment

(IDE) with no code size limitation. The PSoC creator includes the following features:
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1. Easy hardware design schematic capture and its wiring.
2. Readily available pre-verified components
e It includes different communications library such as Bluetooth, 12C, SPI,
USB, CAN, UART, and LIN.
e It provides graphical configuration to digital peripherals.
e It supports different analog components like ADC, Filter, DAC, CMP, and
amplifier (AMP)
o It generates dynamically API libraries
3. The compiler has no limitation in coding size.
4. The Integrated source editor performs inline diagnostics, code snippets and auto-
complete.

5. It has a built-in debugger

5.4 Data acquisition system

The architecture block diagram of the data acquisition system (DAS) for the acquisition of
AE signals is shown in Figure 5.2. The system consists of a signal generator device, DAQ,
and a personal computer (PC). The output signal from the signal generator device is
interfaced with the DAQ. The signal generator device is used in this investigation for
validating the design concept for DAQ. The PSoC based DAQ is designed to acquire the
AE data, and this has the capability to transmit the acquired signal through RS232 interface

of the board to an external computer for post-processing.
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Signal Personal
generator device computer

Data acquisition

Figure 5.2 Data acquisition system block diagram.

Hence, to do all these activities, the PSoC has the main code to integrate hardware and
software design processes along with the external user interactions. All these processes are
designed in a PSoC Creator integrated development environment. The functions behind
different processes are stated below. Firstly, communication between the user and system is
established through serial communication (RS232) on the board. The serial communication
is achieved by using UART module in PSoC. This UART module is responsible for

receiving command from the user and transmitting the information.

ADC:s are one of the most important aspects required to design an effective data acquisition.
This part is composed of several types and configurations of ADC in order to compare the
results and study about the signal acquiring. The different types of ADC are Delta-sigma,
Successive Approximation Register (SAR), integrating type, etc. Depending on ADC type,
resolution and sampling rate can be selected. The selection of ADC for the AE signal is
explained above. The main code makes it possible to switch among various functions such
as accessing UART, memory, etc. The communication is made through RS232 when a
command is received by PSoC from the user end. The instruction goes to the functional
called and the desired parameters are set. The detail description of hardware and software

designs of DAQ is given subsequently.
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5.4.1 Design of data acquisition hardware

The basic building blocks of a DAQ are operational amplifiers, successive approximation
analog to digital converter (SAR ADC), voltage digital to analog converter (VDAC),
Comparator (Comp), Interrupt, universal asynchronous receiver and transmitter (UART),

and a microcontroller to control operation and command as shown in Figure 5.3.

Operational

amplifier
SAR

Embedded ADC

e
Programming

So%’tf&-'are PSoC
Using
PSoC Creator Controller
Integrated

Development

Environment
Interrupt

UART

Comparator

Figure 5.3 Block diagram representation of components used for the DAQ.

The software for the DAQ and its interconnections, as programmed in the PSoC Creator 4.0,
is shown in Figure 5.4. The Analog Input pin is used for interfacing with a signal generator.
The Analog Input pin is connected to a unity gain Opamp component and to the non-
inverting terminal of a comparator component. The Opamp component is a follower and
provides impedance matching to the signal generator device. The output of the Opamp is
connected to the SAR ADC, which has been configured for 1 MSPS sampling speed and
12-bit resolution. The VDACS component is an 8 bit DAC that is used for generating the
threshold reference at the inverting terminal of the Comparator component. The threshold

voltage is set from 0 to 4.08 V in a step of 16 mV per bit.
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Figure 5.4 Schematic design of the DAQ in PSoC creator 4.0 IDE.

It can be controlled either by hardware or software or a combination of both. The Comparator
component generates an output signal based on the comparison between the AE signal levels
and the threshold reference set at the comparator. The Interrupt component is connected to
the output of the comparator and is configured in the rising edge of the signal. The USB
UART interface is used to establish communication between DAQ and personal computer
for display, storage and analysis. The configuration of the UART for data transfer rate is
921600 bits per second with the following features such as full-duplex communication, 8-
bit of data length, parity type as none, stop bit like one and flow control as none. The
development of the embedded software code for enabling the hardware component and
signal processing algorithm for acquisition, processing, and transmission of the AE signal is

explained in the subsequent sections.
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5.4.2 Data acquisition software design

The PSoC Creator 4.0 has been used as an integrated development environment enabling
concurrent firmware and hardware editing, compiling and debugging of PSoC 5
development kit. The interrupt component is used in this design for identifying the event of
an AE signal. The Interrupt component generates an interrupt on the rising edge of the
comparator output. Data acquisition is performed by the SAR ADC only when the interrupt
is generated. The triggering of interrupt enables to perform an interrupt service routine (ISR)
whenever the voltage level of AE signal (Analog_Input) exceeds the threshold voltage. The
signal acquisition, processing, and transmission are made within the ISR. After servicing an
ISR, control reaches the main program, and the same process is continued. The software

flowchart for the acquisition of AE signals is shown in Figure 5.5.

Start Start
¢ Interrupt
Service
Enable all thi components Routine
Read inplut signal Taitialize ple =0
* . -
Signal level>Threshold i ' Read ADC
l Yes Stored ADC samples data
Triggered an Interrupt in to memory array
H
Start Sﬂmli'e _
Interrupt
Setvice ~ Samples<1024 i
Routine
+ No
Data processing of an array

Data transmission ;lsing USB UART

Stop

Figure 5.5 Software design flow chart for the acquisition of AE signals.
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One thousand twenty-four samples of AE signal length with a duration of 1.03 milliseconds
is recorded with a sampling rate of 1 MSPS. These one thousand twenty-four samples are
processed and transmitted through USB UART. The embedded software has been
developed in C programming language for this purpose and is given in Appendix A. An
artificial burst type AE signal has been generated by a signal generator device in the
laboratory and acquired using the designed PSoC hardware to validate the design of the

DAQ.

5.5 Signal generator device

Similar to the analog-to-digital converter, a digital to analog converter (DAC) has also been
designed and developed using the PSoC hardware for testing and validating the DAQ. A
burst type AE signal with a frequency of 50 kHz has been generated using the DAC. One
thousand twenty-four samples are covered in a 1.023 millisecond decaying signal of
frequency 50 kHz. The signal is normalized with respect to 2.5-volt reference DC level.
Where the decay constant is 10000, and the duration between the samples is one
microsecond. The generated samples of signals are made compatible to read 8-bit digital to
analog converter and can be found in the software programming code in Appendix B. The
schematic hardware design of the DAC for the generation of AE burst using a PSoC Creator

4.0 is shown in Figure 5.6.
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Figure 5.6 Schematic design of the signal generator device in PSoC creator 4.0 IDE.

The components used in this design are VDACS (voltage digital to analog converter of 8
bit) and Opamp (operational amplifier). The Opamp component works as a voltage follower
which provides the same voltage to a load irrespective of the input to the Opamp. The output
signal from VDACS is connected to the non-inverting terminal of the Opamp. The Opamp
output is routed to one of the analog pins (0.0) of the development kit. The embedded
software for the signal generator has been written in C programming language and is given
in Appendix B. The combined hardware and software development has been imported into
the development kit. The block diagram of the signal validation test for the signal generator
device is shown in Figure 5.7. The validation has been carried out to confirm the frequency

of the artificial signal using a digital storage oscilloscope.
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Signal Generator Digital Storage

Device Oscilloscope

Figure 5.7 Block diagram of signal validation test.

The photograph of the experimental test setup for the validation of the signal generator
device is shown in Figure 5.8. The signal output from the analog pin is connected to the

input channel of the digital storage oscilloscope (DSO) for display.

......

~|DSso

= F USB Power
| Supply

| PSeC S Development Kit |

Figure 5.8 Photograph of the experimental setup for validation of the AE signal generator.

The artificial burst signal generated in the PSoC hardware and acquired by the DSO has been
saved in ASCII format. Fast Fourier Transform (FFT) has been performed on the stored
signal to verify the frequency components present in the signal. Figures 5.9 (a) and Figure

5.9 (b) show the AE burst signal and its Fourier transform respectively. It can be observed
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from Figure 5.9 (b) that only 50 kHz frequency component is present in the signal as
expected. This experiment validates the functioning of the signal generator. Further
experimental work to validate the DAQ for the acquisition of burst type AE signals is

explained in the subsequent section.
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Figure 5.9 (a) Burst type AE signal generated and it's (b) FFT received from signal

generator device.

5.6 Communication interface

LabVIEW tool has been used with a laptop for the data display and saving the AE signals.
NI Visa serial communication interface has been established with USB UART COM port.

NI Visa is a software tool which is used for serial communication in the LabVIEW. USB
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UART is used to transfer and receive the serial data between two devices. The USB UART
follows an asynchronous serial protocol to ensure reliable data transfer. There are different
UART parameters that are used to communicate the DAQ with PC such as mode, bits per
second (Baud rate), data bits, type of parity, stop bit and flow control. The detail description

of the parameters is given below.

Mode of communication: There are different mode of communications in UART such as

half-duplex mode, transmit mode (TX), receiver mode, and full-duplex mode.

Bits per second (BPS): It is used for the data to Tx/Rx at a rate of bits per second called
baud-rate. There are different baud rate that can be configured with varying internal clock
frequency such as 1200, 2400, 4800, 19200, 38400, 57600, 115200, 230400, 460800 and

921600 bits per seconds.

Data bits: It is used for the number of data (5, 6, 7, or 8-bit) to be transmitted between the

start and stop of single UART transfer.

o 8-bit data is the default configuration for the data transfer.

Parity Type: The parity bit location (Even, Odd or None) is used with the data transfer.

Stop bit: This defines the number of stop bits (1 or 2 bits) and are used with the data transfer.

Flow Control: It allows to choose between hardware or None.

The UART configuration of DAQ and laptop should be the same to communicate between
them. The required setting for UART communication for both the devices is given in Table
5.2.
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Table 5.2 The UART parameters configuration for DAQ and the PC.

Parameters DAQ/PC

Mode Full Duplex UART (TX + RX)
Baud rate 921600 bit per second

Data Bits 8 bits

Parity Type None

Stop bits 1 bit

Flow Control None

5.7 Experimental, results and discussion

The photograph of the PSoC based DAQ set up in the laboratory for acquiring AE data is
shown in Figure 5.10. As seen, two PSoC 5LP development kits of similar types are used
in this design. One is used as the signal generator device and the other as the data acquisition
device, as explained earlier. The AE signal output from the signal generator is interfaced
with the data acquisition device, as shown in Figure 5.2. The burst type AE signal generated
from pin number (0.0) of the signal generator is fed to pin number (3.6) of the DAQ and
also to the DSO. The USB UART communication is established between the data

acquisition device and the PC.
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Figure 5.10 Photograph of the experimental setup for the data acquisition system.

Bank

Once the signal voltage level crosses the threshold, the event of the AE signal is detected,
and one thousand twenty-four samples of the signal are acquired and transmitted using USB
UART communication. The duration between the samples is set to one microsecond. The
recorded AE signal length of 1.023 microseconds is displayed in the LabVIEW graphical

user interface, as shown in Figure 5.11.
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Figure 5.11 Burst type AE signal received from DAQ displayed using LabVIEW.
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The transmitted data is saved in ASCII format in the PC. The data is transmitted in the 12-
bit ADC quantization levels. The maximum dynamic range of 5 volts corresponds to 4096
quantization level of the ADC. The signal of ADC quantization levels is plotted against the
number of ADC samples and is shown in Figure 5.12 (a). The time difference between two
consecutive samples corresponds to a one-microsecond time duration. Fast Fourier
Transform (FFT) has been performed on the received signal from DAQ to examine the
frequency component present in the signal, and the same has been shown in Figure 5.12
(b). It can be observed that the only single frequency component is present in the received
signal from the DAQ with a frequency of 50 kHz. The frequency components present in the
received signal from the developed DAQ exactly match the artificial AE signal of the signal
generator device, as shown in Figure 5.9 (b). These experiments validate the performance
of the developed DAQ. This design concept for the acquisition of burst type AE signal will
be explored for the development of the wireless acoustic emission sensor system for

parameter extraction and is explained in the next chapter.
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Figure 5.12 AE signal received from the (a) DAQ and its (b) FFT.
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5.8 Summary

A programmable system on chip based data acquisition device for dynamic detection of an
event of AE signal has been designed and developed. The performance of the developed
DAQ has been successfully demonstrated with the in-house developed signal generator
device for detecting dynamic AE events. The developed data acquisition is capable of
acquiring, storing and processing AE data up to a speed of 1 MSPS and provides 12-bit
resolution to the signal which is sufficient for the correct data interpretation of AE signals
in the frequency range 20 to 100 kHz. Validation of the DAQ has been carried out by the
signal generator device and DSO using FFT. The frequency components (50 kHz) present
in the received signal has been found to be in good agreement with the frequency

components (50 kHz) present in the signal generator device.
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6 Design development and validation of
wireless AE sensor system

6.1 Preamble

This chapter provides the overall design concept and architecture of the wireless AE sensor
system. It deals with the deployment of a programmable system on chip (PSoC) based
wireless sensor system for efficiently extracting and wireless transmission of the parameters
of AE signals. It also presents the validation of the developed wireless sensor system by
applying the signal validation test along with two different applications, namely

compression test and corrosion detection test of concrete specimens in the laboratory.

6.2 Wireless sensing hardware design and architecture

Existing wired based AE systems have several drawbacks such as high installation time,
high power requirement, noise associated with cabling, and portability issue due to the large
size of the instrument, and restriction on remote monitoring. The wireless AE system
overcomes the constraint of the wired AE system. By considering all these aspects, the PSoC
based wireless AE sensor system has been designed and developed. Typical wireless AE
unit consists of a sensor, signal conditioning unit, computational core unit, base station and
wireless communication unit for transmission and reception of signals and commands, as
illustrated in the functional block diagram given in Figure 6.1. Commands are instructions
given by the base station to the sensor unit for control and handshaking. The important

design aspects of the wireless sensor unit for SHM applications are onboard processing
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capability of the computational core unit and battery power of the system. Accordingly, the
wireless sensor unit has been designed in such a way that it consumes minimum power to
extend its lifetime and uses minimum hardware, which makes the sensor unit compact and

cheap.

The wireless AE system includes a single wireless sensor unit communicating with a base
station. In this prototype implementation, the base station is a computer either desktop or
laptop, connected through a compatible wireless transceiver through a USB UART
communication port. The wireless AE sensor unit is responsible for the acquisition of AE
signal, processing various parameters associated with the signal, and finally transmitting the
processed information wirelessly to the base station for permanent storage and further data

analysis.

i Signal
Pre-Amplifier Conditioning Computational Core Unit
Unit

PZT
Sensor

Transceiver

Base
Station/Server

Transceiver

Figure 6.1 System architecture block diagram for the wireless AE sensor system.
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6.2.1 Redesign of the signal conditioning unit

The development of the wireless sensor unit involves the design of three functional units
viz., signal conditioning unit, computational core unit, and a wireless communication unit.
The design and developmental aspects of SCU have been discussed in Chapter 2. In order
to reduce the size and the power consumption, the SCU has been redesigned to
accommodate it in a single chip of AD8630ARUZ manufactured by M/s. Analog Devices.
This single chip SCU has a buffer, post-amplifier and filter. The integrated circuit chosen
for the SCU has four operational amplifiers, out of which the first one has been used as a
buffer, second one as a post-amplifier and the remaining two for active bandpass filter
circuit. The Sallen-Key configuration, one of the most widely used filter, has been adopted
for the design of bandpass filter. The Multisim design of the bandpass filter with 3 dB lower,
and upper cut-off frequencies of approximately 27 kHz and 90 kHz respectively, is shown
in Figure 6.2. The simulation results are used for the design of the bandpass filter. The
optimized circuit diagram of the SCU in a single IC based on the simulations is shown in

Figure 6.3.
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6.2.2 Design of the computational core unit

The functional blocks of the computational core unit are DAQ, real-time clock and hardware
for the parameter extraction from AE signals. The development of the DAQ on the PSoC
platform has already been presented in Chapter 5. PSoC platform has been chosen for the
development of the computational core unit also. The PSoC components used for the real-
time measurement of AE events are sync (Synchronizer) and counter. The design of CCU

in PSoC Creator 4.0 IDE is shown in Figure 6.4.
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Figure 6.4 Design of computational core unit in a PSoC creator 4.0 IDE.

The reason for selecting the PSoC is due to the components of electronic circuitry (buffer,
a programmable gain amplifier, comparator, counter, synchronizer, successive
approximation, voltage digital to analog converter (VDAC), analog to digital converter
(ADC), universal asynchronous receiver and transmitter (UART), interrupt, and a

microcontroller to control operation and command can be designed in single IC. Because of
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this, whole electronic circuitry can be minimized and hence reducing the board space, power

consumption, and system cost while improving the quality of the system development.

The AE Signal output from the signal conditioning unit is internally connected to the
programmable gain amplifier (PGA) input pin of the CCU. The PGA output is connected to
the input pin of the SAR ADC. The detail configurations of the PGA, SAR ADC, VDACS
and ist_1 component with their inter-connection have been explained for the design of DAQ
in the previous chapter. The comparator compares the AE signal voltage level with the
preset threshold voltage reference (VREF) and yields the output signal based on this voltage
level comparison. The comparator output is connected to isr_1. The isr 1 component is used
for generating an interrupt on the rising edge of the comparator output. The 32-bit counter
component is implemented along with the sync component to synchronize the input clock
(Clock 1) with the source clock (Clock 2) to capture the real-time occurrence of an event
of the AE signal. The sync component resynchronizes the input signal to the rising edge of
the source clock. The CCU then extracts the parameters of AE signals such as ring down
count or AE count, rise time, event duration, peak amplitude and root mean square (RMS).
The hardware implementation of the feature extraction module has been presented in
Chapter 4. A wireless communication unit has been interfaced with the CCU for

transmission of AE parameters, the detail of which is dealt with in the subsequent sections.

The system includes one base station and one wireless AE sensor unit. The base station is

responsible for:

1) Commanding the wireless AE sensor unit to perform data collection,
2) Controlling the process,

3) Receiving data from the wireless AE sensor unit, and
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4) Storing the received data in a file.

A personal computer with a ZigBee wireless transceiver connection is used as the base
station. The software for the wireless AE sensor system is divided into two parts, i.e.,
embedded software for the wireless AE sensor unit and software for the base station. The
base station always initiates communication. The base station repeatedly sends commands

until an expected response is received from the sensor unit.

The basic requirement for software design is to configure the sensor unit for achieving the
required gain, threshold level and enable or disable data acquisition remotely. These
requirements are set at the base station. The second requirement is to acquire processed data
from the sensor unit and transmits the data to the base station. LabVIEW environment is
used for the data analysis, display and data storage at the base station. The implemented
embedded software can execute two tasks in parallel. The sensor unit can collect data from
the sensor whenever the signal voltage level crosses the threshold reference of the
comparator and can perform another operation simultaneously, i.e., wireless data transceiver
or execute a computational algorithm to interrogate the sensor data. Multitask
implementation is made a success by interrupt service routine (ISR) offered by the
microcontroller. The interrupt function is a powerful feature that allows the software to
momentarily pause and execute a certain task. This includes the processing of data and
transmitting wirelessly when it is scheduled time to sample data from the sensor unit. The
paused task resumes immediately after servicing. The above description of software
development is implemented in the PSoC Creator integrated development environment
(IDE). The software is written in the embedded C programming language. The details of

embedded C programming code are included in Appendix C.
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6.2.3 Wireless communication unit

A significant achievement is made when the raw data is processed locally, and only the
results are transmitted. The transmission of only processed results leads to a decrease in data
size to be communicated. Hence, a reduction in the decrease in data size after processing is

relatively more power-efficient compared to the transfer of raw data to the base station.

Currently, many types of wireless technologies are available for transmitting data. The most
predominant wireless technologies are Bluetooth, Zigbee, mobile communication and Wi-
Fi. The data transfer rate of Wi-Fi communication is high, but it requires high power for
long term SHM. The data transfer rate of Bluetooth communication is relatively high, but
the range of data transmission is less (approx. 10 meters). Mobile data communication
covers long-distance communication, but the service fees increase the cost for large scale

monitoring of structural applications.

Zigbee shows many advantages compared to other wireless communications with respect to
high network capacity, self-organization capability, low cost, and low power consumption.
Due to this, ZigBee is the most predominantly used communication mode in a sensor

network for monitoring of large-scale structural applications.

Robust data communication between the wireless AE sensor unit and the base station is
essential for monitoring any structure. The estimated communication range for the civil
structure may perhaps be several hundred meters. Generally, high power is associated with
the long-range communication of wireless transceiver. Hence, it is required to keep a
balance between low power consumption and long-range communication for monitoring of

structures. However, the communication range can be extended by the use of a repeater.
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The features of the ZigBee wireless transceiver are shown in Table 6.1. The communication
range of 100 m outdoor (LOS) and 30 m indoor for ZigBee wireless transceiver is sufficient
for most of the small civil structures and for laboratory works. ZigBee wireless transceiver
consumes much less power in sleep mode. The maximum transfer rate of the ZigBee
wireless transceiver is 921600 bps. The ZigBee wireless transceiver is an interface to the
base station for continuous data communication in real-time. ZigBee wireless transceiver
has different modes of communication between AE sensor unit and base station like point-

to-point, point to multipoint and peer to peer, for local data analysis.

Table 6.1 Key characteristics of the ZigBee wireless transceiver.

Parameters Specifications

Indoor/Urban Range up to 30 m (100 ft)

Outdoor RF line-of-sight Range up to 100 m (300 ft)

Serial Interface Data Rate 1200 - 921600 bps

(software selectable)

Supply Voltage 2.8 3.4 Volt

Transmit Current (typical) 45mA @ 3.3 Volt

Operating Frequency ISM 2.4 GHz

Network Topologies Point-to-Point, Point-to-Multipoint &

Peer-to-Peer

6.3 Assembled prototype wireless sensor unit

Based on the hardware design architecture, the wireless AE-SS has been developed in the
laboratory. The components used for the wireless sensor unit are fabricated on a single two-
layer printed circuit board (PCB). The photograph of the complete PCB with all the essential

integrated circuits (ICs) is shown in Figure 6.5. The dimension of the two-layer PCB is 85
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x 56 mm and can be further reduced by using multilayer PCB manufacturing techniques. To
protect the wireless AE sensor unit and batteries from harsh weather condition, it is stored
within a weather-proof polypropylene enclosure with an IP65 (ingress protection) rating of

dimension 110x80x60 mm.

JTAG Programmer and Debugeer .  Front View 7 Power input Rear View

Wireless Transceiver

Sensor
Connector

33V
Voltage regulator

(LD117-33)

AD8630ARUZ

PSoC-5LP
(CYSC5888AXQ-LP096)

Figure 6.5 Front and rare views of integrated prototype wireless AE sensor unit.

In order to calculate the power consumption of the wireless AE sensor unit, the power rating
specifications have been studied. All the design hardware components are internally
referenced at 5V except the wireless transceiver, which needs 3.3V. The wireless sensor
unit can collect, process, and transmit the AE data when it is active. In contrast, the wireless
sensor unit can be kept in a sleep mode from which it can be easily awakened. In the sleep
mode, the wireless unit consumes very low electrical current. The current consumption in
slip mode is called standby current. The maximum and standby currents consumed by the

elements are given in Table 6.2.
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Table 6.2 Approximate current consumption of different components.
Maximum

Components Active current Standby current
AD8630ARUZ (IC) 1.0 mA 100 pA
PSOC-5LP (CY8C5888AXQ-LP096) 2.0 mA 2.0 pA

ZigBee transceiver 45.0 mA 20.0 pA

Total 48.0 mA 22.0 A

In the current prototype, 10000 mAh Lithium-ion rechargeable power bank has been used.
The total active current consumption of the developed wireless AE sensor unit with the
wireless transceiver in operation is measured by USB type voltage and current meter in the

laboratory, are found to be 5.09 Volt and 50 mA respectively, as shown in Figure 6.6.

..'...____-E:_

D

N :

PowerBank | Lo\

Power Bank Meter

Wireless AE sensor node

Figure 6.6 Voltage and current are measured by USB meter.
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The estimated lifetime of the wireless sensor unit for continuous monitoring is expected to

be:

Energy capacity =~ 10000 mAh

Active time = — =
current consumption 50 mA

=200h =833days

This expected active life is conservative because it assumes continuous operation of the unit

at all times.

6.4 Performance validation of the wireless sensor unit

Three different types of tests have been performed for validation of the developed prototype
wireless AE-SS. These are the signal validation test, concrete compression test and concrete

corrosion test. The experimental results of the tests are presented in subsequent sections.

6.4.1 Signal validation using artificial AE signal

An artificial burst type AE signal of 50 kHz has been generated using a signal generator
device, as explained in Chapter 5. This signal generator device has been used for validating
the developed prototype wireless system. The block diagram representation of the
experimental setup for signal validation test using artificial AE events is shown in Figure
6.7. The actual photograph of the experimental setup is shown in Figure 6.8. AE_Signal is
the output of the signal generator device interfaced with the developed wireless sensor unit

and also to digital storage oscilloscope (DSO). The DSO has been used for recording the
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event of an AE signal crossing the defined threshold and for saving as ASCII format. The
event of the AE signal is also acquired and transmitted by the wireless sensor unit to the
base station. The transmitted event of AE data is stored and displayed at the base station, as
shown in Figure 6.8.

Digital
Storage

Oscilloscope

ignal
esngr:tor Wireless Base Station
: AE_signal il Sensor Unit (Laptop)

device

Figure 6.7 Block diagram representation of test setup for signal validation test.

Figure 6.8 Photograph of the test setup made in the laboratory for validation of wireless AE

sensor system.

The recorded AE signals at the transmitted and received sides were subjected to FFT to
check for any loss of information. Figure 6.9 shows the frequency spectra of the AE signals

at the received sides. As can be seen, only 50 kHz frequency component is present in the
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received signal, which matches the frequency of artificial burst type AE signals (Figure
5.9b). Moreover, the frequency spectra of both the signals exactly match with each other,

indicating that there is no loss of information during the wireless transmission.
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Figure 6.9 FFT of the signal received from the wireless sensor system.

6.4.2 Signal validation using pencil lead break

A setup has been made in the laboratory to validate the AE signal acquired by the wireless
AE sensor unit and is shown in Figure 6.10. The validation has been done by comparing
the signals acquired by the developed wireless AE sensor system with that obtained by a
commercially available AE system (PAC). The entire setup is divided into two parts: (a)
Test setup for the developed wireless AE system which consists of AE sensor unit, PK6I
PZT sensor, power bank, V & I meter and Base station; and (b) Test setup for commercially
available Physical Acoustic Corporation (PAC) system. This consists of DISP AE

workstation, R6a PZT sensor, pre-amplifier and power supply.
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Figure 6.10 Photograph of the experimental setup of the wired based PAC system along

with the wireless AE sensor system in the Lab.

The signal validation has been carried out by the pencil lead break (PLB) test. The PLB
signal is considered to generate an AE event akin to that generated by the growth of a crack.
The sensors for both the systems are mounted on the top surface of a concrete block
separated by 40 cm. The pencil lead break tests were carried out at a location midway
between the two sensors. The event of an AE signal is detected when the signal level crosses
the defined threshold reference. In an AE signal, the threshold voltage is set and used for
discrimination of the signal from the background noise. When an event is detected a
thousand samples of AE data is recorded with a sampling rate of 1 MSPS (one-microsecond
duration between samples) which means the duration of one millisecond data are recorded
by both the systems. The frequency spectrum has been performed to the pencil lead break
test signals. FFT is used to characterize the frequency content present in the time domain
signal. One typical signal acquired by both the sensors and its FFT is shown in Figure 6.11.

The signals received by both the sensors are almost similar in nature. The resonant
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frequency from the wireless AE system and PAC system is found to be 55.68 kHz and 46
kHz respectively, which varies within the operating range of frequency and around the
sensor resonant frequency. The developed wireless AE system has been further validated by

conducting a compression test and corrosion test on the concrete specimen.

25 Pencil lead test signal from the wireless AE-SS e FFT of pencil lead test signal from the wireless AE-55
20 0.09-|
1.5-| 0.08 -
— = 55.68 kHz
% 104 : 0.07 ;
2 o0s ‘ . | 5_ 0.06 ‘
LT ” Il wr” IM%%‘ mllm‘nf"frlﬂh B vos
S | r“l l“ 2 ‘
£ 05 E o004
[=3 [=5 l
E A0 E 0.03 H |
I
45+ 0.02 W l‘ | I
Al |
20| 014 |‘ |
o fa I |I| | |||‘|\|M||| f\ILI L llfr\” | U o
o T T T T 0.00 et LAY e
e 200.0 0 4000 9oo.0u o 0.0 s0.0k 100.0 1500 200.0k 250.0k
Time (Second) (“]) Frequency (Hz)
= Pencil lead test signal from the wired PAC system 030 FFT of pencil lead test signal from the wired PAC system
204
s o ; 46 kHz
i =
S 1 D 020
2 os] ” <
% 0.0 i | I L r‘ :1‘
E ‘ 1‘ w | 'n‘ i ‘ N
= 05 E
o =
E 1.0 . E_ 0,10 -
L 4] <
0.05
b ‘J\J
-25 T T T T
oo 2000p 4000 e000p  B00.0p T.om e 50.0 100.0k 150.0k 2000k 2500k
Time (Second) (b) Frequency (Hz)

Figure 6.11 Pencil lead break test signal and it’s FFT from (a) wireless AE system and (b)

wired PAC system.

6.4.3 Application of the wireless AE sensor system to concrete compression test

The compression test is widely used to estimate the compressive strength of concrete. The

compressive strength provides many characteristics of concrete, such as cement strength,
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water-cement ratio, quality control, and quality of concrete material during the production.
Table 6.3 gives detail descriptions of concrete specimens used for the compression tests.
Two different grades of concrete (M30 & M45) and two different geometries of the
specimen (cube & cylinder) were used. All the concrete specimens were cured for 28 days
and then subjected to compression tests. AE signals generated during the compression test
provide a wide range of information concerning the quality of the concrete. The tests were
conducted according to the standard procedure in IS: 516-1959 with a constant loading rate

of 5.2 kN/s.

Table 6.3 Details of specimens used for compression tests

Serial No. Concrete grade  Specimen shape  Specimen dimension
M30 Cube 100x100x100 mm?
2 M30 Cylinder 200 mm Height and 60 mm in
Diameter
3 M30 Cylinder 300 mm Height and 60 mm in
Diameter
4 M45 Cube 100x100x100 mm?
M45 Cube 150x150x150 mm?
6 M45 Cylinder 200 mm Height and 60 mm in
Diameter

The photograph of the experimental setup for concrete compression and AE testing is shown
in Figure 6.12. The entire setup is divided into two parts: (a) Test setup for the developed
wireless AE system which consists of AE sensor unit, PK6I PZT sensor, power bank, V &
I meter and Base station; and (b) Test setup for the commercially available Physical

Acoustics Corporation (PAC, USA) system.
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The test set up for the commercially available AE system consists of DISP AE workstation,
R6a PZT sensor, pre-amplifier and power supply. DiSP-16 is a 16 channel wired system
with dynamic range >82 dB and has a variable sampling rate from 1 MSPS to 10 MSPS.
The system has an ADC resolution of 16 bit. The developed wireless system has a sampling
rate of 1 MSPS and ADC resolution of 12 bit. Two PZT AE sensors (PK6I and R6a) both
having a resonant frequency at 55 kHz were fixed firmly at the opposite faces of the concrete
specimens. Silicon grease was used as couplant. The specification of the sensor PK6I has
already been given in Table 3.2. The specifications of the sensor R6a used with the

commercial wired PAC, USA system is given in Table 6.4.

Wireless AE
sensor unit

s

y
PK6I PZT
| Sensor | -
- l &
P

Concrete

R6a PZT
Sensor
Prea:mphﬁer

Wired PAC
System

Figure 6.12 Photograph of an experimental setup for the compression test of concrete

specimen.
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Table 6.4 Specifications of the sensor used with the wired PAC, USA system

Specifications Sensor (R6a) *
Type External
Operating Frequency Range 35-100 kHz
Resonant Frequency ~55 kHz

Input Voltage 28 Volt@ 30mA
Pre-amplifier Gain 40 dB

*Sensor (R60) is used with the wired PAC, USA system

The overall gain of the PAC system and the developed system were 40 dB and 38 dB,
respectively. Prior to the compression test, the PLB test has been carried out to simulate AE
events for calibration purpose. After calibration, the threshold of 55 dB and 50 dB has been
fixed for the wireless and wired system, respectively. During the compression test, the
applied load as a function of time has been recorded. The parameters of the AE signals
generated during the compression tests after crossing the threshold were recorded by the
developed wireless AE sensor system as well as by the commercially available wired PAC
system. The signals were recorded at the speed of 1IMSPS by both the systems. The
computed AE signal parameters have been continuously transmitted through the wireless
system and captured and plotted using the LabVIEW program. Similarly, AE parameters
from different tests are also obtained using the commercial system. The results from one of
the tests (M30 grade concrete cube of dimension 100x100x100 mm?) are shown here.
Figure 6.13 shows the variations of counts and applied load as a function of time from (a)
developed wireless AE system and (b) wired PAC system. Similar plots for other AE

parameters such as cumulative counts, RMS, peak amplitude, rise time and event durations
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along with the load as a function of time from the wireless and wired PAC systems, are

shown in Figure 6.14 - 6.18.

The variations of the parameters of AE signals with time, obtained from the developed
wireless system are found to be a good agreement with the parameters obtained from the
commercially available system. The result of cumulative counts shows a strong
representation of the AE activity during the test. Three different AE activity regions can be
observed from the plots, as highlighted in Figure 6.14. In region I, many AE signals or
activity are generated due to the closure of pre-existing cracks and formation of microcracks
through weak boundaries of particles within the concrete specimen. In the second region,
there is a continuous increase in AE counts because of the steady growth of the cracks. AE
counts generated in this region are related to multiple crack branching, fracture of large
pores, and aggregate to cement interface cracking. In region III, a drastic increase in AE
counts is observed when the load increases to the ultimate strength of the concrete specimen
where unstable cracking occurs. These three regions of activity are also seen in other AE
parameters. The difference in AE activity in the two systems is due to different
characteristics of the instrument, and different gain and threshold of the sensor systems. The
results of AE activity observed in different regions are in agreement with the results reported

in the literature [83].

138



900 900
Counts from wireless AE system
200 4 - 800
I Counts
T00 - 700

Counts

(a)

50 100

Time (Second)

g
Load (kKN)

400

g

Chapter 6

900 900
Counts from wired PAC system
800 - 800
1 Counts
700 4 ) 4 700
s |(b) 600
= 5004 500
s 4
1
(] 400 400
300 300
200 4 200
100 100

0 50 100

Time (Second)

Load (kN)

Figure 6.13 Counts and applied load as a function of time from (a) developed wireless AE

system and (b) wired PAC system.
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Figure 6.14 Cumulative counts and applied load as a function of time from (a) developed

wireless AE system and (b) wired PAC system.
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Figure 6.15 RMS and applied load as a function of time from (a) developed wireless AE

system and (b) wired PAC system.
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Figure 6.16 Peak amplitude and applied load as a function of time from (a) developed

wireless AE system and (b) wired PAC system.
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Figure 6.17 Rise time and applied load as a function of time from (a) developed wireless

AE system and (b) wired PAC system.
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Figure 6.18 Event duration and applied load as a function of time from (a) developed

wireless AE system and (b) wired PAC system.

The cracking behaviour in the concrete specimen due to the compression load has been
confirmed by using a Camscan scanning electron microscope (SEM) investigation. Figures
6.19 (a-b) show SEM micrographs of fracture surface (different locations) of concrete after
compression test. The SEM micrograph shows multiple pores at different locations and

localized failure regions. These multiple cracks originated from pores and other weak
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boundaries and propagated into many directions after the compression test, as shown by the

arrows in Figure 6. 19.

Localized failure region
¢ 12 S

racks

i e
T

Figure 6.19 SEM images of the fracture surface of a concrete specimen.

6.4.4 Application of the wireless AE sensor system to concrete corrosion test

Rebar corrosion is one of the critical deterioration modes of reinforced concrete structures

due to exposure to the saline environment. Acoustic emission monitoring of rebar corrosion
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has a significant role in the condition monitoring of concrete structures. For on-line
corrosion damage monitoring, reinforced concrete beams having dimensions 350 mm x 100
mm x 100 mm is prepared, and rebar of 15 mm Diameter is embedded in the concrete beam.
The test specimen is kept in NaCl solution on a copper plate, and 100 mA current is
continuously charged between rebar and the copper plate to accelerate the corrosion. The
photograph of the experimental test setup for the corrosion test in rebars is shown in Figure

6.20.

PAC system

Voltage supply
NacCl solution i &

Rebar 25 2% NaCl solution

 I—— > Copper plate

Figure 6.20 Photograph of an experimental setup for the concrete corrosion test in the Lab.

AE monitoring was done continuously for ten days using the developed wireless AE system
and the commercially available PAC system. The similar test setup is used as in the
compression test described earlier. The cumulative count represents the strong variation of
AE activity. The result is shown by the variation of cumulative counts with time (no. of

days) in Figure 6.21.
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Figure 6.21 Cumulative count as a function of time in days from (a) developed wireless AE

system and (b) wired PAC system.

It is seen from Figure 6.21 that the generation of AE signals starts after three days from the
starting of the test. This can be attributed to the onset of corrosion. From six days onwards,
the volume of the corrosion product increases on rebar, leading to multiple cracking in the
concrete, and turn to produce an AE signal. The volume of rust products is much bigger
than the metallic Fe leading to cracking of the cover concrete when stress exceeds the tensile
strength of the concrete. The AE results obtained by the developed system are in compliance
with the results from the commercial system, thus validating the developed wireless AE
sensor system. The occurrence of corrosion and cracks in the concrete beam has been
confirmed by X-ray radiography. It is found that the result is in line with the reported result

in the literature [159].

X-ray radiography has been used to identify the rebar corrosion damage and the cracking
process in the concrete. For X-ray radiography exposure, a 320 kV Balteau constant

potential mini-focus X-ray unit was used with a focal spot size of 0.2 mm. Flash scan FS35
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Thales flat panel detector with 127 um pixels was used as an X-ray detector. The sample
was mounted on a 7-axis manipulator stage. Figures 6.22 (a) — (b) show the X-ray
radiography images of the concrete block before and after corrosion damage. It is seen that
12 mm thick mild steel rebar is corroded at the periphery of the rod. Grey-level intensity
profile across the line segment L-M as indicated in Figure 6.22 (b) shows that the thickness
of the rebar is reduced to 11.50 mm from the initial 12 mm, which is approximately 4% of
the thickness loss at this location. It is also observed that the thickness loss due to corrosion
is not uniform along the length of the rebar. After the accelerated corrosion, multiple cracks

were observed, as indicated by the arrow in Figure 6.22 (b).

Figure 6.22 X-ray radiography image of concrete block (a) without corrosion (b) after

accelerated corrosion
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It can be concluded that the developed wireless system is able to detect the AE activity as
shown by the characteristic curves from the compression test and corrosion test and are in
compliance with the detected activity by the commercially available wired PAC system.
The results of compression and corrosion tests have been verified with the SEM and X-ray
radiography methods. Moreover, the developed system is the first of its kind, which has
been designed and implemented on PSoC technology. The developed system can be
effectively deployed for structural health monitoring of various critical concrete structures
like nuclear power plant (NPP) containment, bridges, and tanks along with corrosion
monitoring of rebar concrete structures in the petrochemical industry, where corrosion is a

potential issue.

6.5 Summary

A real-time wireless AE-SS for structural health monitoring applications of concrete has
been developed, and various design and developmental aspects have been discussed. The
acquisition of burst type AE signals and extraction of various parameters of the signals is
successfully implemented in real-time based on a programmable system on chip (PSoC).
The wireless AE system developed has been validated by three different methods viz. signal
validation using artificial AE signal along with pencil lead break test, concrete compression

test and concrete corrosion test in the laboratory.

The developed wireless AE system has been successfully used for monitoring the
compression test of concrete specimens. Three different regions of AE activity have been
identified. The obtained results from the compression test by the developed system are in
compliance with the results obtained by a commercially available system. The results of AE
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activity obtained by the developed system during the concrete corrosion test also match the
activity obtained by the commercially available system. The results of compression and

corrosion tests of concrete have been verified with the SEM and X-ray radiography methods.
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7 Conclusion, contribution and scope for
future work

7.1 Conclusion

The objective of the thesis is the development of a wireless acoustic emission sensor system
(AE-SS) for structural health monitoring applications. A combination of hardware and software
design approaches has been implemented in a programmable system on chip (PSoC) towards
achieving the objective. There are different sub-modules in the design, such as signal
conditioning unit (SCU), data acquisition (DAQ) device and computational core unit (CCU),

for realizing a complete wireless AE sensor system.

The signal conditioning unit is developed and successfully validated by detecting artificial AE
events through the piezoelectric sensor. The developed SCU is suitable for integration in the
wireless sensor system and further processing of the signals. Fast Fourier Transform is used to
assess the frequency characteristics of the AE signal conditioned by the SCU. The developed
SCU has also been validated by comparing the signal with a commercially available AE

system.

There are different parameters of burst type AE signals such as peak amplitude, RMS, counts,
cumulative counts, rise time and event duration. The parameter analysis technique is found to
be promising for wireless systems. The parameter-based technique solves the constraint of the
embedded system over the signal-based technique with respect to a huge amount of physical

memory data storage, high processing time, and large transmission bandwidth. A new and
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novel method for hardware-based parameters extraction from burst type AE signals has been
presented. The designed and measured values of the parameters obtained from the simulation
results are in good agreement with each other. Wireless transmission of AE parameters instead
of the signal is advantageous in terms of the storage capacity of data, the processing load of the

microcontroller, and transmission time.

A data acquisition device is developed based on an integrated hardware and software design
approach in a programmable system on chip for acquiring burst type AE events. The developed
DAAQ is capable of capturing AE events at 1 mega samples per second (1 MSPS) rate with a

12-bit resolution, which is sufficient for the reliable representation of AE events.

The computational core hardware and software design is implemented in PSoC for parameter
extraction from burst type AE events and transmission of the parameters wirelessly to a base
station. ZigBee wireless communication protocol has been established to ensure reliable
transmission of the signal parameters to the base station. Finally, the signal conditioning unit,
computational core unit and the wireless unit is fabricated, assembled, and the complete

wireless AE-SS is validated in the laboratory.

A number of experiments were carried out for validating the developed wireless acoustic
emission sensor system. This involves signal validation using artificial AE signal along with
pencil lead break test, concrete compression test and concrete corrosion test. The AE results
from concrete compression test have confirmed three different regions of activity as envisaged
and these are attributed to (a) closure of pre-existing cracks and formation of micro-cracks
through weak boundaries of particles within the concrete specimen, (b) steady growth of the

cracks resulting in continuous increase in AE counts and (c) unstable cracking near to ultimate
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strength of the concrete specimen resulting in drastic increase in AE counts. The results of
monitoring of accelerated rebar corrosion by AE show the generation of AE signals from 3™
day onwards, which is attributed to the onset of corrosion. The increased AE activity from 61
day onwards is attributed to multiple cracking in concrete, and this could be understood by an
increase in the volume of the corrosion products. The developed wireless AE-SS has been
successfully employed for detecting damage in concrete materials. The additional advantages
of the wireless AE sensor system are that it is cost-effective, compact in size, easy to install on
structures, portable, low power consumption capability to ensure long term monitoring in a

single charge battery supply and remote operational capability.

7.2 Contribution

In this thesis, a first of its kind, programmable system on chip (PSoC) based wireless acoustic
emission sensor system has been designed and developed. The developed wireless acoustic
emission sensor system has been successfully validated and applied for structural health
monitoring applications. The developed wireless system offers unique advantages of its
compactness in size (85 mm x 56 mm), low power consumption capability (50 mA), battery
operated, portability, reduced wiring complexity, reduced cost and remote operational
capability. This system can be effectively utilized for condition monitoring of structures and
components such as NPP containments, bridges, tanks, and components in petrochemical
industries where corrosion is a potential issue, with utmost ease and efficiency. The following
contribution arises from the design and development process for the wireless acoustic emission

sensor system, as listed below.
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1. A signal conditioning unit has been designed, developed and validated for acoustic
emission signal. The developed SCU provides a wide range of sensor signals, rail-to-
rail input and output swings, and reduces the complexity of biasing, and provides an
optimal level for further processing of AE signals.

2. The performance of the in-house developed SCU has been compared with a
commercially available system through the pencil lead break test. The time-domain and
power spectral density of AE events reproduced by the in-house developed SCU and a
commercially available system has been found to agree with each other. The resonant
frequency of AE signals at different locations is found to be the same and lies within
the operating frequency range from 100 to 400 kHz for metallic material and 35 to 65
kHz for concrete, respectively.

3. A new and novel hardware design approach has been proposed towards extracting the
parameters of AE signals. Combinations of analog and digital circuits were employed
in this design and the simulation results were presented. Implementation of the
hardware had resulted in reliable extraction of the parameters of AE signals and is found
to be promising for wireless transmission for SHM applications.

4. A programmable system on chip based data acquisition (DAQ) has been designed and
developed for AE signals. The developed DAQ has been successfully validated with
artificial AE signals and can be applied for SHM of concrete.

5. A programmable system on chip based computational core unit has been designed and
interfaced with the signal conditioning unit along with Zigbee based wireless
communication unit for the development of the wireless acoustic emission sensor

system in a single two-layer PCB. The developed wireless system has been successfully
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validated with a commercially available wired PAC system through concrete
compression and corrosion tests. The results of compression and corrosion tests of
concrete have been verified with scanning electron microscopy and X-ray radiography

methods.

7.3 Scope of future work

In this work signal conditioning unit has been developed for resonant type piezoelectric sensor.
The development of a signal conditioning unit for wideband sensor is not covered. A study can
be made to realize the frequency characteristics present in continuous type AE signals. An
appropriate filter can be designed and implemented to avoid external noise within the operating
frequency band of the wideband sensor. Low sampling and resolution are required for data
acquisition devices for burst type AE signals in concrete compared to continuous type AE
signals generated in metallic materials. Hence further steps can be taken to develop data
acquisition with high sampling and high resolution for metallic materials. In the present work,
the developed wireless AE-SS is restricted to wireless transmission of the AE parameters only.
This development can be extended to wireless transmission of AE parameters along with the
complete AE signal. In this work, a single wireless sensor unit has been realized by using peer
to peer communication between the sensor unit and the base station. This work can be extended
to the development of multiple sensor units, which can be synchronized with the base station
for identifying the location of AE sources during SHM. The structural integrity of large
structures such as pressure vessels, aircrafts and bridges can be realized using acoustic emission

wireless sensor network.
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Appendix

Embedded C Programming Code for
data acquisition device

/*

*PROGRAMMING CODE FOR THE DATA ACQUISITION DEVICE IN PSoC CREATOR 4.0 IDE

*/

#include<project.h>
#include<stdio.h>
#include<math.h>
#definesample size 1024
unsignedintThresholdvalue=2070;
unsignedint VDAC=2070;
uintl6 signal[1024];
charbuf[4];

uint8 Gain;

unsignedint samples;
uint8Flag Run;

uint8Thr Flag;

//Data Acquisition using interrupts
CY ISR(T crossing ISR)
{
for (samples=0;samples<1024;samples++)
{
ADC SAR 1 StartConvert ();
ADC SAR 1 IsEndConversion (ADC_SAR 1 WAIT FOR RESULT) ;
signal [samples]= ADC SAR 1 GetResultl6();
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or (samples=0; samples<1024;samples++)
{
sprintf (buf, "%d\n", signal [samples]) ;
UART 1 PutString(buf);
}
}

voidsysteminit (void)
{
ADC_SAR_1_Start(); // Initilaize ADC
Opamp_ 1 Start();
Comp 1 Start();//Initilaize COMP
VDAC8_1_Start();//Initiliaze DAC
ADC_SAR 1 SetPower (ADC_SAR 1 HIGHPOWER); //Normal power at 18 MHz
ADC SAR 1 SetResolution(ADC SAR 1 BITS 12);//Sets resolution to 12 bits
UART 1 Start(); /* Enabling the UART */
Interrupt StartEx (T crossing ISR);
VDAC8 1 SetValue (VDAC) ;
}
L1177 7007077770770 7777777777777
// HEX to NeumericConvertion //
L1717 007777777777777777777777
uint8 GetNeumeric8Bit (void)
{
char P1,P2;
P1=UART 1 ReadRxData() ;
if ((P1 >= '0") && (P1 <= '9"))

Pl -

(
{
= '0';
}

elseif ((P1 >= 'A') && (Pl <= 'F'"))

P2=UART 1 ReadRxData () ;
if ((P2 >= '0') && (P2 <= '9'))
{
P2 -= '0";
}

elseif ((P1 >= 'A') && (P2 <= 'F'"))

P2 -= 'A'";
}

Pl <<= 4;

Pl += P2;

return P1l;
}
voidprocesscommand (void)
{
charch;
ch = UART 1 GetChar():;
if (ch== 'S")

{
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Flag Run =
}
if (ch=='R")
{
Flag Run = 0;
}
if (ch=="'T")
{
ThresholdValue=GetNeumeric8Bit () ;
}
if(ch=="'1")
{
VDAC=GetNeumeric8Bit () ;

Gain=GetNeumeric8Bit () ;
}

}

int main (void)

{

CyGlobalIntEnable; /* Enable global interrupts.

systeminit () ;
while (1)

{
processcommand () ;
if (Flag Run == 1)

{

Interrupt Enable();

}
if (Flag Run == 0)
{
Interrupt Disable();
}
}

}
/* END OF PROGRAM */
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Embedded C Programming Code for
signal generator device

/*

*PROGRAMMING CODE FOR THE SIGNAL GENERATOR DEVICE IN PSoC CREATOR 4.0 IDE

#include "project.h"

int AE Burstl024[]=

{156, 156, 156, 156, 156, 157, 157, 157, 157, 156, 156, 155,
155, 155, 154, 154, 155, 155, 156, 157, 159, 160, 161, 161,
161, 160, 159, 157, 155, 152, 150, 148, 148, 148, 149, 152,
155, 159, 162, 166, 168, 169, 169, 167, 163, 159, 153, 148,
143, 140, 139, 139, 142, 146, 153, 159, 1le6e, 172, 177, 179,
178, 175, 169, 162, 153, 145, 137, 132, 129, 129, 133, 140,
149, 159, 169, 178, 185, 188, 188, 184, 176, 1loo6, 154, 142,
132, 124, 120, 120, 125, 133, 144, 157, 171, 183, 192, 197,
197, 192, 183, 171, 156, 142, 128, 118, 112, 112, 116, 126,
139, 155, 171, 185, 197, 203, 204, 200, 190, 176, 159, 142,
126, 114, 106, 105, 109, 119, 134, 151, 170, 186, 200, 208,
211, 206, 1906, 181, 163, 144, 126, 112, 102, 100, 103, 113,
129, 147, 167, 186, 201, 211, 215, 212, 202, 186, 167, 147,
127, 111, 100, 9o, 99, 108, 124, 143, 164, 184, 201, 213,
218, 215, 206, 191, 172, 150, 130, 112, 100, 94, 96, 104,
119, 139, 160, 181, 199, 212, 219, 218, 210, 195, 176, 154,
133, 114, 101, 94, 94, 102, 116, 135, 156, 178, 197, 211,
218, 219, 212, 198, 180, 158, 137, 118, 103, 95, 94, 100,
113, 131, 152, 174, 193, 208, 217, 219, 213, 200, 183, 162,
141, 121, 106,

97, 95, 100, 111, 128, 149, 170, 189, 205, 214, 217, 213,
202, 185, 166, 145, 126, 110, 100, 9e, 100, 110, 126, 145,
le6, 185, 201, 211, 215, 212, 203, 188, 169, 149, 130, 114,
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103, 99, 101, 110, 124, 142, 162, 180, 196, 207, 212, 211,
203, 189, 172, 153, 134, 119, 107, 102, 103, 110, 123, 140,
158, 176, 192, 203, 209, 208, =202, 190, 174, 156, 139, 123,
112, 105, 105, 111, 122, 137, 155, 172, 187, 199, 205, 206,
201, 190, 176, 159, 143, 128, 116, 109, 108, 113, 122, 136,
152, 168, 183, 194, 201, 203, 199, 190, 177, 162, 146, 132,
120, 113, 111, 115, 123, 135, 149, 164, 179, 190, 197, 200,
197, 189, 178, 164, 150, 136, 125, 117, 115, 117, 124, 134,
147, 161, 175, 186, 193, 196, 194, 188, 178, 166, 153, 140,
129, 121, 118, 119, 125, 134, 146, 159, 171, 182, 189, 193,
192, 187, 178, 167, 155, 143, 133, 125, 122, 122, 126, 134,
145, 156, 168, 178, 185, 189, 189, 185, 178, 168, 157, 14s,
136, 129, 125, 125, 128, 135, 144, 154, 165, 174, 182, 186,
187, 184, 178, 169, 159, 149, 140, 133, 128, 127, 130, 135,
143, 153, 162, 171, 178, 183, 184, 182, 177, 169, 160, 151,
143, 136, 131, 130, 132, 136, 143, 151, 160, 169, 175, 180,
181, 180, 176, 169, 162, 153, 145, 139, 134, 133, 134, 137,
143, 150, 158, 166, 172, 177, 179, 178, 175, 169, 162, 155,
148, 141, 137, 135, 135, 138, 143, 150, 157, 164, 170, 174,
176, 176, 174, 169, 163, 156, 150, 144, 140, 137, 137, 140,
144, 149, 156, 162, 168, 172, 174, 174, 172, 168, 163, 157,
151, 146, 142, 140, 139, 141, 144, 149, 155, 160, 166, 170,
172, 172, 171, 168, 163, 158, 153, 148, 144, 142, 141, 142,
145, 149, 154, 159, 164, 168, 170, 171, 170, 167, 163, 159,
154, 150, 146, 143, 143, 143, 146, 149, 153, 158, 162, 166,
168, 169, 169, 167, 163, 159, 155, 151, 148, 145, 144, 145,
146, 149, 153, 157, 161, 164, 167, 168, 167, 166, 163, 160,
156, 152, 149, 147, 146, 146, 147, 150, 153, 156, 160, 163,
165, 166, 166, 165, 163, 160, 157, 153, 150, 148, 147, 147,
148, 150, 153, 156, 159, 162, 164, 165, 165, 164, 162, 160,
157, 154, 151, 149, 148, 148, 149, 150, 153, 155, 158, 161,
163, 164, 164, 164, 162, 160, 157, 155, 152, 150, 149, 149,
149, 151, 153, 155, 157, 160, 162, 163, 163, 163, 162, 160,
158, 155, 153, 151, 150, 150, 150, 151, 153, 155, 157, 159,
161, 162, 162, 162, 161, 160, 158, 156, 154, 152, 151, 151,
151, 151, 153, 155, 156, 158, 160, 161, 162, 162, 161, 160,
158, 156, 154, 153, 152, 151, 151, 152, 153, 154, 156, 158,
159, 160, 161, 161, 160, 159, 158, 157, 155, 154, 153, 152,
152, 152, 153, 154, 156, 157, 159, 160, 160, 160, 160, 159,
158, 157, 155, 154, 153, 153, 152, 153, 153, 154, 156, 157,
158, 159, 160, 160, 160, 159, 158, 157, 156, 155, 154, 153,
153, 153, 154, 154, 156, 157, 158, 159, 159, 159, 159, 159,
158, 157, 156, 155, 154, 154, 153, 153, 154, 155, 155, 156,
157, 158, 159, 159, 159, 159, 158, 157, 156, 155, 154, 154,
154, 154, 154, 155, 155, 156, 157, 158, 158, 159, 159, 158,
158, 157, 156, 156, 155, 154, 154, 154, 154, 155, 155, 156,
157, 158, 158, 158, 158, 158, 158, 157, 156, 156, 155, 155,
154, 154, 154, 155, 155, 156, 157, 157, 158, 158, 158, 158,
158, 157, 157, 156, 155, 155, 155, 155, 155, 155, 155, 156,
157, 157, 157, 158, 158, 158, 157, 157, 157, 156, 156, 155,
155, 155, 155, 155, 155, 156, 156, 157, 157, 158, 158, 158,
157, 157, 157, 156, 156, 155, 155, 155, 155, 155, 155, 156,
156, 157, 157, 157, 157, 157, 157, 157, 157, 156, 156, 156,
155, 155, 155, 155, 156, 156, 156, 157, 157, 157, 157, 157,
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157, 157, 157, 156, 156, 156, 155, 155, 155, 155, 156, 156,
156, 156, 157, 157, 157, 157, 157, 157, 157, 156, 156, 15¢,
156, 155, 155, 155, 156, 156, 156, 156, 157, 157, 157, 157,
157, 157, 157, 156, 156, 156, 156, 156, 156, 156, 156, 156,
156, 156, 157, 157, 157, 157, 157, 157, 157, 156, 156, 156,
156, 156, 156, 156, 156, 156, 156, 156, 156, 157, 157, 157,
157, 157, 157, 156, 156, 156, 156, 156, 156, 156, 156, 156,
156, 156, 156, 157, 157, 157, 157, 157, 157, 156, 156, 156,
156, 156, 156, 156, 156, 156, 156, 156, 156, 157, 157, 157,

157
b

inti;
int main (void)

{

VDAC8 1 Start();

Opamp 1 Start();
CyGlobalIntEnable; /* Enable global interrupts. */
while (1)
for (i=0;1<1023;1i++)

{

VDAC8 1 SetValue (AE Burstl024[i]);

}

return 0;

}
/* END OF PROGRAM */
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Embedded C Programming Code for
the wireless sensor unit

*PROGRAMMING CODE FOR THE wireless sensor unit IN PSoC CREATOR 4.0 IDE

*/
#include<project.h>

#include<stdio.h>

#include<math.h>

#definesample size 1024

#definesample interval 1//in microseconds

//unsigned long int sample size=1024;
unsignedintThresholdValue=2070;

unsignedint VDAC=2076;

unsignedintMidvValue=2036;

uint8 Gain;

unsignedintz,event;

unsignedint

samplesl [sample size],samples2[sample size],samples3[sample size],samples
4[sample size],samples5|[sample size],samples6[sample size];
unsignedint
*a[6]={samplesl, samples?2, samples3, samples4, samples5, samples6};
unsignedintDPArray[sample size];

unsignedint

sem DA,sem DPl,sem DP2,sem DP3,sem DP4,sem DP5,sem DP6,array,parray,sampl
es, PeakAmplitude,RiseTime, EventDuration, ApproxAEcount, AEcount;
unsignedintsem DP,refill=0;

unsignedlongintsquare, sumofsquares;
unsignedlongintCumulativeCount=0;

unsignedintSquareMean;

unsignedint RMS;

unsignedint Hit;

unsignedint sum;

unsignedint average=0;

unsignedintfirstthresholdcrossing;
unsignedintlastthresholdcrossing;

unsignedintpeaksamples;
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uint32CapturedTime=0;
uint8Flag Run;
uint8Thr Flag;
void parameters (void)
{
ApproxAEcount=0;
sumofsquares=0;
AEcount=0;
square=0;
SquareMean=0;
RMS=0;
sum=0;
PeakAmplitude=0;
peaksamples=0;
firstthresholdcrossing=0;
lastthresholdcrossing=0;
for (samples=0;samples<sample size;samples++)
{
//to find peakamplitude and risetime
PeakAmplitude=DPArray[0];
if (DPArray[0] <DPArray[samples])
{
DPArray[0]= DPArray[samples];
PeakAmplitude=DPArray[0];
peaksamples=(sample interval*samples);
}
//event duration
if (DPArray[samples]>ThresholdValue)
{
lastthresholdcrossing=samples;
}
if (DPArray[lastthresholdcrossing-1]<ThresholdvValue)
{
firstthresholdcrossing= samples;
}
//to find AEcount and cumulativecount
if (DPArray[samples]<MidValue)
{
Thr Flag=0;
}
elseif (DPArray[samples]>ThresholdValue)
{
if (Thr_ Flag==0)

Thr Flag=1;
AEcount++;
}
}
// to find rms
square=( (DPArray[samples]-2057) * (DPArray[samples]-2057));
sumofsquares=sumofsquares+t+square;
sum=sum+DPArray[samples];
}
//AEcount and cumulativecount
EventDuration = lastthresholdcrossing - firstthresholdcrossing;
RiseTime= peaksamples-firstthresholdcrossing;
Hit=Hit+1;
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CumulativeCount=AEcount+CumulativeCount;
SquareMean=sumofsquares/sample size;
RMS=sqrt (SquareMean) ;
RMS= (RMS*5000) /4096;
average=sum/sample size;

PeakAmplitude=PeakAmplitude-average;
PeakAmplitude= (PeakAmplitude*5000)/4096;
sem DP=1;
}
voidDataprocessing ()
{

sem DA=0;
parray=parray+l;//variable to choose arrays for data processing.

if (parray>6)

{

parray=1;
}
switch (parray)
{

case 1:
for (samples=0; samples<sample size;samples++)

{

DPArray[samples]=samplesl [samples];
}
parameters() ;
break;
case 2:
for (samples=0;samples<sample size;samples++)
{
DPArray[samples]=samples2[samples];
}
parameters() ;
break;
case 3:
for (samples=0;samples<sample size;samples++)
{
DPArray[samples]=samples3[samples];
}
parameters() ;
break;
case 4:
for (samples=0;samples<1024; samples++)

{

DPArray|[samples]=samplesd [samples];
}
parameters() ;
break;
case 5:
for (samples=0;samples<sample size;samples++)

{

DPArray|[samples]=samplesb[samples];

}
parameters() ;
break;
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case 6:
for (samples=0;samples<sample size;samples++)

{

DPArray[samples]=samples6[samples];
}
parameters() ;
break;

}

//Data Acquisition using Interrupts
CY ISR(T _crossing ISR)
{
CapturedTime = Counter 1 ReadCapture();
if(refill<=0)
{
for (samples=0;samples<sample size;samples++)
{
ADC SAR 1 StartConvert();
ADC SAR 1 IsEndConversion (ADC SAR 1 WAIT FOR RESULT);
alevent] [samples]=ADC SAR 1 GetResultlé6();
}
event=event+1l;
if (event>5)
{
event=0;
refill=refill+1;
}
sem DA=1;

else

if (sem DP==1)
{
sem DP=0;
for (samples=0;samples<sample size;samples++)
{
ADC SAR 1 sStartConvert();
ADC SAR 1 IsEndConversion (ADC SAR 1 WAIT FOR RESULT) ;
alevent] [samples]=ADC SAR 1 GetResultlé6();
}
event=event+1l;
if (event>5)
{
event=0;
refill=refill+]l;
}
sem DA=1;

}

CY ISR (counterInterrupt)
{
}

voidDatatransmission ()
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sprintf (buffer,sizeof (buffer)," %u,%u,%u,%lu,%u,%u, %u, su,$lu\n", PeakAmpli
tude, RMS, AEcount, CumulativeCount, Hit,RiseTime, EventDuration, average, Captu

redTime) ;
UART 1 PutString (buffer);

}

voidsysteminit (void)

{
Counter 1 Start();
ADC_SAR_1_sStart(); // Initilaize ADC
Comp 1 Start();//Initilaize COMP
VDAC8_1 Start();//Initiliaze DAC

ADC_SAR 1 SetPower (ADC_SAR 1 HIGHPOWER); //Normal power at 18 MHz

ADC SAR 1 SetResolution(ADC SAR 1 BITS 12);//Sets
bits

UART 1 Start(); /* Enabling the UART */

PGA 1 Start();

isr 1 StartEx (T crossing ISR);

PGA 1 SetGain(Gain);

VDAC8 1 SetValue (VDAC) ;

}
[17177777 77777777 777777777777777

// HEX to NeumericConvertion //
[117777777777777777777777777777
uint8 GetNeumeric8Bit (void)
{
char P1,P2;

P1=UART 1 ReadRxData();

if ((P1 >= '0'") && (P1 <= '9"))
{

Pl -= '0"';
}

elseif ((P1L >= 'A') && (Pl <= 'F'"))
{

Pl -= 'A';
P2=UART 1 ReadRxData();

if ((P2 >= '0'") && (P2 <= '9"))
{

P2 -= '0"';
}

elseif ((P1 >= 'A') && (P2 <= 'F'"))

P2 -= 'A';
}

Pl <<= 4;

Pl += P2;

return P1;
}
voidprocesscommand (void)
{
charch;
ch = UART 1 GetChar();
if (ch== 'S")

{
Flag Run = 1;
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}
if (ch=='R")
{
Flag Run = 0;
}
if (ch=="T")
{
ThresholdValue=GetNeumeric8Bit () ;
}
if(ch=="'1")
{
VDAC=GetNeumeric8Bit () ;

Gain=GetNeumeric8Bit () ;
}

}

int main (void)

{

CyGlobalIntEnable; /* Enable global interrupts.

systeminit () ;
while (1)
{
processcommand () ;
if (Flag Run == 1)
{
isr 1 Enable();
if (sem DA==1)
{
Dataprocessing () ;
Datatransmission () ;
}
}
if (Flag Run == 0)
{
isr 1 Disable();
}
}

}
/* END OF PROGRAM */
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